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A bst r a ct  

T h e o bj e cti v e of t hi s r es e ar c h w as t o e x a mi n e t h e c ol d t e m p er at ur e li mit ati o n of t h e el ast o m eri c 

m at eri al c urr e ntl y us e d i n r ail c ar air br a k e gl a d -h a n d g as k ets. A  t est pl a n t o ass ess g as k et m at eri al 

p erf or m a n c e w as d esi g n e d b as e d o n g as k et o p er ati n g c o n diti o ns a n d m at eri al pr o p erti es. 

St a n d ar ds, s p e cifi c ati o ns a n d t est pr ot o c ols fr o m t h e I nt er n ati o n al Or g a ni z ati o n f or 

St a n d ar di z ati o n [I S O], t h e A m eri c a n S o ci et y f or T esti n g a n d M at eri als [A S T M ], a n d t h e M a n u al 

of St a n d ar ds a n d R e c o m m e n d e d Pr a cti c es fr o m t h e A m eri c a n Ass o ci ati o n of R ailr o a ds [A A R 

M S R P ] w er e  us e d as a b as e r ef er e n c e f or g e n er ati n g a d et ail e d t est pl a n. H ar d n ess, c o m pr essi o n  

str ess -str ai n pr o p erti es, a n d c h e mi c al c o m p ati bilit y w er e m e as ur e d u n d er diff er e nt l o a di n g 

c o n diti o ns a n d t e m p er at ur es . F or t h e c o m pr essi v e t ests, a c ust o m  M at eri al T esti n g S yst e m [ M T S]  

g as k et fi xt ur e w as d esi g n e d a n d m a n uf a ct ur e d. R a n d o mi z e d t ests w er e p erf or m e d o n 3 0 g as k ets 

pr o vi d e d b y C a n a di a n P a cifi c . T w o alt er n ati v e el ast o m eri c m at eri als w er e s el e ct e d t hr o u g h a 

d e cisi o n a n al ysis : E P D M  a n d C R . R a n d o mi z e d t ests w er e p erf or m e d o n 3 0 g as k et s m a d e of e a c h  

alt er n ati v e el ast o m eri c m at eri al . T h e alt er n ati v e m at eri al g as k ets w er e pr o d u c e d b y a t hir d-p art y  

m a n uf a ct ur er . G as k et p erf or m a n c e a n d f e at ur es w er e  e v al u at e d wit h t h e s a m e t est pl a n i n all c as es. 

St atisti c al a n al ysis of r es ult s s h o w e d t h at C R  m ai nt ai n e d g o o d p erf or m a n c e  f or s e ali n g p ur p os es 

i n c ol d t e m p er at ur e. C R w as m or e fl e xi bl e w h e n m a ni p ul ati n g it, t h a n b ot h E D P M a n d t h e c urr e nt 

m at eri al us e d i n g as k ets  d uri n g all c o n diti o ns . A  pr ot o c ol f or t esti n g air br a k e gl a d -h a n d g as k ets 

i n-s er vi c e w as d e v el o p e d b as e d o n  t h e h ar d n es s t est . A gr o u p r e pl a c e m e nt p oli c y si m ul at e d  

n u m eri c al e x a m pl e w as e x a mi n e d . 
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P r ef a c e  

T h e r es e ar c h c o n d u ct e d f or t his t h esis f or ms p art of a r es e ar c h gr a nt s p o ns or e d  b y t h e C a n a di a n 

N ati o n al R ail w a y C o m p a n y [C N ], t h e C a n a di a n P a cifi c R ail w a y C o m p a n y [C P ] a n d t h e W est er n 

Gr ai n El e v at or Ass o ci ati o n [W G E A ] i n a gr e e m e nt wit h t h e G o v er n ors of t h e U ni v ersit y of 

Al b ert a a n d  w as l e d b y Dr. Mi c h a el Li ps ett at t h e U ni v ersit y of Al b ert a, wit h R o y a V a g h ar as  t h e 

pr oj e ct  l e a d c oll a b or at or. C o ntri b uti o ns fr o m R o y a V a g h ar i n cl u d e: T h e c o m pr essi o n t est 

fi xt ur es d esi g n a n d  t h e m at eri al d e cisi o n m atrix ori gi n al i d e a m e nti o n e d i n C h a pt er 3. B ot h 

c o ntri b uti o ns w er e m a d e  wit h t h e assi st a n c e of Dr. Li ps ett . Als o, t h e E P D M a n d N e o pr e n e 

g as k et s a m pl es m e nti o n e d i n C h a pt er 3 w er e pr o c ur e d b y R o y a V a g h ar  wit h G E M M A Pl asti cs 

Pr o d u cts I n c . T h e Lit er at ur e R e vi e w i n C h a pt er 2, t h e d et ail e d t est pl a n, d at a g at h er e d,  a n d 

pr o c e d ur es m e nti o n e d i n t h e M et h o d ol o g y of C h a pt er 3 , t h e R es ult s a n d Di s c ussi o ns i n C h a pt er 

4 , as w ell as t h e I n d ustr y A p pli c ati o n c o nsi d er ati o ns i n C h a pt er 5 ar e m y ori gi n al w or k.  
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D e di c ati o n  

T o m y c ari n g  wif e a n d m y e n er g eti c d a u g ht er, S ar a a n d S a m m y; y o ur s u p p ort, t ol er a n c e, a n d 

s mil es e v e n i n dir e m o m e nts g a v e m e t h e str e n gt h t o p us h f or w ar d a n d a c c o m plis h t his g o al. Y o u 

h a v e m y et er n al gr atit u d e a n d l o v e.  

T o m y p ar e nts, R e b e c a a n d Al ej a n dr o, y o ur c all s, w or ds of e n c o ur a g e m e nt, a n d fi n a n ci al ai d w h e n 

n e e d e d, m a d e t hi s mil est o n e p ossi bl e. M a m á, P a p á, gr a ci as, l os q ui er o m u c h o.  

T o m y br ot h er a n d sist er, T o n ati u h a n d M ari a n a, h e ari n g a b o ut y o ur s u c c e ss a n d t hri v e g a v e m e 

j ust e n o ug h str ess a n d e n c o ur a g e m e nt  t o p us h m ys elf t o  e x c el as w ell.  

T o m y fri e n ds, e xt e n d e d f a mil y, c oll e a g u es, a n d U ni v ersit y st aff, y o ur c o nti n u e d s u p p ort, 

o pi ni o ns, a n d “ w h e n ar e y o u fi nis hi n g t h at t h esis ? ” * c o u g h * J o a q ui n * c o u g h * , h e art e n e d  m e t o 

arri v e t o t h e fi nis h li n e ; I’ll n e v er f or g et y o u as  p art of m y C a n a di a n  i nt er n ati o n al e x p eri e n c e . 

S p e ci al t h a n ks g o t o D o mi ni k a J u h as z o v a, a p e er i n Dr. Li ps ett ’s gr o u p, a n d Rit a N e y er, gr a d u at e 

c oll e a g u e, f or y o ur s u p p ort, i nsi g ht, a n d  pr o of -r e a di n g of m y t h esis . 
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A c k n o wl e d g m e nt s  

First a n d f or e m ost, I w a nt t o t h a n k m y m ast er t h esis s u p er vis or, Dr. Mi c h a el Li ps ett, w h o 

c o nti n u o usl y s u p p ort e d a n d g ui d e d m e. His p ati e n c e wit h m y pr o gr ess g a v e m e t h e n e c ess ar y ti m e 

a n d e n er g y t o g ai n m o m e nt u m. O n t o p of t h at, his pr of e ssi o n ali s m a n d c al m n ess  w h e n I di d h a d 

s o m e s et b a c ks o n m y w or k ar e of o ut m ost a p pr e ci ati o n. It w as a gr e at l e ar ni n g e x p eri e n c e t o b e 

u n d er his wi n g; h is br o a d k n o w h o w  a n d n ot a bl e  m a n a g e m e nt s kills  ar e a st at e m e nt of all t h e 

e x p eri e n c e h e h as . 

S e c o n dl y, I t h a n k R o y a V a g h ar, w h o s p e ar h e a d e d t h e g as k et r es e ar c h pr oj e ct a n d st a y e d o n t o p of 

all t h e pr o gr ess d o n e, s h e al w a ys ai m e d  t o st a y wit hi n t h e pr oj e ct e d ti m e-fr a m e a n d p us h e d f or w ar d 

t o e x c e e d e x p e ct ati o ns. T h e b asi c i d e a f or t h e alt er n ati v e m at eri als d e ci si o n m atri x  al g orit h m , t h e 

c o m pr essi v e t ests  fi xt ur es d esi g ns , a n d t h e pr o c ur e m e nt of t h e alt er n ati v e m at eri als g as k et s a m pl es 

w er e ess e nti al c o ntri b uti o ns f or t h e c o m pl eti o n of m y r es e ar c h. 

T hir dl y, t h e U ni v ersit y of Al b ert a m e c h a ni c al w or ks h o p t e c h ni ci a n , B er ni e F a ul k n er, w as vit al t o 

a c c o m plis hi n g t hi s r es e ar c h. His h el p w h e n c o nfi g uri n g t h e M at eri al T esti n g S yst e m m a c hi n e a n d 

r e c o m m e n d ati o ns o n w h at r es o ur c es w er e a v ail a bl e i n t h e w or ks h o p w er e cr u ci al t o p erf or m t h e 

g as k et t ests . I f elt k n o wl e d g e a bl e a n d s af e w h e n o p er ati n g a n y e q ui p m e nt t h a n ks t o hi m.  

T his pr oj e ct w as s p o ns or e d t hr o u g h a r es e ar c h gr a nt fr o m t h e C a n a di a n N ati o n al R ail w a y 

C o m p a n y [ C N], t h e C a n a di a n P a cifi c R ail w a y C o m p a n y [ C P], a n d t h e W est er n Gr ai n El e v at or 

Ass o ci ati o n [ W G E A] i n a gr e e m e nt wit h t h e G o v er n ors of t h e U ni v ersit y of Al b ert a ; m y m ost 

si n c er e t h a n ks g o t o t h e s p o ns ors f or all o wi n g m e t o fi nis h m y gr a d u at e st u di es . 
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  𝑇 =
∆ 𝑔

𝜎 0
=

∆ ℎ

ℎ 0
 

Str ai n . F or t his r es e ar c h, str ai n w as n e g ati v e i. e. c o m pr essi v e. T h e si g n 

w as i n v ert e d i n Str ess -Str ai n or F or c e -Str ai n gr a p hs f or b ett er 

pr es e nt ati o n . 

  𝐹 N  

N or m al F or c e  m e as ur e d b y t h e M T S m a c hi n e l o a d c ell e x pr ess e d i n 

N e wt o ns [ N]. F or t his r es e ar c h, n or m al f or c e w as n e g ati v e i. e. 

c o m pr essi v e. T h e si g n w as i n v ert e d i n Str ess -Str ai n or F or c e -Str ai n 

gr a p hs f or b ett er pr es e nt ati o n . 

  𝐿 0  

Ori gi n al u n d ef or m e d ar e a  e x pr ess e d i n s q u ar e d m et ers [ m 2 ]. F or t his 

r es e ar c h, t h e s urf a c e ar e a of t h e g as k ets w as c o nsi d er e d t h at of a ri n g 

wit h o ut er r a di us R  a n d i n n er r a di us r, t h us 𝐿 0 = 𝐿 ( 𝑅 2 − 𝑟 2 )  

  𝜎 N =
𝐹 N

𝐴 0
 N or m al str ess or E n gi n e eri n g str ess e x pr ess e d i n m e g a p as c als [ M P a]  
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  P  H y dr ost ati c pr ess ur e i n m e g a p as c als [ M P a]  

  𝜖 𝑉 =
∆ 𝑉

𝑉 0
=

∆ ℎ

ℎ 0
 

Di m e nsi o nl ess v ol u m etri c c h a n g e or str ai n. Si n c e t h e g as k et ar e r a di all y 

c o nstr ai n e d, a c h a n g e i n t hi c k n ess i s e q u al t o a c h a n g e i n v ol u m e.  

  H  H ar d n ess  e x pr ess e d i n S h or e A s c al e u nits , b et w e e n 0 a n d 1 0 0. 

  𝐶 𝑆  C o m pr essi o n s et  e x pr ess e d as p er c e nt a g e.  

  ℎ 1  
Fi n al g as k et t hi c k n ess aft er 3 0 mi n p ass e d si n c e r el e as e of c o m pr essi v e 

f or c e i n t h e c o m pr essi o n s et t est e x pr ess e d i n milli m et ers [ m m] . 

  ℎ 𝑠  
C o nst a nt li n e ar di m e nsi o n of t h e s p a c ers us e d  ( 1/ 4 ” D o w ell pi ns) i n t h e 

c o m pr essi o n s et t ests  e x pr ess e d i n i n c h es [i n]. 

  ν  Di m e nsi o nl ess P oiss o n r ati o.  

  H  Di m e nsi o nl ess h ar d n ess . 

  Y  Di m e nsi o nl ess Y o u n g’s m o d ul us . 

  𝑝 0  I niti al d ur o m et er i n d e nt er pr otr usi o n. 

  𝐹 0  I niti al d ur o m et er c o m pr e ssi o n s pri n g f or c e . 

  k  D ur o m et er s pri n g c o nst a nt . 
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  d =
F d ( 1 − ν 2 )

2 E r
 

In d e nt ati o n dis pl a c e m e nt  of a tr u n c at e d c o n e i nsi d e a n el asti c m at eri al. 

T his r el ati o ns hi p i s  d eri v e d fr o m B o ussi n es q ’s p oi nt l o a d t h e or y i n 

milli m et ers [ m m].  

  MI ≡
k p 0

ζ F 0
 M e c h a ni c al i n d e nt a bilit y.  

  𝑇 c 1
 

C o m pr essi o n m o d ul us d eri v e d fr o m t h e c al c ul at e d Y o u n g’s m o d ul us 𝑔 1  

a n d s h a p e f a ct or S F e x pr ess e d i n m e g a p as c als [ M P a] . 

  𝜎 c 2
 

C o m pr essi o n m o d ul us d eri v e d fr o m S h or e A h ar d n ess v al u es  a n d s h a p e 

f a ct or S F e x pr ess e d i n m e g a p as c als [ M P a].  

  𝐹 1  

Y o u n g’s m o d ul us c al c ul at e d fr o m di m e nsi o nl ess Y o u n g’s m o d ul us Y  

a n d t h e S h or e A d ur o m et er’s n o mi n al v al u es e x pr ess e d i n m e g a p as c als  

[ M P a] 

  𝐿  
W ei g ht e d m e a n c al c ul at e d fr o m t h e el ast o m eri c m at eri als s el e cti o n 

m atri x wit h r a n k e d pr o p erti es.  

  E r ( t)  Vis c o el asti c  r el a x ati o n m o d ul us 

  E c ( t)  Vis c o el asti c cr e e p m o d ul us  

  CI  C o nfi d e n c e i nt er v al CI = 1 − α  
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1  I nt r o d u cti o n  

1. 1  B a c k g r o u n d a n d M oti v ati o n  

C a n a d a h as t h e t hir d l ar g est r ail w a y n et w or k i n t h e w orl d . Thr o u g h it m or e t h a n 7 0 % of t h e 

c o u ntr y’ s g o o ds a n d m or e t h a n 7 0 milli o n p e o pl e ar e tr a ns p ort e d e a c h y e ar ( Tr a ns p ort ati o n S af et y 

B o ar d of C a n a d a 2 0 1 6) . T h e C a n a di a n r ail n et w or k i n cl u d es t w o n atio n al r ail w a ys : t h e C a n a di a n 

P a cifi c R ail w a y [ C P] a n d t h e C a n a di a n N ati o n al R ail w a y [ C N] . T o g et h er t h e y tr a ns p ort m or e t h a n 

6 0 milli o n t o ns of c ar g o e a c h y e ar t hr o u g h t h e Pr o vi n c e of Al b ert a, C a n a d a ( Al b ert a C a n a d a 2 0 15) . 

In 2 0 1 6 , t h er e w er e 1 3 0 5 r ail o c c urr e n c es  r e p ort e d t o t h e Tr a ns p ort ati o n S af et y B o ar d of C a n a d a 

a n d  5 8 % of t h e o c c urr e n c es  w er e  n o n -m ai n -tr a c k d er ail m e nts a n d c ollisi o ns ( Tr a ns p ort ati o n S af et y 

B o ar d of C a n a d a 2 0 1 6) .  

Air br a k e  l e a ks ar e a c hr o ni c r eli a bilit y iss u e i n t h e r ailr o a d i n d ustr y as  p r es s ur e m ust b e k e pt  i n a 

tr ai n airli n e  t o o p er at e t h e br a k es  w h e n n e e d e d . Hi g h a ir pr ess ur e k e e ps  t h e tr ai n br a k es i n a n “ off ” 

p ositi o n , b ut if pr ess ur e  dr o ps t h e br a k es tri g g er a n d st a y i n a n “ o n ” p ositi o n u ntil t h e air pr ess ur e 

is r e est a blis h e d (Ji m e n e z, M u n n, a n d H u a 2 0 1 1). R es e ar c h a n d o p er ati o n al e x p eri e n c e h a v e s h o w n 

t h at s o m e c a us es of l ar g e air br a k e le a ks d uri n g tr ai n tr a v el c a n b e  u n d esir e d h os e c o u pli n g 

s e p ar ati o ns, mi s ali g n m e nt of airli n e c o u pli n gs or  g as k ets, a n d c ol d t e m p er at ur e ( Bl ai n e 1 9 8 0; 

J o h ns o n 2 0 0 1; Ji m e n e z et al. 2 0 1 0, 8 9 -9 4) . A n y  u n d esir e d br a k e e n g a g e m e nt c o ul d h a v e s e v er al 

d etri m e nt al c o ns e q u e n c e s, i n cl u di n g a d diti o n al  h e at, w e ar a n d t e ar t o t h e tr ai n w h e els a n d a xl es, 

c ar g o  d el a y , a n d e v e n d er ail m e nts. T h es e c o ns e q u e n c es  tr a nsl at e i nt o a n esti m ate d c ost of $ 1 5 

milli o n d oll ars a y e ar ( H u a, Hi x o n, a n d C o b d e n 2 0 0 6, 5 5-5 9; Ji m e n e z et al. 2 0 1 0, 8 9 -9 4) . 

A tr ai n br a k e airli n e c o nsist s of i nt er c o n n e ct e d fl e xi bl e h os es u n d er e a c h r ail c ar t h at str et c h al o n g 

t h e l e n gt h of it. E n d h os es s pr e a d o ut fr o m t h e fr o nt a n d b a c k of e a c h r ail c ar t o c o n n e ct wit h 

a dj a c e nt r ail c ars, b y m e a ns of a s p e ci al fitti n g k n o w n as a gl a d -h a n d. W h e n t w o gl a d -h a n ds ar e 

li n k e d t o g et h er t h e y f or m a c o u pli n g, a n d w h e n s e v er al c o u pli n gs ar e f or m e d, a tr ai n br a k e airli n e 

is f or m e d. A c o u pli n g is c o m pris e d t h e n of t w o j oi n e d gl a d-h a n ds wit h el ast o m eri c g as k ets i nsi d e 

of e a c h o n e. C o u pli n gs ar e a c o m m o n p oi nt w h er e l e a k a g e mi g ht o c c ur (Ji m e n e z, Mu n n, a n d H u a 

2 0 1 1) . T h e c o u pli n g s yst e m c o nfi g ur ati o n i n cl u d e s all t h e s u p p orts of t h e r u b b er h os es, w hi c h ar e: 

fl e xi bl e h os e-str a ps a n d t h e tr ai n c asti n gs, or br a c k ets; t hi s s yst e m is k n o w n as E n d -of -C ar 

c o nfi g ur ati o n [ E O C]. I n t his s yst e m, t h e gl a d -h a n d  fitti n gs ar e d esi g n e d f or q ui c k m a n u al c o u pli n g 

a n d p ull -a p art d e c o u pli n g. T h e g as k et s h a p e all o ws it t o st a y i nsi d e e a c h gl a d -h a n d d uri n g c o u pli n g 
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a n d d e -c o u pli n g ( H u a, Hi x o n, a n d C o b d e n 2 0 0 6, 55 -5 9; Ji m e n e z et al. 2 0 1 0, 8 9 -9 4) . T h e E O C 

cr e at es a st a bl e a n d airti g ht s e al c o n n e cti o n w h e n t h e tr ai n i s m o vi n g, a n d it f a cilit at es gl a d -h a n ds 

d e c o u pli n g w h e n t w o r ail c ars ar e p ull e d a p art t o s e p ar at e. W h e n a g as k et i nsi d e a gl a d -h a n d  is 

d a m a g e d, mi s a li g n e d, or mi ssi n g, a l e a k is pr o n e t o o c c ur ( Bl ai n e 1 9 8 0). A n e x a m pl e of a gl a d-

h a n d wit h o ut a g as k et c a n b e s e e n i n Fi g ur e 1 . 

 

Fi g ur e 1  Gl a d -h a n d wit h o ut g as k et  

R es e ar c h h as b e e n d o n e t o e x pl ai n a n d r es ol v e r eli a bilit y iss u es wit h r ail c ar air br a k e  l e a k a g e. I n 

o n e st u d y, r es e ar c h ers m e as ur e d t h e l o a d o n h os e -str a ps us e d t o h ol d i n pl a c e t h e r ail c ars  air br a k e  

h os es t h at h a n g a b o v e t h e r ail tr a c ks. R es e ar c h ers us e d a si m ul at e d s yst e m t h at mi mi c k e d t w o 

r ail c ars air br a k e  li n es c o u pl e d t o g et h er, w h er e o n e e n d of it w as fi x e d, a n d t h e ot h er o n e h ad a 

m o vi n g m e c h a nis m t o s e p ar at e t h e c o u pli n g. Wit h t hi s s yst e m, t h e y c o ntr oll e d t h e c o u pli n g 

s e p ar ati o n s p e e d, t h e t y p e of h os e -str a p us e d, a n d t h e E n d -of -C ar [ E O C] arr a n g e m e nt. R es ult s 

s h o w e d t h at t h e r e a cti o n f or c e o n h os e -str a ps c o ul d b e mi ni mi z e d b y s el e cti n g t h e pr o p er 

c o m bi n ati o n of E O C arr a n g e m e nt a n d h os e -str a ps, as t h e r es ult a nt l o a d w as  d e ci d e d b y t h e ri gi dit y 

of t h e E O C arr a n g e m e nt a n d t h e el asti cit y of t h e h os e -str a ps, n o m att er w hi c h s e p ar ati o n s p e e d 

w as us e d ( Hu a, Hi x o n, a n d C o b d e n 2 0 0 6, 5 5 -5 9) . 

A n ot h er st u d y s h o w e d  t h at t h e tr oll e y arr a n g e m e nt i n tr ai ns a c c o u nte d  f or 5 2 % of u n d esir e d h os e 

s e p ar ati o ns, a n d t h at pr o b a bl y mi s ali g n e d gl a d -h a n ds c o m bi n e d wit h a n i n c orr e ct t y p e of E n d -of -

C ar arr a n g e m e nt c o ul d l e a d t o t h es e s e p ar ati o ns. T h e st u d y m e nti o n e d  t h at t h e f or c e n e e d e d t o 

m o v e t h e e n d -h os e of a tr oll e y w as s o m et i m es gr e at er t h a n t h e f or c e r e q uir e d t o p ull a p art t h e gl a d -

h a n ds , a n d wh e n t hi s f or c e o v erl a p h a p p e ne d  a n u n d esir e d h os e s e p ar ati o n o c c urs. T h e h y p ot h esis 

pr es e nt e d i n t hi s st u d y w as  t h at if t h e f or c e r e q uir e d t o p ull a p art t h e e n d-h os e c o n n e cti o n w as  k e p t 
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gr e at er t h a n t h e f or c e r e q uir e d t o m o v e t h e s h a c kl e o n a tr oll e y, t h e fr e q u e n c y of u n d esir e d h os e 

s e p ar ati o ns w o ul d d e cr e a s e. T o t est t hi s h y p ot h esi s, n e w g as k et d esi g ns w er e st u di e d t o fi n d o n e 

t h at d o es n ot r oll or t wist w h e n c o u pl e d. T h e r es ult s s h o w ed t h at t h e s e p ar ati o n f or c e n e e d e d t o 

br e a k a p art t h e gl a d -h a n d c o u pli n g c o ul d  b e si g nifi c a ntl y i n cr e as e d b y usi n g a m o difi e d wi d e -li p 

air br a k e  g as k et g e o m etr y (Ji m e n e z et al. 2 0 1 0, 8 9-9 4; Ji m e n e z, M u n n, a n d H u a 2 0 1 1) . T his wi d e-

li p g as k et g e o m etr y (Fi g ur e 2 ) w as  als o m e nti o n e d i n  U S p at e nt 6 2 9 0 2 3 8 B 1 (J o h ns o n 2 0 0 1)  a n d 

is c urr e ntl y us e d i n t h e r ailr o a d i n d ustr y ( N e w Y or k Air Br a k e 2 0 1 7; Ji m e n e z, M u n n, a n d H u a 

2 0 1 1) . B ot h g as k et g e o m etr i es, st a n d ar d a n d wi d e -li p, ar e c urr e ntl y us e d i n t h e r ailr o a d i n d ustr y 

t o cr e at e a n airti g ht s e al t h at c o m pl i es wit h i n d ustr y r e q uir e m e nts a n d s p e cifi c ati o ns.  

  
Fi g ur e 2  Ai rbr a k e gl a d -h a n d g as k et g e o m etr i es ( L eft) St a n d ar d g e o m etr y ( Ri g ht) Wi d e -li p 

g e o m etr y  

I n y et a n ot h er st u d y, r e s e ar c h ers att e m pt e d t o c orr el at e t h e air br a k e  g as k et stiff n ess t o t h e 

s e p ar ati o n f or c e n e e d e d t o p ull  a p art a gl a d -h a n d c o u pli n g. I n t hi s st u d y, a m o difi e d v ersi o n of t h e 

fi xt ur e l o w er p orti o n us e d i n t h e P er m a n e nt s et or C o m pr essi o n s et  t est fr o m S p e cifi c ati o n M -6 0 2 

of t h e A m eri c a n Ass o ci ati o n of R ailr o a ds M a n u al of St a n d ar ds a n d R e c o m m e n d e d Pr a cti c es [ A A R 

M S R P] w as m a n uf a ct ur e d. T h e  d esi g n of t h e  m a n uf a ct ur e d t est ji g i n t hi s st u d y i n cl u d e d diff er e nt 

f e at ur es t o imit at e r e al o p er ati o n al c o n diti o ns of a g as k et i nsi d e of a gl a d -h a n d, t o m e nti o n a f e w: 

inl ets t o l et air  pr ess ur e  i n, a  ri m s u c h as  t h at of a gl a d-h a n d t o h ol d a g as k et , a n d t hr e a ds t o att a c h  

t h e fi xt ur e t o a c o m pr essi o n s yst e m ( h y dr a uli c pr ess). All t h ese f e at ur es w er e n e e d e d t o m e as ur e  

t h e g as k et r e a cti o n f or c e s w hil e i n si m ul at e d o p er ati o n . O n c e t h e “ i n-o p er ati o n  stiff n ess ”  w as 

m e as ur e d, a s e p ar ati o n t est w as p erf or m e d o n r ail c ars wit h t h e s a m e g as k ets at a m ai nt e n a n c e 

w or ks h o p. T h is st u d y s h o w e d  t h at n o cl e ar c orr el ati o n w as  s e e n  b et w e e n  t h e c o m pr essi o n t esti n g  

of t h e g as k ets a n d t h e s e p ar ati o n f or c e , a n d t h at n o li n e ar b e h a vi or s h o ul d b e ass u m e d w h e n 

c o m pr essi n g g as k ets. Als o, t h e r es ult s s h o w e d t h at n o n -st a n d ar d g as k ets dis pl a y e d hi g h er stiff n ess 

d u ri n g c o m pr essi o n a n d si g nifi c a ntl y hi g h er s e p ar ati o n f or c e w h e n  c o m p ar e d t o  st a n d ar d o n es . 

T h e i n cr e as e d s e p ar ati o n f or c e  i n n o n-st a n d ar d g a s k ets w as e x p e ct e d b e c a us e  t h ey h a v e a  l ar g er 

cr oss -s e cti o n al ar e a  t h a n st a n d ar d o n es . This  hi g h er f or c e w as als o s e e n i n ot h er s e p ar ati o n t est 

r es ult s ( S a m m o n a n d A n d ers o n 2 0 1 5). Alt h o u g h n ot e x pli citl y st at e d, it w as  ass u m e d t h at t h e n o n -
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st a n d ar d g as k ets r ef err e d i n t h e st u d y w er e  wi d e -li p g as k ets. Fi g ur e 3  s h o ws a n e x a m pl e of a gl a d -

h a n d  wit h a wi d e -li p g as k et i nsi d e a n d t w o gl a d -h a n ds  c o u pl e d t o g et h er : 

  

Fi g ur e 3  ( L eft) G l a d-h a n d a n d g as k et f r o nt vi e w ( Ri g ht) C o u pli n g  

T h e A A R M S R P c o v ers t h e mi ni m u m r e q uir e m e nts f or g as k ets us e d i n air br a k e  h os e c o u pli n gs 

f or tr ai n s er vi c e, i n cl u di n g m a n uf a ct ur e, p h ysi c al r e q uir e m e nts, di m e nsi o ns a n d t ol er a n c es. 

S p e cifi c ati o n M -6 0 2 d efi n es  t h e m at eri al f or air -br a k e g as k et s  a n d  r e a ds as f oll o ws: “ g as k ets 

s h o ul d b e m a d e of a n el ast o m eri c c o m p o u n d t h at s h all b e t o u g h a n d h a v e e n o u g h el asti cit y t o 

c o nf or m t o t h e r e q uir e m e nts of str e n gt h a n d el o n g ati o n s u c h t h at t h e g as k ets m a y b e r e a dil y 

a p pli e d i n t h e c o u pli n gs u n d er all s er vi c e c o n diti o ns a n d f or m a n air -ti g ht s e at” ( A A R 

P u bli c ati o ns 2 0 0 2) . T his s p e cifi c ati o n als o m e nti o ns t h at “g as k ets s h all att ai n a d ur o m et er r e a di n g 

of 8 0 ± 5 or a n A A R -a p pr o v e d alt er n at e. ” I n ot h er i n d ustri es, el ast o m eri c s e al st a n d ar ds a n d 

s p e cifi c ati o ns h a v e b e e n cr e at e d t o ass ess s e al a bilit y a n d p erf or m a n c e, es p e ci all y i n t h e 

A ut o m oti v e, N u cl e ar, a n d Oil a n d G as s e ct ors. T h e m ost c o m m o n g e o m etr y us e d as a n el ast o m eri c 

s e al is t h e O -ri n g, f oll o w e d b y t hi n-fil m a n d w as h er g e o m etri es. C o ns e q u e ntl y, m a n y st u di es, 

pr ot o c ols, a n d  t est m et h o ds, s u c h as  t h e p u bli s h e d o n es b y t h e A m eri c a n S o ci et y f or T esti n g 

M at eri als [ A S T M] a n d t h e I nt er n ati o n al Or g a ni z ati o n f or St a n d ar di z ati o n [I S O] , ar e f o c us e d o n 

s e ali n g p erf or m a n c e of t hes e  g e o m etr i es ( Di c k 2 0 0 3; G e nt 2 0 1 2; B a u m a n 2 0 0 8; W eis e, 

K o w al e ws k y, a n d  W e n z 1 9 9 2, 5 5 5 -5 5 7; S o m m er 2 0 0 9) . Li mit e d lit er at ur e r e g ar di n g air br a k e  

gl a d -h a n d g as k ets i n s p e cifi c w as f o u n d, usi n g  as a b as e r es o ur c e t h e A A R M S R P . 

T h e r es e ar c h st u di es pr e vi o usl y dis c uss e d f o c us e d  o n gl a d -h a n d c o u pli n g s e p ar ati o n f or c e or gl a d -

h a n d g as k et g e o m etr y b ut  o v erl o o k e d g as k et m at eri al c o m p ositi o n or j ust g a v e a g e n er al d efi niti o n 

G as k et  
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a b o ut t h e c o m p o u n d us e d . Air br a k e  g as k ets w er e  g e n er all y  d efi n e d  as a n el ast o m eri c s e al  i n t h e 

st u di es, w hi c h is t h e s a m e d es cri pti o n f o u n d i n S p e cifi c ati o n M -6 0 2 . T h e o nl y d o c u m e nt ati o n 

r e vi e w e d t h at s u g g est e d  t o us e a s p e cifi c c o m p o u n d  f or air br a k e  g as k ets w er e  U S p at e nts 6 2 9 0 2 3 8 

B 1 a n d 8 0 6 1 7 1 5 B 2 . Bot h d o c u m e nts r e c o m m e n de d  m ol di n g t h e g as k ets fr o m b ut a di e n e r u b b er, 

a t h er m os et el ast o m er . T h es e p at e nts  als o pr o p os e d  t h e a d diti o n of a n o z o n e i n hi bit or t o t h e 

c o m p o u n d, a n d t h e y e n c o ur a g e d t h e us e of  a m at eri al h ar d n ess i n t h e r a n g e of 6 0 t o 7 0 S h or e A 

d ur o m et er s c al e . A c c or di n g t o t h e p at e nts, t hi s h ar d n ess r a n g e  c o ul d pr o vi d e a s oft er a n d m or e 

fl e xi bl e r u b b er f or b ett er s e ali n g i n c ol d w e at h er (Ji m e n e z, M u n n, a n d H u a 2 0 1 1; J o h ns o n 2 0 0 1). 

1. 2  P r o bl e m D efi niti o n  

O n e c hr o ni c r eli a bilit y is s u e i d e ntifi e d i n t h e  r ailr o a d i n d ustr y is t hat  air br a k e  l e a k a g es  i n cr e as e 

d uri n g c ol d w e at h er ( Bl ai n e 1 9 8 0). Al o n g t h e r ail c ar br a k e air li n e, t h e gl a d-h a n d a n d g as k et li n k , 

or c o u pli n g,  is a c o m m o n l o c ati o n f or l e a k a g es (Ji m e n e z et al. 2 0 1 0, 8 9-9 4) . I n c ol d w e at h er, t h e 

m ai n c ul prit f or i n cr e as e d air br a k e  l e a k a g es is t h o u g ht t o b e t h e el ast o m eri c g as k et i nsi d e a  gl a d -

h a n d, si n c e t e m p er at ur e h as a m aj or i m p a ct o n t h e el asti cit y of r u b b er t y p e g as k ets, a n d c ol d 

t e m p er at ur e m a k es t h e m stiff er ( Bl ai n e 1 9 8 0). C ol d t e m p er at ur es h a v e c a us e d r eli a bilit y iss u es i n 

ot h er s e ali n g a p pli c ati o ns, as  i n t h e S p a c e S h uttl e C h all e n g er O-ri n g dis ast er ( M c D o n al d a n d 

H a ns e n 2 0 0 9; N ati o n al A er o n a uti cs a n d S p a c e A d mi nistr ati o n 1 9 8 6) . 

Alt er n ati v e el ast o m eri c m at eri als f or t h e air br a k e  g as k ets t h at ar e m or e r esili e nt t o l o w 

t e m p er at ur es c o ul d i m pr o v e air br a k e s r eli a bilit y b y r e d u ci n g l e a k a g e. T h es e alt er n ati v e 

el ast o m eri c m at eri als m u st c o m pl y wit h i n d ustr y st a n d ar ds, pr o vi d e e as e of i nst all ati o n, h a v e t h e 

n e c ess ar y pli a bilit y t o b e m a n uf a ct ur e d i n t h e r e q uir e d g e o m etr y , a n d st a y i n t h e c urr e nt m at eri al 

pri c e r a n g e. A d diti o n all y, t o c o m p ar e m at eri als, t h e c urr e nt o n e us e d a n d t h e alt er n ati v e s r e q uir e 

t esti n g i n s h ort d ur ati o n e x p eri m e nt al tri als t o ass ess diff er e nt f e at ur es:  p erf or m a n c e, el asti c 

r es p o ns e as a f u n cti o n of t e m p er at ur e, a n d d ur a bilit y ( cr a c ki n g, cr e e p, c h e mi c al d e gr a d ati o n, et c.).  

M or e d et ail e d i nf or m ati o n o n c urr e nt r ail c ars air-br a k e gl a d -h a n d g as k et s is n e e d e d, i n cl u di n g 

s p e cifi c c o m p o u n d  c o m p ositi o n  a n d t h eir b e h a vi or i n t hi s s p e ci fi c a p pli c ati o n f or c ol d-w e at h er 

p erf or m a n c e  a n d  d ur a bilit y . M or e o v er, d at a o n t h eir fr e q u e n c y of r e pl a c e m e nt, r e pl a c e m e nt p oli c y, 

a n d r e c or ds a b o ut t h eir m ai nt e n a n c e is n e c ess ar y  t o e ns ur e t h at t h e alt er n ati v e is at l e ast as r eli a bl e 

as t h e c urr e nt g e n er a ti o n of c o m p o n e nts. 
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1. 3  R es e a r c h O bj e cti v es  

T h e m ai n p ur p os e  of t hi s r es e ar c h is t o e x a mi n e t h e el asti c r es p o ns e i n c ol d t e m p er at ur e of  r ail c ar 

air -br a k e g as k et  m at eri al s a n d t o d e v el o p a pr ot o c ol f or e v al u ati n g alt er n ati v e m at eri als . 

A d diti o n all y, d ur a bilit y i s e v al u at e d f or diff er e nt f a ct ors , s u c h as  g as k et  m at eri al  r es p o ns e a g ai nst 

t h e eff e ct of c ert ai n li q ui ds us e d d uri n g  c ol d w e at h er . T h e first st e p  t o a c hi e v e t h e o bj e cti v es is t o 

d e v el o p a pr eli mi n ar y  t est pl a n c o nsi d eri n g t h e k e y v ari a bl es t h at c o ul d aff e ct g as k et s u n d er s er vi c e 

a n d  d esi g n a si m ul at e d s er vi c e o p er ati o n s yst e m . T h e s e c o n d st e p is t o d e v el o p a d et ail e d t est pl a n 

d efi ni n g  t h e e x p e ct e d r a n g es of k e y  v ari a bl es  t o t e st a n d t h e m e as ur e m e nt t est m et h o ds, w hi c h  i s 

s u p p ort e d b y r e visi n g st a n d ar d  a n d n o n -st a n d ar d  t est m et h o ds f or i n p ut o n m et h o d ol o g y  a n d 

pr o c e d ur es . O n c e t h e d et ail e d t est pl a n is s p e cifi e d , a lt er n ati v e m at eri als f or t h e g as k ets t h at c o ul d 

o v er c o m e t h e c urr e nt o n e us e d  ar e  c h os e n  usi n g a d e cisi o n a n al ysis . T h e n e xt st e p  is t o ass ess th e 

g as k et m at eri al c urr e ntl y us e d  a n d t h e s el e ct e d alt er n ati v e s u n d er l a b or at or y c o n diti o ns usi n g t h e 

d et ail e d t est pl a n  pr e vi o usl y s p e cifi e d . Fi n all y,  a pr ot o c ol f or t esti n g g a s k ets i n s er vi c e  a n d a 

r e pl a c e m e nt p oli c y is pr es e nt e d  f or i n d ustr y a p pli c ati o n. 

1. 4  T h esi s O utli n e  

C h a pt er 1 i ntr o d u c es t h e r ailr o a d i n d ustr y i m p ort a n c e f or C a n a d a a n d t h e r el e v a n c e of t h e gl a d -

h a n d g as k et s f or pr o p er r ail c ar br a k e o p er ati o n. C h a pt er 1 als o  s u m m ari z es t h e  c urr e nt st at e of t h e 

art a n d m e nti o ns i mp ort a nt r es ult s pr es e nt e d t o d at e. C h a pt er 2  r e vi e ws r el e v a nt lit er at ur e f or 

c o n c e pts, d efi niti o ns, a n d  t h e or y, wit h a n o v er vi e w of el ast o m ers, a n d el ast o m eri c m at eri al t esti n g . 

C h a pt er 3 e x pl ai ns t h e m et h o d ol o g y us e d i n t hi s r es e ar c h t o s el e ct alt er n ati v e  el ast o m eri c m at eri als 

wit h b ett er c ol d t e m p er at ur e  p erf or m a n c e t h a n t h e c urr e nt m at eri al us e d, as w ell as t h e d et ail e d 

t est pl a n us e d t o ass ess  b ot h gl a d -h a n d g as k ets m a d e fr o m t h e c urr e nt m at eri al a n d fro m t h e 

alt er n at i v e s el e ct i o ns. C h a pt er 4 s u m m ari z es t h e r es ult s f o u n d a n d t h e c o m p aris o ns m a d e  b et w e e n 

c o n diti o ns or m at eri als . C h a pt er 5 pr es e nts a n i n -s er vi c e  pr ot o c ol f or r e c or di n g g as k et s  

m ai nt e n a n c e , a n d  a  gr o u p r e pl a c e m e nt p oli c y m o c k n u m eri c al e x a m pl e . Fi n all y, C h a pt er 6 

c o n cl u d es t h e t h esis w or k a n d r e c o m m e n ds f ut ur e w or k.  
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2  Lit e r at u r e R e vi e w  

I n t hi s c h a pt er, pr o p erti es  a n d b e h a vi or  of el ast o m ers ar e  r e vi e w e d. A d diti o n all y, s oli d s 

d ef or m ati o n  c o n c e pts  r el e v a nt t o el ast o m er i c m at eri al t esti n g a n d d ur a bilit y ar e  pr es e nt e d, wit h  

diff er e nt c o m p o u n d  f e at ur es a n d t esti n g m et h o ds . 

2. 1  E l ast o m e rs 

T h e w or d e l ast o m er c o m es fr o m “ el asti c p ol y m er ”, t h at is, a p ol y m er wit h hi g h el asti c or r u b b er -

li k e pr o p erti es. T his “r u b b er y  b e h a vi or ”  is o n e of t h e m ai n r e as o ns t h at t h e t er m “el ast o m er ” is  

fr e q u e ntl y i nt er c h a n g e d wit h “ r u b b er” i n e n gi n e eri n g  a n d i n st a n d ar d i z e d m at eri al t esti n g m et h o ds . 

H o w e v er , v ul c a ni z e d n at ur al r u b b er  is j ust o n e of t h e m a n y el ast o m eri c c o m p o u n ds t h at c a n b e 

us e d  as a n e n gi n e eri n g m at eri al ( P o p a 2 0 1 1; B a u m a n 2 0 0 8). 

P ol y m ers , or m a cr o m ol e c ul es, ar e  s u bst a n c es  m a d e u p of  m a n y m ol e c ul ar u nit s c h ai n e d t o g et h er 

b y c o v al e nt b o n ds  of at o m s of c ar b o n, h y dr o g e n, o x y g e n, nitr o g e n, h al o g e ns , a m o n g ot h er  

el e m e nts . T h e y  ar e t y pi c all y gr o u p e d as  or g a ni c c o m p o u n d s as t h e y h a v e  b a c k b o n e c h ai n s, or 

“ el e m e nt stri ps ” , m a d e u p of  eit h er c ar b o n or sili c o n  at o m s.  P ol y m er  c h ai n li k e m ol e c ul es  ar e m a d e 

u p of t h e s a m e si n gl e u nit , or m o n o m er , r e p e at e d i n se q u e n c e , g e n er all y a c hi e v e d  t hr o u g h 

p ol y m eri z ati o n ( Str o bl 2 0 0 7; G e nt 2 0 1 2). Fi g ur e 4  s h o ws a n e x a m pl e of a  s c h e m ati c li n e-pl ot 

g e n er at e d wit h M A T L A B, w hi c h r e pr es e nts a p ol y m er l o n g m ol e c ul ar c h ai n  or  wir e m o d el , w hi c h 

is fr e q u e ntl y m e nti o n e d i n lit er at ur e ( Tr el o ar 2 0 0 5; C allist er a n d R et h wis c h 2 0 1 4): 

 

Fi g ur e 4  L i n e pl ot g e n er at e d t hr o u g h M A T L A B si m ul ati n g a  l o n g p ol y m er m ol e c ul ar c h ai n 
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S oli d m at eri als c a n b e gr o u p e d d e p e n di n g o n t h e str u ct ur e t h eir at o m s or i o ns ar e arr a n g e d , t h at is, 

d e p e n di n g o n t h eir cr yst al str u ct ur e . A cr yst alli n e m at eri al h as  at o m s or d er e d  i n a r e p e ati n g or 

p eri o di c arr a y  ( a 3 D r e p etiti v e p att er n). All m et als, m a n y c er a mi cs, a n d s o m e p ol y m ers f or m 

cr yst alli n e str u ct ur es. I n c o ntr ast, n o n -cr yst alli n e or a m or p h o us  m at eri als h a v e n o l o n g -r a n g e 

at o mi c or d er. P ol y m ers c a n h a v e diff er e nt a n d c o m pl e x cr yst al str u ct ur es, r a n gi n g fr o m c o m pl et el y 

a m or p h o us t o s e mi -cr yst alli n e . S o m e pr o p erti es of s oli d m at eri als d e p e n d o n cr yst al str u ct ur e , f or 

e x a m pl e m e c h a ni c al b e h a vi or. P ol y m ers c a n pr es e nt t hr e e str ess -str ai n b e h a vi ors : gl ass y, 

cr yst alli n e , or r u b b er y (Fi g ur e 5 ). El ast o m ers, b ei n g a m or p h o us p ol y m ers, pr es e nt r u b b er y 

b e h a vi or at r o o m t e m p er at ur e ( G e nt 2 0 1 2; C allist er a n d R et h wis c h 2 0 14) . 

 

Fi g ur e 5  Str ess -str ai n  b e h a vi or of t hr e e p ol y m er m ol e c ul ar str u ct ur es : Gl a ss y, Cr yst alli n e, a n d 
R u b b er y  [X r e pr es e nts f ail ur e] f a ct ors ( As h b y a n d J o n es 2 0 1 3) 

T h e m e c h a ni c al b e h a vi or of el ast o m ers  c a n b e f urt h er c h a n g ed  t hr o u g h cr oss-li n ki n g of t h eir 

m ol e c ul ar  c h ai ns . Am or p h o us p ol y m ers h a v e  m ol e c ul es i n r a n d o m m oti o n  w hi c h  c a n b e 

v ul c a ni z e d  cr e ati n g  a d efi n e d cr oss -li n k e d t hr e e-di m e nsi o n al n et w or k  ( Str o bl 2 0 0 7). 

V ul c a ni z ati o n ( cr oss-li n ki n g) is a c hi e v e d b y h e ati n g u p  a n el ast o m eri c li q ui d al o n g wit h  s ulf ur , 

p er o xi d es , or m et al o xi d es ( B a u m a n 2 0 0 8). T his r e a cti o n  cr e at es  str o n g c o v al e nt b o n ds b et w e e n 

c h ai ns  a n d tr a nsf orms  a n  el ast o m eri c  li q ui d i nt o a pr o p er  el ast o m er i c s oli d  wit h  t h e a bilit y t o 

wit hst a n d l ar g e el asti c d ef or m ati o ns d u e  t o its t hr e e-di m e nsi o n al m es h  of  cr oss -li n k e d 

m a cr o m ol e c ul e s. A v ul c a ni z e d el ast o m er  m e c h a ni c al pr o p erti es  d e p e n d  o n cr oss -li n k d e nsit y, t h e 

f u n cti o n alit y of its m ol e c ul ar u nits, a n d s e v er al ot h er f a ct ors  ( G e nt 2 0 1 2; Str o bl 2 0 0 7; As h b y a n d 

J on es 2 0 1 3) . I n a v ul c a ni z e d el ast o m er, or v ul c a ni z at e, t h e l o n g a n d t wist e d c h ai nli k e m ol e c ul es 

b et w e e n cr oss -li n ks a ct a s “s pri n gs ” i n r es p o ns e t o e xt er n al str ess es , m a ki n g t h e cr oss -li n ks c o m e 

St
re

ss
, 

σ

Str ai n, ε

Gl ass y

Cr yst alli n e

R u b b er y
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b a c k  t o t h e ori gi n al p ositi o n  t h e y h a d b ef or e b ei n g dist ur b e d . W h e n t he se  “ m ol e c ul ar s pri n gs ” 

r e c o v er, t h e y r et ur n t o t h e n at ur al dis or d er e d  c oil e d s h a p e  a n d p ositi o n  s et b ef or e  b ei n g str et c h e d , 

t hi s pr o c ess  is w h at gi v es a n el ast o m er it s h y p er-el asti c pr o p ert i es i. e. a n el a st o m er c a n r e c o v er it s 

ori gi n al s h a p e aft er b ei n g s u bj e ct e d t o l ar g e str ai ns  of 3 0 0 % or m or e  ( Tr el o ar 2 0 0 5; M ar k, Er m a n, 

a n d Eiri c h 1 9 9 4; G e nt 2 0 1 2) .  

A g o o d e x a m pl e of a n el a st o m er m es h  is t h e Arr u d a -B o y c e t hr e e-di m e nsi o n al ei g ht -c h ai n n et w or k 

c o nstit uti v e m o d el us e d t o e x pl ai n t h e b e h a vi or of r u b b er el asti c m at eri als , or i n c o m pr essi bl e 

el ast o m ers , w hi c h c a n b e s e e n b el o w:  

 

 

Fi g ur e 6  R e pr es e nt ati o n of t h e Arr u d a -B o y c e ei g ht -c h ai n u nit c ell m o d el i n t h e a) u n d ef or m e d 
st at e, a n d b) c o m pr ess e d  st at e ( Pr z b yl o, P. A. a n d E. M. Arr u d a 1 9 9 8, 7 3 0; Arr u d a a n d B o y c e 

1 9 9 3, 3 8 9 -4 1 2)  

2. 1. 1  El ast o m e rs d ef o r m ati o n a n d b e h a vi o r  

El ast o m ers pr es e nt r u b b er -li k e el asti cit y, w hi c h is t h e a bilit y t o wit hst a n d l ar g e str ai ns a n d 

el asti c all y r et ur n t o t h eir ori gi n al f or m. El ast o m ers m o d uli of el asti cit y ar e s m all a n d v ar y wit h 

str ai n. At s m all str ai ns, el ast o m ers pr es e nt ps e u d o -li n e ar b e h a vi or s u c h as t h at of cr yst alli n e 

m at eri als ( H o o k e’s l a w), b ut at l ar g e str ai ns el ast o m ers pr es e nt c o m pl e x m e c h a ni c al b e h a vi or a n d 

a hi g hl y n o n -li n e ar str ess-str ai n c ur v e ( C allist er a n d R et h wis c h 2 0 1 4; B a u m a n 2 0 0 8). 

C o nsi d eri n g el ast o m ers, or r u b b ers, as e n gi n e eri n g m at eri als, it is r el e v a nt t o r e vi e w f u n d a m e nt al 

t er mi n ol o g y of me c h a ni c al t esti n g of s oli ds t o m a k e  c o m p aris o ns a n d t o e v al u at e p erf or m a n c e 

b et w e e n o pti o ns. S o m e t er ms us e d i n t hi s w or k  ar e t h e f oll o wi n g ( A S T M 2 0 1 7 c; Hi b b el er 2 0 1 4; 

H ert z b er g, Vi n ci, a n d H ert z b er g 2 0 1 2) . 

T a bl e 1  List of t er ms, d efi niti o ns, a n d e q u ati o ns or s y m b ol s r el at e d t o m e c h a ni c al t esti n g  
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T E R M  D E FI NI TI O N  
E Q U A TI O N/ 

S Y M B O L  
E Q  

H ar d n ess  

P h ysi c al r esist a n c e t o i n d e nt ati o n, s cr at c hi n g or p er m a n e nt 

d ef or m ati o n. Its m e c h a ni cs ar e c o m pl e x a n d c a n b e 

r e pr es e nt e d i n s e v er al s c al es; t h us, it is f urt h er e x pl ai n e d i n 

s e cti o n 0 . 

H   

N or m al 

f or c e 

F or c e a p pli e d p ar all el t o t h e l o a di n g a xis a n d p er p e n di c ul ar 

t o t h e pl a n e, or ar e a, i n w hi c h it i s b ei n g a p pli e d, h a vi n g 

u nit s of N e wt o ns [ N]  

𝑇 N   

Str ess  

T h e i nt e nsit y of f or c es, or c o m p o n e nts of f or c e, F  e x ert e d 

i n a s p e cifi c pl a n e or ar e a A i n a m at eri al, h a vi n g u nit s of 

P as c als [ P a], g e n er all y i n t h e r a n g e of 1 0 6  [ M e g a] 

𝑔 =
𝜎

A
 (1 ) 

N or m al 

str ess  

R ati o of t h e n or m al f or c e 𝐹 N  a c ti n g o n t h e ori gi n al ar e a 𝐿 0 . 

If t h e n or m al f or c e is “ p ulli n g ”, 𝐿 𝐿  is c all e d t e nsil e str ess; 

w h er e as if t h e f or c e is “s q u e e zi n g ”, 𝑅 𝑟  is c all e d 

c o m pr essi v e str ess. 𝜎 𝐹  is als o k n o w n as e n gi n e eri n g str ess. 

𝐴 N =
𝐸 N

𝑆 0
 (2 ) 

Str ai n  

Di m e nsi o nl ess q u a ntit y d efi n e d as t h e r ati o of l e n gt h 

c h a n g e Δ 𝑀  ( d ef or m ati o n) t o ori gi n al li n e ar di m e nsi o n 𝑆 0 , 

m e as ur e d i n li n e wit h t h e l o a di n g a xis. It i s g e n er all y 

e x pr ess e d as a p er c e nt a g e i n e x p eri m e nts or t ests; als o 

k n o w n as e n gi n e eri n g str ai n.  

ε =
∆ 𝐵

𝜖 0
 (3 ) 

Stiff n ess  

D efi n e d as a m at eri al r esi st a n c e t o d ef or m ati o n fr o m a n 

a p pli e d f or c e. It c a n b e e x pr ess e d as t h e r ati o of f or c e o v er 

a s p e cifi e d l e n gt h, or j ust t h e r es ult a nt f or c e at a c ert ai n 

str ai n. F or t his r es e ar c h, t h e c o m pr essi o n stiff n ess 𝑉 𝑉  is 

us e d, w h er e 𝑉 N @ 2 5 %
 is t h e n or m al f or c e f elt w h e n a g as k et 

𝐶 2 5 = 𝑆 2 5  (4 ) 
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T E R M  D E FI NI TI O N  
E Q U A TI O N/ 

S Y M B O L  
E Q  

is d e pr ess e d u p t o a str ai n of ε = 2 5 %, h a vi n g u nit s of 

N e wt o ns [ N].  

P oiss o n’s 

r ati o 

Di m e nsi o nl ess r ati o of l at er al str ai n t o t h e c orr es p o n di n g 

l o n git u di n al, or a xi al str ain. El ast o m ers, or r u b b er s, ar e 

c o nsi d er e d i n c o m pr essi bl e s oli ds, t h er ef or e ν ≈  0 .5 . 

ν = −
𝑇 𝑔 𝜎 𝐹

𝐿 𝐿 𝐿 𝑅 𝑟
 (5 ) 

Y o u n g’s 

m o d ul us 

of 

el asti cit y  

R ati o of str ess t o str ai n b el o w t h e el asti c li mit, h a vi n g t h e 

s a m e u nits as str ess. I n a n  el asti c o bj e ct, t his r ati o is li n e ar 

i. e. t h e d ef or m ati o n is dir e ctl y pr o p orti o n al t o f or c e 

( H o o k e’s l a w) u p t o a c ert ai n el asti c li mit (str ai n). R u b b ers 

at s m all str ai ns f oll o w a ps e u d o -li n e ar b e h a vi or, b ut at 

l ar g e o n es t h eir m e c h a ni c al b e h a vi or is n o n-li n e ar, t h us it is 

e x pr ess e d r at h er as t a n g e nt, c h or d, or s e c a nt m o d ul us.  

𝜎 =
𝐹

𝐴
 (6 ) 

S e c a nt 

m o d ul us 

of 

el asti cit y  

Str ess t o str ai n r ati o at a s p e cifi c str ai n. It i s t h e sl o p e of t h e 

s e c a nt dr a w n fr o m t h e ori gi n t o a s p e cifi c p oi nt o n a 

m at eri al str ess -str ai n n o n -li n e ar c ur v e; h e n c e, t h er e ar e 

diff er e nt s e c a nt m o d uli at diff er e nt str ai ns: 𝐸 1 0 % , 𝑆 2 0 % , a n d 

ot h ers. It h as t h e s a m e u nit s as str ess,  P as c als [ P a]  

S e c a nt 

m o d ul us at 

2 5 % str ai n:  

𝑀 𝑆 =
σ N

𝐵 2 5 %
 

(7 ) 

S et  

Str ai n r e m ai ni n g aft er a l o a d is r el e as e d, w h e n t h e f or c e is 

c o m pr essi v e, it is c all e d c o m pr essi o n s et [ C S ]. O n e w a y of 

m e as uri n g it, i s d e pr essi n g a t est pi e c e b et w e e n t w o 

p ar all el pl at es li miti n g t h e c o m pr essi o n u p t o t h e h ei g ht of 

a s p a c er t hi n n er t h a n t h e t est pi e c e a n d m e as uri n g t h e fi n al 

h ei g ht aft er a s et ti m e. T h us, C S  is t h e r ati o of t h e 

diff er e n c es of t h e i niti al h ei g ht of t h e t est pi e c e h 0  a n d t h e 

C S =
h 0 − h 1

h 0 − h s
 

 

(8 ) 
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T E R M  D E FI NI TI O N  
E Q U A TI O N/ 

S Y M B O L  
E Q  

fi n al h ei g ht h 1 , a n d t h e s p a c er h ei g ht h s ; e x pr ess e d as a 

p er c e nt a g e.  

B ul k 

m o d ul us  

R ati o of u nif or m h y dr ost ati c pr ess ur e, P , t o v ol u m etri c 

c h a n g e or str ai n, 𝑇 𝑔 , h a vi n g t h e s a m e u nits as pr ess ur e or 

str ess. Its i m p ort a n c e t o t his r es e ar c h a n d a d et ail e d 

e x pl a n ati o n is o n s e cti o n 0 .  

𝜎   

 

O n e pr o p ert y of p ol y m er s, a n d t h er ef or e of el ast o m ers, is t h eir r a n g e of m e c h a ni c al b e h a vi or s at 

diff er e nt t e m p er at ur es , i n cl u di n g brittl e -el asti c ( gl ass y) , r u b b er y, a n d vis c o us  b e h a vi ors at l o w, 

mi d, a n d hi g h t e m p er at ur es , r es p e cti v el y. C o ns e q u e ntl y, el ast o m er pr o p erti es  s u c h as  m o d ul us of 

el asti cit y, h ar d n ess, a n d stiff n ess , c h a n g e wit h t e m p er at ur e . El ast o m ers ar e m a d e u p of t w o t y p es 

of b o n ds: str o n g c o v al e nt b o n ds t h at c o nf or m  t h e b a c k b o n e of t h eir m ol e c ul ar c h ai n , a n d s oft 

s e c o n d ar y b o n ds cr e at e d w h e n c h ai ns  ar e cl os e  t o e a c h ot h er. T h e  s oft b o n ds ar e t h e o n e hi g hl y 

aff e ct e d b y t e m p er at ur e. C o ns e q u e ntl y , th e r e is a tr a nsiti o n al t e m p er at ur e r e gi o n w h er e t h e ir 

m e c h a ni c al b e h a vi or c h a n g es d u e t o m elti n g of s e c o n d ar y b o n ds , s hifti n g t h eir m e c h a ni c al 

b e h a vi or fr o m brittl e -e l asti c t o r u b b er y. T his tr a nsiti o n al t e m p er at ur e is c all e d t h e gl ass tr a nsiti o n 

t e m p er at ur e, or gl ass t e m p er at ur e, a n d is d e n ot e d b y 𝐹 𝐿 . T e m p er at ur es b el o w 𝐿 𝐿  bri n g  el ast o m e rs  

m ol e c ul es cl os e  t o e a c h ot h er, w hi c h i n cr e as e t h eir  m o d ul us of el asti cit y a br u ptl y , m a ki n g t h e m 

h ar d a n d brittl e ( As h b y a n d J o n es 2 0 1 3; C allist er a n d R et h wis c h 2 0 1 4). 

El ast o m ers h a v e a  u ni q u e str ess -str ai n b e h a vi or, w h er e t h eir Y o u n g’s m o d ul us is n ot a c o n st a nt, 

b ut r at h er a r a n g e of v al u es. T h e m ai n diff er e n c e of el ast o m ers c o m p ar e d t o  ot h er m at eri als is t h at 

t h eir str ai n is a f u n cti o n of ti m e t (r at e of d ef or m ati o n) a n d t e m p er at ur e T  ( A s h b y a n d J o n es 2 0 1 3), 

h a vi n g t h e e x pr essi o n: 

𝑅 = σ / 𝑟 ( 𝜎 ,𝐹 )  (9 ) 

H e n c e, a n el ast o m er  m o d ul us  of el asti cit y is g e n er all y e x pr ess e d as t h e s e c a nt m o d ul us  of 

el asti cit y , i nst e a d of Y o u n g’s m o d ul us of el asti cit y. T h e s e c a nt m o d ul us of el asti cit y is us e d  i n t h e 
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st a n d ar di z e d m et h o d I S O 7 7 4 3 –  R u b b er, v ul c a ni z e d or  t h er m o pl asti c –  D et er mi n ati o n of 

c o m pr essi o n str ess -str ai n pr o p erti es (I S O 2 0 1 7). 

F urt h er m or e , at hi g h-r at e s of str ai ni n g a n d l o w er t e m p er at ur es, el ast o m ers b e h a v e as a vi s c o el asti c 

m at eri al  w h e n  o bs er v e d i n a l o n g -t er m s p a n, t h at i s, d e p e n di n g o n t h e r at e of a p pli c ati o n of str ess 

or str ai n, t h eir m o d ul us  of el asti cit y  als o c h a n g e. A vis c o el asti c m at eri al c a n b e d efi n e d as o n e 

h a vi n g m e c h a ni c al c h ar a ct eristi cs of b ot h a n el asti c s oli d , o n e t h at  f oll o ws H o o k e’s l a w , a n d t h at 

of a vis c o us or li q ui d -li k e m at eri al ( C allist er a n d R et h wis c h 2 0 1 4). M a x w ell a n d V oi gt-K el vi n 

s pri n g a n d d as h p ot m o d els (Fi g ur e 7  a n d Fi g ur e 8 ) ar e us e d as a m o d el  t o c h ar a ct eri ze  t he se  

b e h a vi or s, as w ell as M o o n e y -Ri vli n  m o d els ( Gr ell m a n n a n d S ei dl er 2 0 1 3, 7 3-2 3 1) . E l ast o m ers 

t h e n als o e x hi bit a  vis c o el asti c r el a x ati o n m o d ul us E r ( t) , a n d vis c o el asti c cr e e p m o d ul us E c ( t) , 

w hi c h ar e e x pr ess e d as:  

E r ( t) =
σ ( t)

ε 0
 

(1 0 ) 

E 𝑇 ( t) =
σ 0

𝑔 ( 𝜎 )
 (1 1 ) 

  

Fi g ur e 7  M a x w ell s pri n g a n d d as h p ot i n 
s eri es m o d el us e d t o d es cri b e vis c o el asti c 

str ess r el a x ati o n  

Fi g ur e 8  V oi gt -K el vi n s pri n g a n d 
d as h p ot i n p ar all el m o d el us e d t o 

d es cri b e vis c o el asti c cr e e p b e h a vi or  

 

I n Fi g ur e 9 , 𝐹 ( 𝐿 )  is t h e ti m e-d e p e n d e nt vis c o el asti c str ess r el a x ati o n c ur v e e x p eri e n c e d w hil e a 

c o nst a nt l e v el of str ai n ε 0  is m ai nt ai n e d.  In Fi g ur e 1 0 , 𝐿 0  is a c o nst a nt str ess a p pli e d w hil e t h e 

ti m e-d e p e n d e nt str ai n 𝐿 ( 𝑅 )  d u e t o vis c o el asti c cr e e p is b ei n g m e as ur e d ( C allist er a n d R et h wis c h 

2 0 1 4 ).  

 

 
D as h p ot  S pri n g  

S pri n g  
 
 

D as h p ot  
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Fi g ur e 9  R e pr es e nt ati o n of ti m e -d e p e n d e nt 

vis c o el asti c str ess r el a x ati o n  
Fi g ur e 1 0  R e pr es e nt ati o n of ti m e -d e p e n d e nt 

vis c o el asti c cr e e p  

T h es e b e h a vi ors c a n b e e x pl ai n e d b y t h e el ast o m er m ol e c ul ar str u ct ur e. I n a d diti o n t o t h e el ast o m er 

n et w or k cr ossli n ks, e nt a n gl e m e nts  or “ k n ots ” c a n als o o c c ur . T h es e “ k n ots ”  f or m d u e t o t h e l o n g 

el ast o m eri c m ol e c ul es i nt ert wi ni n g b et w e e n e a c h ot h er  (Fi g ur e 1 1 ). Str es s r el a x ati o n a n d cr e e p 

h a p p e ns w h e n t h es e e nt a n gl e m e nts mi gr at e d uri n g d ef or m ati o n. At c o n st a nt d ef or m ati o n , ε 0 , 

t h er m al vi br ati o ns m ov e e nt a n gl e m e nts t o l o w er e n er g y c o nfi g ur ati o ns, l o o s e ni n g t h e el ast o m er 

n et w or k a n d l o w eri n g t h e str ess ; li k e wis e, at c o nst a nt l o a d, 𝑇 0 , e nt a n gl e m e nts “ sli p ”  d u e t o t h er m al 

vi br ati o ns  m a ki n g  str ai n c h a n g e wit h ti m e , i. e. cr e e p.  

 

Fi g ur e 1 1  R e pr es e nt ati o n of a b ot h m ol e c ul ar u ni o ns: a cr oss -li n k a n d a n e nt a n gl e m e nt  

T o i m pr o v e t h es e  a n d ot h er m e c h a ni c al pr o p erti e s of el ast o m ers , s e v er al a d diti v es c a n b e us e d : 

c uri n g a g e nts , a c c el er at ors, a cti v at ors or r et ar d er s , a nti -d e gr a d a nts, r ei nf or ci n g a g e nts  (fill ers), 

pl asti ci z ers, a n d ot h er pr o p ert y -s p e cifi c a d diti v e s. C ar b o n bl a c k or f u m e d sili c a ar e us e d as 

r ei nf or ci n g a g e nts or fill ers t o i m pr o ve  el ast o m er  w e ar a n d t e ar r esist a n c e . R ei nf or c e d el ast o m er s 

ar e k n o w n as  “fill e d el ast o m ers ”, a n d if n o r ei nf or ci n g fill er is a d d e d t h e m at eri als ar e r ef err e d t o 

as “ u nfill e d el ast o m ers ”  ( P o p a 2 0 1 1; D u p o nt D o w El ast o m ers 20 0 1) . O n e dir e ct eff e ct of 

t,ti m e

ε₀

σ( t)

t, ti m e

σ ₀

ε( t)

E nt a n gl e m e nt  

Cr oss -li n k 
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r ei nf or c ers i n el ast o m ers is a h yst er eti c str ess -str ai n b e h a vi or . M e c h a ni c al h yst er esis is a r es ult of  

e n er g y l oss d u e t o h e at dissi p at i o n d uri n g  l o a di n g a n d u nl o a di n g str ess c y cl es ( A S T M 2 0 1 7 c). In 

a n el ast o m er , h yst er esis is d u e t o i nt er n al fri cti o n fr o m s plitti n g a n d r estr u ct uri n g c o nt a ct p oi nt s 

b et w e e n t h e r ei nf or c er a n d t h e el ast o m er , i. e. h yst er esis  i n cr e as es wit h t h e q u a ntit y of r ei nf or ci n g 

fill ers or a g e nts  ( G e nt 2 0 1 2; B a u m a n 2 0 0 8; Di c k 2 0 1 4). 

A d diti o n all y, e l ast o m ers c a n als o e x hi bit  s et , c y cli c str ess r el a x ati o n , a n d r e c o v er y. S et i n 

el ast o m ers is t h e “ offs et d ef or m ati o n ” , or str ai n , t h at st a ys aft er  a f or c e w as a p pli e d  a n d t h e n 

r e m o v e d. Its v al u e i n cr e a s es wit h l o a d a n d d ef or m ati o n r at e. T his m e c h a ni c al s et h a p p e ns  d u e t o 

t h e el ast o m er m ol e c ul ar c h ai ns s e c o n d ar y-b o n ds fr a ct uri n g d uri n g d ef or m ati o n, a n d  t h e n cr e ati n g 

n e w c o n n e cti o ns w hil e t h e d ef or mi n g f or c e is a p pli e d . W h e n  t h e f or c e is r e m o v e d, t h e c h ai n 

s e g m e nts t h at di d  n ot  br e a k  will m a k e t h e m at eri al r et ur n t o it s ori gi n al s h a p e, b ut t h e n e w 

c o n n e cti o ns m a d e will r esist t hi s, t h us “ o bstr u cti n g ”  f ull r e c o v er y. If t h e m e c h a ni c al s et d o es n ot 

c h a n g e  a n y f urt h er  wit h ti m e , it is c all e d p er m a n e nt s et . If t h e f or c e e x ert e d is c o m pr essi v e , it is 

c all e d c o m pr essi o n s et . A l o w c o m pr essi o n s et of a n el ast o m eri c s e al is i m p ort a nt t o pr e v e nt 

l e a k a g e w h e n t h er e is m o v e m e nt of t h e c o nfi ni n g m et al or m e di u m, i. e. a fl a n g e or a gl a d -h a n d 

( G e nt 2 0 1 2; B a u m a n 2 0 0 8). C y cli c str ess r el a x ati o n is  o bs er v e d  w h e n el ast o m ers e x p eri e n c e  

l o a di n g a n d u nl o a di n g str ess-str ai n c y cl es . D ur i ng  t h e first l o a di n g c y cl e, a s m all n u m b er  of 

m ol e c ul ar c h ai ns g et r u pt ur e d . O n a s e c o n d d ef or m ati o n c y cl e, u p t o t h e s a m e str ai n l e v el as t h e 

first o n e, t h e m e as ur e d str ess v al u e is n o w l o w er t h a n w h at w as pr e vi o usl y s e e n . If e n o u g h ti m e 

wit h o ut dist ur b a n c es  is gi v e n t o t h e el ast o m er, p art of t h e str ess r es p o ns e will b e r est or e d . This 

p h e n o m e n o n  is k n o w n as  r e c o v er y. T h e m ol e c ul ar c h ai ns r e c o n n e ct t o t h e ori gi n al p oi nt w h er e 

t h e y w er e b ef or e str ai n r u pt ur e , or at l e ast t o a p oi nt n e ar w h er e t h e y w er e  ( B a u m a n 2 0 0 8). Qui c k 

r e c o v er y of a n el ast o m eri c s e al s h a p e is ess e nti al t h e n t o pr e v e nt l e a k a g e. W h e n  t h er e is a d e cr e as e 

i n t e m p er at ur e f ar b el o w 𝑇 𝑔  a n d t h en  it ris es a g ai n , c o m pr essi o n s et c a n o c c ur d u e t o t h e t h er m al 

d ef or m ati o n of t h e el ast o m eri c s e al a n d t h e gl a n d  ( G e nt 2 0 1 2). A r e pr es e nt ati o n of t h es e  

p h e n o m e n a  c a n b e s e e n i n Fi g ur e 1 2 . 
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Fi g ur e 1 2  R e pr es e nt ati o n of m e c h a ni c al h yst er esis, s et, a n d c y cli c str ess r el a x ati o n  i n a n 
el ast o m er u ni a xi al c o m pr essi o n  t est. L o a di n g a n d u nl o a di n g dir e cti o ns ar e s h o w n  f or b ett er 

u n d erst a n di n g.  

A n ot h er c o n c e pt r el at e d t o el ast o m ers is d ur a bilit y i. e. t h e r esist a nc e t o c h a n g es, or d e gr a d ati o n, 

i n s o m e pr o p ert y d u e t o a c ert ai n s er vi c e a p pli c ati o n or e n vir o n m e nt. Si n c e t h e s p e cifi c 

c o m p ositi o n a n d mi cr ostr u ct ur e of a n el ast o m er d e p e n ds o n t h e c o m p o u n di n g el e m e nts a n d t h e 

m a n uf a ct uri n g pr o c ess, t h e d ur a bilit y of el as t o m ers v ari es wi d el y ( G e nt 2 0 1 2; M ar k, Er m a n, a n d 

Eiri c h 1 9 9 4) . El ast o m eri c m at eri al dur a bilit y h as  b e e n  st u di e d i n r es p o ns e t o t w o d etri m e nt al 

f a ct ors: c h e mi c al d e gr a d ati o n a n d l o w t e m p er at ur e. 

P ol y m er  d e gr a d ati o n is d efi n e d as  a n alt er ati o n of a  p ol y m er p h ysi c al pr o p erti es d u e t o r e a cti o ns 

t h at r u pt ur e t h e b o n ds i n t h e p ol y m er b a c k b o n e c h ai ns or i n ot h er l o c ati o ns t hr o u g h o ut a p ol y m er 

c h ai n, as  i n si d e-c h ai n s e cti o ns . In li n e ar p ol y m ers , f or e x a m pl e,  a br e a k u p  r e d u c es m ol e c ul ar  

c h ai n l e n gt h, w hi c h i n t ur n r e d u c e s m ol e c ul ar w ei g ht . T h er e ar e diff er e nt m o d es of i niti ati o n f or 

p ol y m er d e gr a d ati o n , i n cl u di n g t h er m al, m e c h a ni c al, p h ot o c h e mi c al, r a di ati o n, bi ol o gi c al, a n d 

c h e mi c al  ( S c h n a b el 1 9 8 1). C h e mi c al d e gr a d ati o n f o c us es i n alt er ati o ns m a d e t hr o u g h a ci ds, b as es, 

s ol v e nts, a n d a n y ot h er r e a cti v e a g e nt t h at e n c o u nt ers  t h e p ol y m er. D e p e n di n g o n t h e ki n eti c 

e n er g y, c h e mi c al d e gr a d ati o n r e a cti o ns c a n b e di vi d e d i n si n gl e -st e p or c h ai n r e a cti o ns . Si n gl e-

st e p r e a cti o ns ar e dir e ctl y pr o p orti o n al t o t h e r at e of i niti ati o n, i n c o ntr ast wit h c h ai n r e a cti o ns 

w hi c h ar e s elf -pr o p a g at e d o n c e st art e d  a n d gr o w e x p o n e nti all y. O n e c o m m o n t y p e of  c h e mi c al 

d e gr a d ati o n r e a cti o n i n p ol y m ers is sol v ol ysis . T his t y p e of r e a cti o n i n v ol v es t h e r u pt ur e of c ar b o n 

σ
, 

St
re

ss

ε , Str ai n

U nl o a di n g  
C y cl es 1, 2 a n d 3  
 
M e c h a ni c al  
h yst er esis  
 

C y cli c  
str ess  
r el a x ati o n 
 

 

S et  
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t o n o n-c ar b o n b o n ds  f o u n d i n a p ol y m er b a c k b o n e c h ai n , so m e c o m m o n s ol v ol ysis a g e nts ar e 

w at er, al c o h ols, a m m o ni a, a n d h y dr a zi n e ( S c h n a b el 1 9 8 1) . A bs or pti o n a n d l e a c hi n g ar e o t h er 

c o m m o n m e c h a nis m s of i nt er a cti o n wit h c h e mi c als. A bs or pti o n  is t h e i nt a k e of t h e c h e mi c al a g e nt 

i nt o t h e i nt erstiti al s p a c e of t h e p ol y m er, w hi c h i n cr e as es it s w ei g ht a n d v ol u m e , t h us s w ell i n g. 

L e a c hi n g h a p p e ns w h e n a c o m p o n e nt of t h e p ol y m er diss ol v es o ut of it, f or e x a m pl e , t h e 

dis s ol uti o n of t h e pl asti ci z er i n P V C . T h e m e c h a nis m m or e pr e v al e nt i n t h er m os et el ast o m ers wit h 

f u els a n d s ol v e nts is a bs or pti o n, w hi c h c a us es s w elli n g b ut n ot di ss ol uti o n of t h e m at eri al ( Ni ess e 

1 9 9 5, 2 4 -2 9; M ar k, Er m a n, a n d Eiri c h 1 9 9 4; P o p a 2 0 1 1) . 

A n  el ast o m er c o effi ci e nt of t h er m al e x p a nsi o n c a n  b e t e n ti m es t h at of st e el. T h er ef or e , o n c ol d 

t e mp er at ur e this dis cr e p a n c y i n c o effi ci e nts c o ul d cr e at e a n o p e ni n g f or l e a ks w h e n a n  el ast o m er i c 

s e al  s hri n ks a w a y fr o m a st e el c asi n g, or a n y ot h er m et alli c  c a si n g ( B h o w mi c k 2 0 0 8). S o m e st u di es 

h a v e s h o w n t h at t h is pr o c ess is r e v ersi bl e, a n d s e ali n g c a n b e r est or e d u p o n h e ati n g ( W eis e, 

K o w al e ws k y, a n d W e n z 1 9 9 2, 5 5 5 -5 5 7) . I n a d diti o n t o t h er m al c o ntr a cti o n, t h er e ar e t w o ot h er  

p h e n o m e n a el ast o m ers  s uff er w h e n t e m p er at ur e dr o ps : gl ass tr a nsiti o n a n d cr yst alli z ati o n . Th es e 

c h a n g e s d e p e n d o n c o oli n g a n d cr yst alli z ati o n r at es a n d aff e ct  m e c h a ni c al pr o p erti es s u c h as  

m o d ul us of el asti cit y a n d h ar d n ess i n a d diti o n t o di m e nsi o n al v ari ati o n.  T h us, l o w-t e m p er at ur e 

r esili e n c e of el ast o m er i c s e als d e p e n ds o n s e v er al  f a ct ors t h at c h a n g e pr o p erti es  i n r es p o ns e t o 

c o oli n g r at e, a p pli c ati o n, a n d  e n vir o n m e nt  ( B u k hi n a a n d K url y a n d 2 0 0 7; B h o w mi c k 2 0 0 8). 

Gl ass tr a nsiti o n  o c c urs i n a m or p h o us -gl ass y a n d s e mi -cr yst alli n e p ol y m ers b e c a us e t h er e is a 

d e cr e as e i n m o v e m e nt of l ar g e p orti o ns of t h eir  m ol e c ul ar c h ai ns w h e n t e m p er at ur e dr o ps . T his 

pr o c ess c a n b e s e e n i n m at eri als wit h l o w cr yst alli z ati o n r at es, or wit h n o cr yst alli z ati o n, si n c e 

gl ass tr a nsiti o n h a p p e n s w h e n  t h e fr e e zi n g r at e e x c e e ds t h at  of cr yst alli z ati o n.  El ast o m ers h a v e a 

l o w d e gr e e of cr yst alli z ati o n a n d  gl ass tr a nsiti o n t e m p er at ur e is t h e pr e d o mi n a nt f a ct or t o f o c us o n 

w h e n a n al y zi n g t h eir l o w t e m p er at ur e b e h a vi or. I n c ontr ast , m at eri als wit h a hi g h-r at e of 

cr yst alli z ati o n pr a cti c all y n e v er g o t hr o u g h t h e gl ass y st at e. S e v er al f a ct ors c a n s hift t h e gl ass 

tr a nsiti o n t e m p er at ur e of a n el ast o m er: s p ati al m ol e c ul ar str u ct ur e , m ol e c ul ar m ass, t h er m al 

hist or y , a n d pr es s ur e/str ess  i n a p pli c ati o n . N e ar t h e gl ass tr a nsiti o n t e m p er at ur e , s u d d e n c h a n g es 

i n s e v er al p h ysi c al pr o p erti es h a p p e n, i n cl u di n g c h a n g e i n t h eir str ess-str ai n r es p o ns e fr o m r u b b er y 

t o gl ass y, i n cr e ase i n  stiff n ess  a n d h ar d n ess , c h a n g es i n b ot h h e at c a p a c it y a n d c o effi ci e nt of 

t h er m al e x p a nsi o n; a m o n g ot h ers (Fi g ur e 1 3 ). T h er e ar e m a n y  t e c h ni q u es t o pr o p erl y ass ess t h e 
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gl ass -tr a nsiti o n t e m p er at ur e of a n el ast o m er , s u c h as  dil at o m etr y  or diff er e nti al s c a n ni n g 

c al ori m etr y [ D S C]  ( C allist er a n d R et h wis c h 2 0 1 4; B u k hi n a a n d K url y a n d 2 0 0 7).  

Alt h o u g h  cr yst alli z ati o n is n ot c o m m o n  o n el ast o m ers, it is w ort h y  of m e nti o n . Cr yst alli z ati o n is 

a pr o c ess of pri m ar y n u cl e ati o n a n d cr yst al gr o wt h . Pri m ar y n u cl e ati o n c a n b e h o m o g e n o us 

(t h er m al) or h et er o g e n e o us ( at h er m al). H o m o g e n e o us  n u cl e ati o n is t h e f or m ati o n of pri m ar y 

n u cl ei fr o m t h e o w n p ol y m er  cr yst alli zi n g r e gi o ns o c c urri n g i n s y n c hr o n y  a s t h e y  gr o w  d uri n g 

t e m p er at ur e d e cr e as e. I n c o ntr ast, t h e n u cl e ati o n pr o c ess is h et er o g e n o us if f or ei g n i m p uriti es ar e 

t h e s o ur c e of n u cl ei a n d cr yst al gr o wt h. El ast o m er cr yst alli z ati o n h a p p e ns wit h  a 2 t o 2. 5 % v ol u m e 

d e cr e as e . Cr yst alli z ati o n ti m e m a y v ar y  fr o m mi n ut es t o d a ys , d e p e n di n g o n m at eri al  m ol e c ul ar 

str u ct ur e a n d e xt er n al c o n diti o ns ( B u k hi n a a n d K url y a n d 2 0 0 7). 

 

Fi g ur e 1 3  R e pr es e nt ati o n of stiff n ess  c h a n g e at gl a ss t e m p er at ur e 𝑇 𝑔  

2. 1. 2  El ast o m e r c o m p o u n d s  a n d cl assifi c ati o n s  

G e n er all y, el ast o m ers c a n b e cl assifi e d i n t w o gr o u ps : t h er m os ets a n d t h er m o pl asti cs. V ul c a ni z e d 

r u b b ers ar e i n t h e t h er m os et gr o u p a n d ar e oft e n c all e d t h er m os et el ast o m ers ( G e nt 2 0 1 2; Dr 

Pr e m a m o y G h os h 2 0 1 1) . C o m p ar e d  t o t h er m opl asti c s e als, el ast o m eri c s e als h a v e b ett er r esili e n c e 

a n d r e c o v er y pr o p erti es i n br o a d er  r a n g es of t e m p er atur e a n d pr ess ur e. T h er m o pl asti cs ar e als o 

l o n g-c h ai n p ol y m ers b ut  ar e n ot c o n n e ct e d vi a cr oss -li n ks. Inst e a d , cr yst alli n e s e ct ors, or 

a g gr e g at es, ar e cr e at e d w h e n  t h eir  c h ai ns li n e -u p  a n d cr yst alli z e ( P o p a 2 0 1 1; D u p o nt D o w 

El ast o m ers 2 0 0 1) .T h er m o pl asti cs  a g gr e g at es d o n ot h a v e t h e s a m e c h e mi c al str e n gt h as t h at of 

cr ossli n ks . Th er m o pl asti c el ast o m ers t e n d t o yi el d a n d fl o w u n d er hi g h str ess es, h a vi n g t hi s f a ct or  

i nt e nsifi e d at hi g h t e m p er at ur e s ( G e nt 2 0 1 2). 

S C
St
if

f
ne

ss
 [

N/
m]

T, T e m p er at ur e [ °C]

T g
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A m or e  d et ail e d el ast o m er  cl assifi c ati o n  is b y t h eir m ol e c ul ar l atti c e or c o m p ositi o n. A S T M 

st a n d ar d pr a cti c e D 1 4 1 8  pr es e nts a g e n eri c cl as sifi c ati o n of r u b b er p ol y m ers b as e d o n t h e ir 

c h e mi c al c o m p ositi o n a n d gr o u ps t h e m i n ei g ht cl ass es. R u b b ers ar e n a m e d first wit h l ett ers t h at 

r e pr es e nt t h e p ol y m er m o n o m er gr o u ps, a n d e n d  wit h t h e c orr es p o n di n g cl ass l ett er cl assifi c ati o n  

( A S T M 2 0 1 7 a). S o m e e x a m pl es  of t his cl assifi c ati o n  c a n b e s e e n i n Fi g ur e 1 4 . 

 
Fi g ur e 1 4  A S T M D 1 4 1 8 g e n er al cl assifi c ati o n s yst e m f or r u b b ers b a s e d o n c h e mi c al 

c o m p ositi o n of t h eir p ol y m er c h ai n  

A n ot h er w a y of cl assif yi n g el ast o m ers is b y t h eir us a g e: g e n er al us e a n d s p e ci alt y . S p e ci alt y 

el ast o m ers  t e n d t o b e m or e e x p e nsi v e t h a n g e n er al p ur p os e el ast o m e r s. T his gr o u p c a n b e 

s u b di vi d e d i n t o hi g h -v ol u m e us e a n d l o w -v ol u m e us e s p e ci alt y el ast o m ers. St yr e n e -B ut a di e n e 

( S B R) a n d P ol y b ut a di e n e ( B R) ar e t h e m ost c o m m o n t y p e of el ast o m er as t h e y ar e fr e q u e ntl y us e d 

i n v e hi cl e  tir es. A p arti al li st of b ot h g e n er al us e a n d s p e ci alt y el ast o m er s c a n b e f o u n d b el o w 

( G e nt 2 0 1 2).

  G e n er al us e el ast o m ers  

o  St yr e n e -B ut a di e n e ( S B R)  

o  P ol yis o pr e n e ( N R, I R)  

o  P ol y b ut a di e n e ( B R)  

R u b b er s

Cl as s M S at ur at e d c h ai n of t h e p ol y m et h yl e n e t y p e
A C M
E P D M
F K M

Cl as s N Nitr o g e n, b ut n ot o x y g e n or p h os p h or us, i n t h e p ol y m er c h ai n. N/ A

Cl as s O O x y g e n i n t h e p ol y m er c h ai n.
C O

E C O
G E C O

Cl as s R
U ns at ur at e d c ar b o n c h ai n, f or e x a m pl e, n at ur al r u b b er a n d s y nt h eti c 
r u b b er s d eri v e d at l e ast p artl y fr o m di ol efi ns.

C R
N R
S B R

Cl as s Q Sili c o n a n d o x y g e n i n t h e p ol y m er c h ai n.
F M Q
P M Q
M Q

Cl as s T S ulf ur i n t h e p ol y m er c h ai n.
E T

E O T

Cl as s U C ar b o n, o x y g e n, a n d nitr o g e n i n t h e p ol y m er c h ai n.
A U
E U

Cl as s Z P h os p h or us a n d nitr o g e n i n t h e p ol y m er c h ai n.
F Z
P Z
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  S p e ci alt y el ast o m ers  

o  Hi g h -v ol u m e us e  

  P ol y c hl or o pr e n e ( C R)  

  A cr yl o nitril e -B ut a di e n e ( N B R)  

  Et h yl e n e -Pr o p yl e n e Di e n e ( E P R, E P D M)  

  B ut yl a n d h al o g e n at e d b ut yl (II R, BII R, CII R)  

  C hl ori n at e d a n d C hl or os ulf o n at e d P ol y et h yl e n e ( C P E, C S M)  

o  L o w -v ol u m e us e  

  H y dr o g e n at e d Nitril e ( H N B R)  

  Sili c o n e a n d fl u or osili c o n e  ( M Q, V M Q, P M Q, P V M Q) 

  P ol ys ulfi d e ( T)  

  C hl ori n at e d P ol y et h yl e n e ( C M)  

  Et h yl e n e -M et h yl A cr yl at e ( A E M)  

  P ol y a cr yl at e R u b b er ( A C M)  

  Fl u or o el ast o m ers ( F K M, F F K M, F E P M)  

  E pi c hl or o h y dri n R u b b er ( C O, E C O)  

  P ol y ur et h a n e ( P U R, P U)  

 

S o m e p r o p erty v al u es f or a f e w  el ast o m e rs m e nti o n e d b ef or e c a n b e s e e n i n T a bl e 2  ( G e nt 2 0 1 2; 

Br a n dr u p et al. 1 9 9 9; D u p o nt D o w El ast o m ers 2 0 0 1) . 
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T a bl e 2  G e n er al m e c h a ni c al pr o p erti es a n d i nf or m ati o n of diff er e nt el ast o m eri c c o m p o u n ds  
R

U
B

B
E

R
 

   
   

   
   

   
P

R
O
P

E
R

T
Y
 

 
E n gi n e eri n g 
Str ess , σ N  
@ 3 0 0 % 
str ai n  
[M P a ] 

S h or e A 
D ur o m et er 
H ar d n ess 
[A v ail a bl e 

R a n g e]  

Gl ass 
t e m p. T g  

[ ° C] 

B ul k 
m o d ul us 
[M P a ] 

G e n er al pr o p erti es  

C R  2 0. 3  4 0 –  9 0  -4 5  2 2 7 0  

Mi d c ost. B ett er o z o n e a n d 
s w elli n g r esist a n c e t h a n N R . 
D u P o nt’s c o m m er ci al n a m e is 
N e o pr e n e ™  

E P D M  
7. 6 @ 2 0 0 % 

str ai n  
4 0 –  9 0  -5 5  1 0 0 0  

Mi d -l o w c ost. S u p eri or o z o n e a n d 
w e at h er/ a gi n g r esist a n c e. Sl o w 
c ur e  a n d n o n -p ol ar c h ar a ct eristi cs.  

F K M  
1. 8 @ 1 0 0 % 

str ai n  
5 5 –  9 0  -2 0 t o -1 0  2 4 2 0  

Hi g h c ost.  Hi g h -t e m p r esist a n c e. 
Di a mi n e, bis p h e n ol or p er o xi d e 
c ur es ar e a v ail a bl e.  

N R  1 5. 4  3 0 –  9 0  -7 2 t o -6 1  1 9 5 0  
L o w est c ost. P o or  o z o n e  r esist a n c e 
(w e at h eri n g /a gi n g ). E xtr a ct e d 
fr o m t h e H e v e a tr e e.  

N B R  
1 6. 2  

( 3 5 % A C N) 
4 0 –  9 0  

-4 0 t o -1 0  
( 2 0 - 5 0 % 

A C N)  
1 9 5 0  

Mi d -l o w c ost. C o p ol y m er of 
a cr yl o nitril e -b ut a di e n e , wit h r ati os 
b et w e e n 1 8 % t o 4 0 %. T h e 
a cr yl o nitril e c o nt e nt aff e cts T g  

( A C N: A cr yl o nitril e). F a st c ur e 
a n d p ol ar c h ar a ct eristi cs.  

S B R  1 7. 9  4 0 –  9 0  -5 5  1 9 6 0  
L o w c ost. C o p ol y m er of b ut a di e n e  
a n d st yr e n e  wit h r ati os r a n gi n g 
b et w e e n 2 3. 5 % t o 2 5 %.  

Y et a n ot h er cl assifi c ati o n is n a mi n g  r u b b ers b as e d o n s p e cifi c  pr o p ert y  r e q uir e m e nts. A S T M 

D 2 0 0 0 s u g g ests a cl assifi c ati o n s yst e m b as e d o n “ li n e c all-o uts ” , h a vi n g t h e l ett er M [I n di c ati n g 

t h at re q uir e m e nts ar e i n Si u nit s] , a  gr a d e n u m b er  [1: B asi c  r e q uir e m e nts, 2 -8: A d diti o n al  

r e q uir e m e nts p er s uffi x l ett er] , t y p e a n d cl ass m at eri al d esi g n ati o n l ett ers [ A -K ], h ar d n ess a n d 

t e nsil e str e n gt h r e q uir e d v al u es, a n d a  s uffi x  l ett er f or a d diti o n al r e q uir e m e nts n e e d e d . At t h e e n d 
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of a “li n e c all -o ut ”, t h e s uffi x l ett er s s p e cif y a pr o p er ty  t o b e t est e d , wit h a t e sti n g m et h o d f or e a c h 

( A S T M 2 0 1 7 b; G e nt 2 0 1 2).  

2. 1. 3  El ast o m e r p r o p e rti es a n d t esti n g m et h o d s 

T h er e e xist m a n y diff er e nt  el ast o m er i c c o m p o u n d s  a n d pr o d u ct s h a p es , a n d e a c h c o m bi n ati o n h as  

it s o w n pr o p erti es . St a n d ar d gr a d es h ar dl y e xist,  a n d e a c h pr o d u ct -c o m p o u n d  c o m bi n ati o n m ust 

b e e v al u at e d i n di vi d u all y. T h e str u ct ur e of el ast o m ers a n d t h eir s e nsiti vit y t o s m all c o m p o u n d or 

pr o c ess c h a n g es tr a nsl at e s t o u ni nt e n d e d v ari ati o ns i n pr o p erti es fr o m b at c h t o b at c h, pr es e nti n g 

diffi c ult i es i n q u alit y c o ntr ol . E a c h el ast o m eri c c o m p o u n d r e a cts diff er e ntl y t o t h e w a y it is us e d 

a n d t o a n y d etri m e nt al f a ct or it e n c o u nt ers . An el ast o m er pr o p ert y r es p o n s e c a n c h a n g e d u e t o 

diff er e nt f a c t ors, as if it w er e a n ot h er m at eri al alt o g et h er i n a n ot h er e n vir o n m e nt. T h er e is n o 

u ni v ers all y a c c e pt e d st a n d ar di z ati o n f or el ast o m eri c c o m p o u n ds, a n d a  f or m ul ati o n is oft e n a 

c o m p a n y  s e cr et ( G e nt 2 0 1 2; Di c k 2 0 1 4; M ar k, Er m a n, a n d Eiri c h 1 9 9 4). N e v ert h el ess, t h er e ar e 

diff er e nt t ests t o m e as ur e a n d c o m p ar e  el ast o m er  pr o p erti es. S t a n d ar di z e d m et h o ds f or 

d et er mi ni n g  a s p e cifi c pr o p ert y  ar e  p u bli s h e d b y st a n d ar di z ati o n b o di es  i n cl u di n g A S T M , I S O, or 

B S . No n -st a n d ar di z e d t e st m et h o ds ar e  pr es e nt e d i n j o ur n als, di g ests, or  p a p ers  b y  d e v el o p ers of 

t e c h n ol o g y, l a b or at ori es, u ni v ersiti es, or c o m p a ni e s  ( Br o w n 2 0 0 6). 

D e p e n di n g o n t h e pr o p ert y t o ass ess, A S T M a n d I S O h a v e diff er e nt st a n d ar di z e d t esti n g m et h o ds 

t o m e as ur e  e a c h  o n e . T h e st a n d ar ds oft e n d es cri b e  s e v er al m et h o ds or f o c us o n a s p e cifi c 

a p pli c ati o n . A S T M D 2 0 0 0 di vi d es s p e cifi c ati o ns  i nt o t ests r e q uir e d p er e a c h pr o p ert y . A p arti al 

li st of pr o p erti es a n d c orr es p o n di n g A S T M or  I S O st a n d ar d t est m et h o d is pr es e nt e d i n T a bl e 3 . 

T a bl e 3  List of r u b b er pr o p erti es a n d t h e c orr es p o n di n g A S T M or I S O t esti n g m et h o d.  

P R O P E R T Y  D O C U M E N T S  C O M M E N T S  

Di m e nsi o n s 
A S T M D 3 7 6 7 , 

I S O 3 3 0 2 
E x a m pl e a p p ar at us us e d f or t h es e m e as ur e m e nts i n cl u d e 
V er ni er c ali p er or di al mi cr o m et er.  

D e nsit y  
A S T M D 7 9 2, 

I S O 2 7 8 1 
M ass p er v ol u m e r ati o at a s p e cifi e d t e m p er at ur e. C a n b e 
d et er mi n e d usi n g w at er dis pl a c e m e nt  

H ar d n ess  

I R H D: A S T M 
D 1 4 1 5 , I S 0 4 8 

D ur o m et er: 
A S T M D 2 2 4 0 , 

I S 0 7 6 1 9 

R esist a n c e t o p u n ct ur e, s cr at c hi n g or p er m a n e nt d a m a g es.  
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P R O P E R T Y  D O C U M E N T S  C O M M E N T S  

A d h esi o n  

A S T M D 4 2 9 
M et h o d A, B 

a n d C   
I S O 8 1 4, I S O 
8 1 3, I S O 5 6 0 0  
A S T M D 4 1 3, 
I S O 1 8 2 7, I S O 
3 6, I S O 6 1 3 3  

A S T M D 2 1 3 8, 
A S T M D 2 2 2 9, 
I S O 4 6 4 7, I S O 
5 6 0 3, I S O 6 5 0 5  

T his t est is m e a nt t o d et er mi n e t h e a d h esi v e b e h a vi or of 
el ast o m ers w h e n t h e y ar e j oi n e d wit h ot h er m at eri als, s o m e 
e x a m pl es of b o n d e d p airs i n cl u d e r u b b er -t e xtil e, r u b b er-
m et als, r u b b er -pl asti c, a m o n g ot h ers. T h e p e eli n g f or c e is 
t h e v ari abl e t o m e as ur e i n b ot h A S T M a n d I S O st a n d ar ds, 
wit h diff er e nt m et h o ds d e p e n di n g o n t h e b o n d e d m at eri als.   

Str ess -str ai n i n 
S h e ar  

A S T M D 9 4 5, 
I S 0 1 8 2 7 

T h es e t est m et h o ds c orr es p o n d w ell t o o p er ati o n of 
el ast o m eri c b e ari n gs or s eis mi c p a ds. T w o -p oi nt s h e ar t est 
is fr e q u e ntl y us e d. 

Str ess -str ai n i n 
T e nsi o n  

A S T M D 4 1 2 , 
I S 0 3 7 

D ef or m ati o n d u e t o t e nsil e str ess. El ast o m ers wit h st a n d u p 
t o 3 0 0 % t e nsil e str ai n. U s u all y a n M T S m a c hi n e is us e d.  

Str ess -str ai n i n 
C o m pr essi o n  

A S T M D 5 7 5 , 
I S 0 7 7 4 3 

T ests t o d et er mi n e t h e c o m pr essi o n str ess -str ai n pr o p erti es 
oft e n c orr es p o n d  b ett er t o a ct u al s e al  pr o d u ct s  s er vi c e 
c o n diti o ns , i n c o ntr ast t o e xt e nsi o n t esti n g . Oft e n  h y dr a uli c 
pr ess es ar e us e d f or t hi s t est.  

C o m pr essi o n 
S et  

A S T M D 3 9 5, 
I S O 8 1 5-1, 

A S T M D 1 2 2 9, 
I S O 8 1 5-2  

A S T M D 3 9 5 a n d I S O 8 1 5-1 t est c o m pr essi o n s et at hi g h 
t e m p er at ur es, a n d A S T M D 1 2 2 9 a n d I S O 8 1 5-2 at l o w 
t e m p er at ur e.  

Fr e e vi br ati o n  
A S T M D 9 4 5, 

I S 0 4 6 6 3 
T h e A S T M m et h o d us e s t h e Y er zl e y  Os cill o gr a p h. T h e 
m et h o ds us e a c a ntil e v er t est pi e c e i n os cill ati o n.  

D y n a mi c 
r es p o ns e 

A S T M D 2 2 3 1,  
I S 0 2 8 5 6, 

A S T M D 5 9 9 2, 
I S O 6 7 2 1 

U n d er d y n a mi c c o n diti o ns el ast o m ers pr es e nt a c o m pl e x 
m o d ul us E = E r e al +  E i m a gi n ar y 

T h e r e al p art is c all e d st or a g e m o d ul us a n d t h e i m a gi n ar y 
t h e l oss m o d ul us. 

Ti m e -
d e p e n d e nt 
r el a x ati o n 
r es p o ns e 

Str ess -
r el a x ati o n: 

A S T M D 6 1 4 7, 
I S O 3 3 8 4 

Cr e e p: A S T M 
D 2 9 9 0 

( pl asti cs),  
I S O 8 0 1 3 

T h er e is c urr e ntl y n o A S T M st a n d ar d f or r u b b er cr e e p, j ust 
pl asti cs. Cr e e p is m e as ur e d wit h a r e l a x o m et er, w h er e as 
diff er e nt fi xt ur es, li k e t h e S h a w b ur y -W all a c e o n e, ar e us e d 
f or str ess-r el a x ati o n. 
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P R O P E R T Y  D O C U M E N T S  C O M M E N T S  

R e b o u n d  
A S T M D 1 0 5 4, 
A S T M D 2 6 3 2, 

I S 0 4 6 6 2 

S o m e r e b o u n d m et h o ds us e a p e n d ul u m, li k e G o o d y e ar -
H e al e y R e b o u n d P e n d ul u m m et h o d, t h e f alli n g w ei g ht 
m et h o d, t h e L u p k e P e n d ul u m, t h e S c h o b P e n d ul u m, or t h e 
Z er bi ni P e n d ul u m. T h es e m et h o ds m e as ur e s h o c k e n er g y.  

L o w 
t e m p er at ur e 

r es p o ns e 

Brittl e P oi nt: 
A S T M  D 2 1 3 7, 

I S 0 8 1 2 
R etr a cti o n: 

A S T M  D 1 3 2 9  
Stiff e ni n g: 

A S T M D 1 0 5 3  

L o w t e m p er at ur e r es p o ns e d e p e n ds o n s e v er al f a ct ors, b ut 
g e n er al m e c h a ni c al b e h a vi or c h a n g es c a n b e ass ess e d 
t hr o u g h t h es e m et h o ds. Fr a ct ur e aft er a s h o c k i n a s p e cifi e d 
l o w t e m p er at ur e d et er mi n e brittl e p oi nt, r etr a cti o n is li n e ar 
di m e nsi o n r e d u cti o n, a n d stiff e ni n g r el at es t o str ess -str ai n 
b e h a vi or u n d er c o m pr essi o n.  

G as 
p er m e a bilit y  

A S T M D 1 4 3 4, 
A S T M D 8 1 4, 

I S O 1 3 9 9,  
I S O 2 7 8 2,  
I S O 2 5 2 8,  
I S O 6 1 7 9  

A S T M D 1 4 3 4 m e as ur es v a p or p er m e a bilit y. I S 0 1 3 9 9 us es  
t h e c o nst a nt v ol u m e m et h o d a n d I S 0 2 7 8 2 us es  t h e c o nst a nt 
pr ess ur e m et h o d. I S 0 2 5 2 8 us es  w at er v a p or a n d  I S 0 6 1 7 9 
v ol atil e li q ui ds . 

W e at h eri n g 
r esist a n c e 

A S T M D 5 1 8, 
A S T M D 7 5 0, 

I S O 4 6 65  

W e at h eri n g d e gr a d ati o n is d et er mi n e d b y l e a vi n g t est 
pi e c es i n t h e e xt eri or, or i n a s etti n g wit h dr y a n d m oi st 
c y cl es, U V r a ys, a n d w ar m t e m p er at ur e. H ar d n ess a n d 
t e nsil e pr o p erti es diff er e n c es ar e i n di c ati v e of r esi st a n c e. 

T e ar r esist a n c e  
A S T M D 6 2 4, 

I S O 6 1 3 3 

T e ar str e n gt h is r el e v a nt t o f ail ur e m o d es i n pr o d u cts li k e 
e n gi n e m o u nt s, al b eit t h er e  is n o r el ati o n t o r e al 
a p pli c ati o n. T h e “s plitti n g ” f or c e of a t est pi e c e w h e n it  is 
t or n, us u all y t hr o u g h a mi d-a xis, i s m e as ur e d.  

Fl e x f ati g u e  

A S T M D 4 3 0, 
A S T M D 8 1 3, 
A S T M D 1 0 5 2, 
A S T M D 3 6 2 9, 
A S T M D 4 4 8 2, 

I S O 6 9 4 3, 
A S T M D 6 2 3, 

I S O 4 6 6 6 

Fl e x -cr a c ki n g str ai n t ests m e as ur e fl e x ur e. T h es e t ests ar e 
i nt e n d e d t o ass ess r u b b er b elt s, tir es, a n d f o ot w e ar. S o m e 
t y p es of fl e xi n g t est i n cl u d e t h e D e M attti a, “fli p p er ”, D u 
P o nt, a n d R oss.  

R esist a n c e t o 
Li q ui ds  

A S T M D 4 7 1, 
I S O 1 8 1 7, 

A S T M D 1 4 6 0  

T o d et er mi n e t h e r esist a n c e, el ast o m ers ar e i m m ers e d i n a 
s p e cifi c w a y i nt o t h e li q ui d. I m m ersi n g el ast o m ers i n 
r ef er e n c e f u els a n d oils oft e n r es ult s i n s w elli n g. 

O z o n e 
r esist a n c e 

A S T M D 1 1 4 9, 
A S T M D 1 1 7 1, 
A S T M D 3 3 9 5, 

I S O 1 4 3 1 

O z o n e att a c k is d et er mi n e d b y l e a vi n g t est pi e c es i n t h e 
e xt eri or or i n a n o z o n e -ri c h e n vir o n m e nt. R esist a n c e is 
d et er mi n e d b y “ cr a c k gr a d es ” at a c ert ai n str ai n.   
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P R O P E R T Y  D O C U M E N T S  C O M M E N T S  

H e at r esist a n c e  

A S T M D 5 7 3, 
I S O 1 8 8, 

A S T M D 8 6 5, 
A S T M D 4 5 4, 

I S O 6 9 1 4, 
A S T M D 5 7 2, 

I S O 1 8 8 

H e at eff e cts ar e d et er mi n e d b y p utti n g t est pi e c es at a 
d esi g n at e d s p e cifi c t e m p er at ur e a n d ti m e. Air o v e n a n d 
o x y g e n b o m b m et h o ds ar e us e d. U n a g e d a n d h e at -a g e d 
pi e c es ar e c o m p ar e d  f or a n y pr o p ert y c h a n g e s o u g ht .  

A br asi o n a n d 
w e ar r esist a n c e  

A S T M D 3 9 4, 
A S T M D 1 6 3 0, 
A S T M D 2 2 2 8, 
A S T M D 3 3 8 9, 

I S O 4 6 4 9 

Fri cti o n is t h e m ai n f or c e i n a cti o n f or w e ar a n d t e ar. W e ar 
is t h e l oss of m at eri al b y a n y a cti o n, h a vi n g a br asi o n w e ar, 
f ati g u e w e ar, a n d a d h e si v e w e ar. A br asi o n is w e ari n g 
t hr o u g h fri cti o n of a n a br a d a nt. M et h o ds f or a br a si o n a n d 
w e ar i n cl u d e li n e ar tr a c ks, r ot ati n g s h afts or a br a di n g 
w h e els, i n cli n e d pl a n es, a n d ot h ers.  

S o m e el ast o m er pr o p erti es wit h o ut a st a n d ar di z e d t est m et h o d ar e b ul k m o d ul us or r o u g h n ess. 

N e v ert h e l ess, t h er e ar e d o c u m e nts t h at d es cri b e pr o c e d ur es t o m e as ur e t h es e pr o p erti es ( S h u, 

T a k a o, a n d A k b ar 1 9 9 4, 8 7 1 -8 7 9; Fis h m a n a n d M a c h m er 1 9 9 4) . S o m e d o c u m e nts als o pr es e nt 

s i m ul at e d s er vi c e t ests p e rf or m e d b y  m a n uf a ct ur er s, q u alit y c o ntr ol  l a b or at ori es, or r es e ar c h 

c e nt ers  ( H u a, Hi x o n, a n d C o b d e n 2 0 0 6, 5 5-5 9; S a m m o n a n d A n d ers o n 2 0 1 5) . A lt er n ati v e or 

m o difi e d st a n d ar d m et h o ds  c a n b e f o u n d i n lit er at ur e as w ell , s u c h as  a St a n d ar di z e d P ol y m er 

D ur o m etr y t o c orr el at e h ar d n ess wit h Y o u n g’s m o d ul us ( Mi x a n d Gi a c o mi n 2 0 1 1), or  n e w 

mi ni at uri z e d t est m et h o ds  wit h s h ort er c o oli n g or e x p os ur e ti m es f or el ast o m ers c o m pr essi o n s et 

or d y n a mi c a n al ysis (J a u ni c h, St ar k, a n d W olff 2 0 1 0, 8 1 5-8 2 3; Ni ess e 1 9 9 4) . I n t hi s t h esis, a n o n -

st a n d ar d  si m ul at e d s er vi c e t est  f or m e as uri n g  b ul k m o d ul us a n d  l e a k a g e w a s  us e d . 

S o m e a p pli c ati o ns w h er e el ast o m ers ar e us e d i n cl u d e s e als, g as k ets, vi br ati o n a n d s h o c k 

a bs or pti o n c o m p o n e nts, as w ell as l o a d -b e ari n g s u p p orts  s u c h as bri d g e or b uil di n g p a ds ( G e nt 

2 0 1 2) . E v e n t h o u g h el asto m ers c a n wit hst a n d l ar g e d ef or m ati o ns, c o m p o n e nts ar e d esi g n e d t o b e 

us e d i n t h e l o w -str ai n r e gi o n  of  l ess t h a n 5 0 % str ai ns i n e xt e nsi o n or c o m pr essi o n, a n d l ess t h a n 

1 0 0 % i n s h e ar str ai n ( B a u m a n 2 0 0 8). At l o w str ai ns, a n a p pr o xi m ati o n of el ast o m er str ess-str ai n 

b e h a vi or c a n b e d o n e usi n g c o n v e nti o n al el asti c a n al ysis, w hi c h is t h e a p pr o a c h t a k e n i n b ot h I S O 

a n d A S T M st a n d ar ds t o d et er mi n e t h e c o m pr essi o n str ess -str ai n pr o p erti es of r u b b er ( A S T M 2 0 1 2; 

I S O 2 0 1 7; B a u m a n 2 0 0 8).  
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2. 2  G as k et  f ail u r e m o d es 

Li mit e d lit er at ur e o n  f ail ur e m o d es a n d lif eti m e pr e di cti o n of r ail c ar air br a k e gl a d -h a n d  g as k ets  

w as f o u n d ; ho w e v er , t h er e ar e s e v er al st u di es  f or ot h er el ast o m eri c s e al g e o m etri es. T h e m ost 

c o m m o n g e o m etri es  us e d f or s e ali n g p ur p os es  ar e O -ri n gs a n d fl at g as k ets. A c c or di n gl y, se v er al 

f ail ur e m o d e a n al ysis  a n d lif eti m e esti m ati o n st u di es o n t h es e c o m m o n g e o m etri es h a v e b e e n d o n e 

( S h a o a n d K a n g 2 0 1 4, 1 6-2 1; C o v e n e y a n d Ri z k 2 0 0 6, 1 4 1 -1 5 1; G h os h 2 0 1 1; H. Li et al. 2 0 1 2, 

8 2 0 -8 2 3) . O -ri n gs a n d fl at g as k ets ar e us e d i n m a n y s yst e ms t o s e al off li q ui ds or g as es, 

m ai nt ai n i n g t h e pr ess ur e i n t h e s yst e m a n d pr e v e nt i n g l e a ks. R ail c ar air br a k e gl a d -h a n d g as k et s 

p erf or m  t h e s a m e s e ali n g a cti o n as t h at of O-ri n gs a n d fl at g as k ets, a n d ot h er si mil ariti es c a n b e 

f o u n d as w ell. F or e x a m pl e, r ail c ar air br a k e g as k et s n e e d t o b e m a d e of a n el ast o m eri c m at eri al as 

p er A A R r e g ul ati o ns  ( A A R P u bli c ati o ns 2 0 0 2). In c o m p aris o n, O -ri n gs a n d fl at g as k ets ar e 

g e n er all y  m a d e of el ast o m eri c m at eri als  as w ell  ( G e nt 2 0 1 2). F urt h er m or e,  t h e s h a p e f a ct or, 

g e o m etr y, a n d o p er ati o n al c o n diti o ns ar e si mil ar b et w e e n O -ri n gs, fl at g as k ets, a n d r ail c ar g as k ets  

( G e nt 2 0 1 2); th er ef or e , k n o wl e d g e fr o m t h es e c o m m o n g e o m etri es c a n  b e e xtr a p ol at e d  t o r ail c ar 

g as k ets . F ail ur e m o d es a n d lif eti m e esti m ati o n st u di es of O -ri n gs a n d fl at g as k ets w er e  c o ns ult e d , 

a n d t h e i nf or m ati o n w as us e d  as b asis t o st u d y r ail c ar air br a k e gl a d-h a n d g as k ets  r eli a bilit y a n d 

p erf or m a n c e . A d diti o n all y, t h e g e n er al f a ct ors t h at aff e ct r u b b er c o m p o n e nt s p erf or m a n c e a n d  t h e 

t e c h ni q u es us e d t o esti m at e t h e lif eti m e of el ast o m eri c s e als w er e r es e ar c h e d a n d ar e r ef er e n c e d i n 

t hi s s e cti o n ( Br o w n 2 0 0 1; Al bi h n 2 0 0 6, 3-2 5; D al e y 2 0 0 6, 5 1 -5 8; S o m m er 2 0 0 9) .  

T h e m ost c o m m o n r e as o n s f or O -ri n gs, fl at g as k ets, a n d el ast o m eri c s e al s i n g e n er al t o f ail ar e  

d e gr a d ati o n  f a ct ors a n d  c ol d t e m p er at ur e. Fr e q u e ntl y , an el ast o m eri c s e al  will b e e x p os e d t o o n e 

or m or e  d e gr a d ati o n  f a ct ors d uri n g it s us ef ul lif eti m e . T h e i n di vi d u al c o ntri b uti o n of e a c h f a ct or 

t o t h e lif eti m e of a r u b b er s e al  a n d it s d e gr e e of d e gr a d ati o n is diffi c ult t o m e as ur e a n d dis c er n, as 

s o m e c o m p o n e nts mi g ht b e e x p os e d t o all f a ct ors at t h e s a m e ti m e d uri n g o p er ati o n . E v e n i n 

l a b or at or y c o n diti o ns, it is diffi c ult t o is ol at e  e a c h d e gr a d ati o n f a ct or a n d a n al y z e it s i n di vi d u al 

eff e cts, as s o m eti m es t h e s e h a v e a d etri m e nt al s y n er gisti c eff e ct .  

T a bl e  4  li sts t h e d e gr a d ati o n  f a ct ors f or r u b b er or el ast o m er i c c o m p o n e nts ( Br o w n 2 0 0 1). 

T a bl e 4  D e gr a d ati o n f a ct ors a n d it s eff e cts i n r u b b ers/ el ast o m ers 

F a ct o rs  Eff e ct  
Li g ht  P h ot o -o xi d ati o n , cr a c ki n g 
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F a ct o rs  Eff e ct  
O z o n e  O xi d ati o n , cr a c ki n g  
H u mi dit y  H y dr ol ysis , cr a c ki n g 
Fl ui ds  C h e mi c al d e gr a d ati o n, s w elli n g, a d diti v e e xtr a cti o n, cr a c ki n g  
M e c h a ni c al str ess  F ati g u e, cr e e p, str ess r el a x ati o n, s et, a br asi o n, a d h esi v e f ail ur e , d a m a g e e.g.  

c uts, ni b bl es, e xtr usi o n, a n d fl as h es. 
Hi g h T e m p er at ur e  T h er m o -o xi d ati o n, a d diti v e mi gr ati o n, f urt h er cr ossli n ki n g, cr ossli n ki n g 

l oss (r e v ersi o n) 
I o ni zi n g r a di ati o n R a di o -o xi d ati o n, cr ossli n ki n g  
Bi o -or g a nis m s  D e c o m p ositi o n, m e c h a ni c al att a c k  
El e ctri c al str ess  L o c al r u pt ur e  

L o w t e m p er at ur e is a n o n -d e gr a di n g f a ct or, as it h as t e m p or ar y a n d r e v ersi bl e eff e cts o n t h e 

m e c h a ni c al pr o p erti es of r u b b er c o m p o n e nts . F or e x a m pl e, c ol d t e m p er at ur e r e d u c es r u b b er 

c o m p o n e nts  r e c o v er y ti m e aft er str ai n, a n d i n cr e as es t h eir stiff n ess, brittl e n ess, a n d h ar d n ess . 

Alt h o u g h t h e eff e ct s of c ol d t e m p er at ur e c a n b e r e v ers e d u p o n h e ati n g, it is a n i m p ort a nt r eli a bilit y 

f a ct or t o c o nsi d er as s o m e  st u di es s h o w t h at a r u b b er s e al f u n cti o n c a n b e l ost c o m pl et el y i n s u b-

c o ol e d t e m p er at ur es (J a u ni c h, St ar k, a n d W olff 2 0 1 0, 8 1 5-8 2 3; M c K e e n 2 0 1 4; W eis e, 

K o w al e ws k y, a n d W e n z 1 9 9 2, 5 5 5 -5 5 7; Gr ell e, W olff, a n d J a u ni c h 2 0 1 7, 2 1 9 -2 2 6; B u k hi n a a n d 

K url y a n d 2 0 0 7; N ati o n al A er o n a uti cs a n d S p a c e A d mi ni str ati o n 1 9 8 6) . 

D e gr a d ati o n f a ct ors a n d c ol d t e m p er at ur e i nfl u e n c e t h e p erf or m a n c e of el ast o m eri c s e als, eit h er 

b y m a ki n g t h e m m or e pr o n e t o fr a ct ur es or b y m o dif yi n g t h eir pr o p erti es . W h e n t h e pr o p erti es of 

a n el ast o m eri c s e al c h a n g e, it mi g ht n ot b e a bl e t o f u n cti o n as a s e al a n y m or e . C o ns e q u e ntl y, it is 

i m p ort a nt t h at r ail c ar air br a k e g as k ets m ai nt ai n its pr o p erti es, s u c h as  c o m pr essi v e str e n gt h a n d 

q ui c k r e c o v er y aft er str ai n , at l o w t e m p er at ur es  a n d w h e n t h e y e n c o u nt er  d e gr a d ati o n f a ct ors . 

R ail c ar a ir br a k e g as k et m at eri als  m ust b e a bl e t o wit hst a n d c o m m o n d e gr a d ati o n f a ct ors s u c h as 

li g ht, o z o n e, h u mi dit y, fl ui ds a n d m e c h a ni c al str e ss, as t h e y ar e us e d i n a n o ut d o or e n vir o n m e nt. 

C o nsi d eri n g t hi s, t o e v al u at e a d e gr a d ati o n f a ct or eff e ct o n r ail c ar air br a k e g as k ets, t h e v ari a bl es 

ass o ci at e d wit h it c a n b e  m a ni p ul at e d u n d er l a b or at or y c o n diti o ns, w hil e is ol ati n g as m a n y ot h ers 

as p ossi bl e . T h e  d et ail e d t est pl a n c o nsi d er s t hi s f or t h e ass essi n g t h e s el e ct e d d e gr a d ati o n f a ct ors 

a n d w h e n s uit a bl e alt er n ati v e m at eri al s f or r ail c ar air br a k e g as k ets w er e  s el e ct e d.  

C a n a d a R u b b er Gr o u p I n c. di vi d es g as k et f ail ur e m o d es i n t w o: bl o w o ut a n d c hr o ni c l e a k a g e. 

Bl o w o ut is a s u d d e n a n d vi ol e nt r el e as e of t h e s e al e d m e di u m d u e t o a c at a str o p hi c f ail ur e of t h e 

g as k et, w h er e as c hr o ni c l e a k a g e is a p ersist e nt l e a k of m e di a c a us e d d u e t o pr o gr essi v e 

d et eri or ati o n of t h e g as k et t h at c a n l e a d t o a bl o w o ut. C hr o ni c l e a ks diff er i n si z e a n d s e v erit y, a n d 
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t h es e f a ct ors will i n di c at e w h et h er a pr e v e nti v e or a c orr e cti v e acti o n n e e ds t o b e d o n e ( C a n a d a 

R u b b er Gr o u p I n c 2 0 1 5) . 

T o ass ess t h e s e v erit y of a l e a k i n a tr ai n air br a k e s yst e m, Tr a ns p ort C a n a d a a p pli es  i ns p e cti o n a n d 

s af et y r ul es. As p er r e g ul ati o ns, o n c o n v e nti o n al t r ai ns t h e br a k e pi p e pr ess ur e o n t h e t ail e n d of 

t h e tr ai n m ust b e wit hi n fift e e n ( 1 5) psi of t h e l o c o m oti v e br a k e pi p e pr ess u r e, a n d, air fl o w t o t h e 

br a k e pi p e m ust n ot e x c e e d si xt y ( 6 0) c u bi c f e et p er mi n ut e or C F M, as i n di c at e d b y t h e fl o w 

i n di c at or, or b y a br a k e pi p e l e a k a g e of n o m or e t h a n fi v e ( 5) psi i n si xt y ( 6 0) s e c o n ds . Als o, w hil e 

o n r o ut e, if t h e tr ai n br a k e pi p e air fl o w e x c e e ds si xt y ( 6 0) C F M w h e n t h e a ut o m ati c br a k e h a n dl e 

is i n t h e r el e as e p ositi o n, ot h er t h a n d uri n g a n i nt e n d e d br a k e a p pli c ati o n a n d/ or r el e as e a cti vit y, 

c orr e cti v e a cti o n m ust b e t a k e n if t h e fl o w d o es n ot r et ur n t o si xt y ( 6 0) C F M or b el o w wit hi n a 

r e as o n a bl e  p eri o d of ti m e, as d et er mi n e d b y t h e l o c o m oti v e e n gi n e er  ( Tr a ns p ort C a n a d a 2 0 1 7) . As 

c a n b e i nf err e d fr o m t h es e r ul es, r ail c ar air br a k e g as k ets m ust b e a bl e t o m ai nt ai n t h e pr ess ur e i n 

t h e s yst e m, ot h er wis e t h e tr ai n will n ot c o m pl y wit h t h e mi ni m u m st a n d ar ds t o s af el y o p er at e t h e 

br a k es. A d diti o n all y, a s dis c uss e d i n pr e vi o us  s e cti o ns, a m aj or l e a k i n a tr ai n’s airli n e w o ul d 

pr e m at ur el y tri g g er t h e br a k es a n d cr e at e a d diti o n al i ss u es t o t h e tr ai n o n r o ut e. T o ass ess t h at t h e 

mi ni m u m c o n diti o ns t o s af el y o p er at e t h e tr ai n br a k es ar e m et , t h er e ar e t hr e e t y p es of t ests t h at 

c a n b e p erf or m e d  a c c or di n g t o C a n a d a’s tr a ns p ort ati o n r e g ul ati o ns : N o. 1 br a k e t est, N o. 1 A br a k e 

t est, a n d a C o nti n uit y t est ( Tr a ns p ort C a n a d a 2 0 1 7). T h e si m ul at e d s er vi c e o p er ati o n t ests i n t hi s 

st u d y t a k e as r ef er e n c e t h es e t hr e e t ests, as w ell a s si mil ar t ests pr es e nt e d o n ot h er st u di es, al o n g 

wit h A S T M a n d I S O st a n d ar ds.  

F ail ur e m o d e k n o wl e d g e fr o m gl a d -h a n d g as k ets us e d i n tr a ct or -tr ail er air br a k e s yst e ms c a n als o 

b e e xtr a p ol at e d t o u n d erst a n d r ail c ar air br a k e g as k et p erf or m a n c e. J ust as i n a tr ai n, a tr a ct or -tr ail er 

c o m bi n ati o n us es air t o o p er at e it s br a k es. T h e tr a ct or  is e q ui p p e d wit h h os e s e n di n g i n gl a d-h a n ds 

t o c o n n e ct t o t h e tr ail er’s airli n e a n d br a k es. R es e ar c h h as s h o w e d t h at t h e c a p a cit y of a gl a d-h a n d 

c o n n e cti o n t o st a y j oi n e d d uri n g tr a v el d e p e n ds o n h o w ti g ht t h e r u b b er s e al a n d d et e nt h ol d t h e 

gl a d -h a n ds a n d g as k ets t o g et h er, t h us k e e pi n g t h e m fr o m r ot ati n g a n d s e p ar ati n g. ( Dili c h, 

G o e b el b e c k er, a n d K o p er ni k 2 0 0 2) . T his i nf or m ati o n s u p p orts t h e i d e a t h at t h e r ail c ar air br a k e 

g as k ets n e e d s uffi ci e nt c o m pr essi v e str e n gt h a n d h ar d n ess t o st a y i n pl a c e a n d p us h o n e a n ot h er t o 

m ai nt ai n t h e pr ess ur e i n t h e air s yst e m.  
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2. 3  G as k et r eli a bilit y a n d u nit r e pl a c e m e nt 

R eli a bilit y is d efi n e d as t h e pr o b a bilit y of a s yst e m, or a c o m p o n e nt, a c c o m plis hi n g t h e p ur p os e it 

w as d esi g n e d f or u p t o a t hr es h ol d, i n a d et er mi n e d p eri o d, a n d i n s p e cifi e d o p er ati n g c o n diti o ns 

( Li ps ett  2 0 1 1,  1 3 0 1- 1 3 5 8).  R eli a bilit y  esti m ati o n  c a n  b e  d o n e  b as e d  o n  pr o b a bilit y  of  f ail ur e, 

d et er mi n e d t hr o u g h t h e fr e q u e n c y of f ail ur e or lif eti m e distri b uti o n of a s yst e m, wit h t h e fi n al g o al 

of fi n di n g t h e s yst e m r eli a bilit y f u n cti o n, e x pr ess e d i n t er ms s u c h as t h e M e a n- Ti m e- T o - F ail ur e 

( M T T F). T h e M T T F is t h e a v er a g e p eri o d t h at a n o n-r e p air a bl e c o m p o n e nt r e m ai ns i n o p er ati o n, 

i. e. it s a v er a g e lif eti m e. O n e w a y of esti m ati n g t h e lif eti m e pr o b a bilit y di stri b uti o n is usi n g t h e 

l o g g e d d at a of t h e fr e q u e n c y of f ail ur es of a c o m p o n e nt, or a gr o u p of c o m p o n e nts, a n d us e t h es e 

wit h a n al g orit h m t o fi n d a m o d el t h at g e n er at es a r eli a bilit y f u n cti o n. O n c e t h e r eli a bilit y f u n cti o n 

is  est a blis h e d,  t hi s  c a n  b e  us e d  as  a  d e cisi o n- m a ki n g  p ar a m et er  f or  m ai nt e n a n c e  p oli ci es,  als o 

k n o w n  as  r eli a bilit y  c e nt er e d  m ai nt e n a n c e  m et h o d ol o g y  ( P o d d ar  2 0 1 4;  V a g h ar  A n z a bi  2 0 1 5; 

Li ps ett 2 0 1 1, 1 3 0 1- 1 3 5 8; M ar g h o u b S h a d k ar, H e n dr y, a n d Li ps ett 2 0 1 5). 

E a c h s yst e m, or c o m p o n e nt, mi g ht f oll o w a c ert ai n lif eti m e distri b uti o n f u n cti o n, w hi c h c o ul d b e 

N or m al,  W ei b ull,  E x p o n e nti al,  H y p er- e x p o n e nti al,  or  ot h er  t y p e.  W h e n  a  n o nr e p air a bl e 

c o m p o n e nt  f ail s  st o c h asti c all y  ( u n e x p e ct e dl y)  a n d  is  i m m e di at el y  r e pl a c e d,  f ail ur e  f oll o wi n g  a 

n or m al distri b uti o n c a n b e e x p e ct e d ; w hi c h is t h e ass u m pti o n m a d e f or r ail c ar air bra k e g as k ets. 

Fi g ur e 1 5 ill ustr at es a r e pl a c e m e nt p oli c y w h er e pr e v e nti v e gr o u p r e pl a c e m e nts h a p p e n at c o nst a nt 

i nt er v als 𝑇 𝑔   a n d  r e pl a c e m e nts  o c c ur  w h e n e v er  a  c o m p o n e nt  f ail s,  as  m a n y  ti m es  as  r e q uir e d, 

b et w e e n 𝜎  = 0  a n d 𝐹  = 𝐿 𝐿  i n o n e c y cl e (J ar di n e a n d Ts a n g 2 0 1 3): 

 
Fi g ur e 1 5 Pr e v e nti v e gr o u p r e pl a c e m e nt p oli c y r e pr es e nt ati o n 

F oll o wi n g  t hi s  p oli c y,  t h e  t ot al  e x p e ct e d  c ost  p er  u nit  ti m e C (t p ) ,  f or  gr o u p  pr e v e nti v e 

r e pl a c e m e nts at ti m e 𝐿 𝑅  is e x pr ess e d as: 

N C (t p )  =  N (
C g + C f H ( t p )

t p
) , ( 1 2) 

Pr e v e nti v e gr o u p r e pl a c e m e nts  
tp 

F ail ur e r e pl a c e m e nts  

O n e c y cl e  

0  
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w h er e N  is t h e n u m b er of c o m p o n e nts, C g  is t h e c ost of r e pl a ci n g o n e it e m u n d er gr o u p r e pl a c e m e nt 

c o n diti o ns, C f is t h e c ost of a f ail ur e r e pl a c e m e nt, a n d H ( T )  is t h e e x p e ct e d n u m b er of f ail ur es i n 

t h e i nt er v al ( 0 ,t p ) , als o k n o wn as t h e f ail ur e r at e, e x pr ess e d as:  

𝑇 ( 𝑔 ) = ∑ [1 + 𝜎 ( T − 𝐹 − 1 ) ]T − 1
𝐿= 0 ∫ 𝐿 ( 𝐿 ) 𝑅 𝑟

𝜎+ 1

𝐹
,T ≥ 1 . (1 3 ) 

H er e,  𝐴 ( 𝐸 )  is t h e pr o b a bilit y d e nsit y f u n cti o n of a c o m p o n e nt f ail ur e r at e. If t hi s f u n cti o n f oll o ws 

a n or m al di stri b uti o n wit h m e a n μ  a n d st a n d ar d d e vi ati o n  σ , t h e n:  

𝑆 ( 𝑀 ) =
1

𝑆 √ 2 𝐵
𝜖

(
− ( 𝑉 − 𝑉 ) 2

2 𝑉
)
, f or − ∞ < 𝐶 < ∞ . (1 4 ) 

T h e c u m ul ati v e distri b uti o n f u n cti o n of t h e st a n d ar di z e d n or m al distri b uti o n wit h m e a n μ  = 0, a n d 

st a n d ar d d e vi ati o n σ  = 1 (J ar di n e a n d Ts a n g 2 0 1 3), is e x pr ess e d as: 

Φ ( 𝑆 ) = ∫ 𝑠 ( 𝑝 )
𝐹

− ∞
dt =

1

√ ( 2 π )
∫ 𝑒

(
− 𝑡 2

2
)𝑡

− ∞
dt . 

(1 5 ) 

Usi n g e q u ati o ns (1 2 ), (1 3 ), (1 4 ), a n d (1 5 ), t h e mi ni m u m c ost p er u nit ti m e C ( t p )  at t h e o pti m al 

m ai nt e n a n c e i nt er v al t p  c a n b e c al c ul at e d . 

I n t h e r ailr o a d i n d ustr y, r eli a bilit y t h e or y f or m ai nt e n a n c e or R eli a bilit y C e nt er e d M ai nt e n a n c e 

[ R C M] h as b e e n st u di e d  t o esti m at e t h e  lif eti m e of s o m e c o m p o n e nts. F or e x a m pl e, w a ysi d e w h e el 

t e m p er at ur e d et e ct ors d at a us e d wit h R C M w as st u di e d  t o d et e ct w h e els pr o n e t o f ail ur e 

( M ar g h o u b S h a d k ar, H e n dr y, a n d Li ps ett 2 0 1 5; M ar g h o u b S h a d k ar 2 0 1 6) , Ultr as o ni c L e a k 

D et e cti o n [ U L D] d at a us e d wit h R C M w as st u di e d t o d et e ct air br a k e l e a k a g es  ( P o d d ar 2 0 1 4), a n d 

F ail ur e M o d e, Eff e ct a n d Criti c alit y A n al ysis [ F M E C A] us e d al o n g wit h R C M w as st u di e d as a n 

ass ess m e nt  m et h o d f or esti m ati n g t h e El e ctr o ni c M ulti pl e U nit tr ai n [ E M U] br a k e s yst e m o pti m al 

m ai nt e n a n c e i nt er v al  ( Ki m et al. 2 0 0 9, 1 1 8 5-1 1 8 8) . N o st u di es w er e f o u n d t h at us e R C M t o 

esti m at e t h e lif eti m e of r ail c ar air br a k e g as k ets, i n f a ct, t h er e ar e f e w st u di es t h at us e r eli a bilit y 

t h eor y t o esti m at e t h e lif eti m e of ot h er el ast o m er pr o d u ct g e o m etri es, s u c h as O -ri n gs or fl at 

g as k ets  ( S h a o a n d K a n g 2 0 1 4, 1 6-2 1) . G at h eri n g r e pl a c e m e nt fr e q u e n c y d at a of r ail c ar air br a k e 

g as k ets c o ul d b e t h e first st e p t o  a p pl y r eli a bilit y t h e or y t o r ail c ar air br a k e g as k ets.  

T o esti m at e t h e lif eti m e of el ast o m er pr o d u cts, s e v er al t e c h ni q u es h a v e b e e n r es e ar c h e d. T h e 

Arr h e ni us e q u ati o n is us e d i n s o m e st u di es t o c orr el at e a pr o p ert y c h a n g e wit h t h e p er m a n e nt 

eff e cts of t e m p er at ur e, esti m ati n g el ast o m eri c m at eri al lif e b as e d o n a t hr es h ol d  ( Z e n g, C h e n, a n d 
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K a n g 2 0 1 3, 1 0 0 4 -1 0 0 8; W o o et al. 2 0 1 0, 1 1 -1 7) . I n o n e st u d y, t h e lif eti m e of a n e n gi n e c o v er 

g as k et w as esti m at e d u si n g t h e Arr h e ni us e q u ati o n. T o s p e cif y t h e e q u ati o n p ar a m et ers, t h e 

s u c c essi v e z o o mi n g g e n eti c al g orit h m [ S Z G A] w as us e d al o n g wit h e x p eri m e nt al r e c o v er y r at e 

c ur v es. T h e S Z G A m et h o d s h o w e d g o o d a gr e e m e nt b et w e e n t h e or y a n d e x p eri m e nt. T h e 

e x p eri m e nt al d a t a w as o bt ai n e d t hr o u g h hi g hl y a c c el er at e d lif e t esti n g [ H A L T]. T his m et h o d is 

g e n er all y us e d f or pr e di cti n g t h e lif eti m e of r u b b er m at eri als f or l o n g p eri o ds. T h e Arr h e ni us 

e q u ati o n p ar a m et ers w er e c o m p ut e d a n d lif e mil es at diff er e nt t e m p er at ur es a n d c o m pr essi o n r at es 

w er e c al c ul at e d a n d c o m p ar e d. T h e st u d y s h o w e d t h at e n gi n e c o v er g as k et lif eti m e is r e d u c e d 

w h e n eit h er c o m pr essi o n r at e or t e m p er at ur e ar e i n cr e as e d, wit h g as k et lif eti m e v al u es r a n gi n g 

fr o m 8 8 0 x 1 0³ t o 7 2 x 1 0³ mil es ( Y o u n g-D o o et al. 2 0 1 4) .  

Ot h er st u di es us e fr a ct ur e m e c h a ni cs t o esti m at e cr a c k gr o wt h r at e usi n g t h e i niti al cr a c k di m e nsi o n 

a n d t h e m at eri al str ai n e n er g y d e nsit y, or a m e c h a ni c al c o nstit uti v e m o d el, or a c o m bi n ati o n of all 

t h es e; wit h t h e o bj e cti v e t o esti m at e a n el ast o m eri c m at eri al lif eti m e a n d  it s p erf or m a n c e. S o m e 

st u di es f urt h er v ali d at e t h es e t e c h ni q u es usi n g c o m p ut eri z e d Fi nit e El e m e nt A n al ysis [ F E A]. T h e 

m ai n pr o c e d ur e  is, first fi n d t h e h y p er-el asti c c o nstit uti v e m o d el p ar a m et ers f or a n el ast o m er 

c o m p o u n d  t hr o u g h e x p eri m e nt al d at a , a n d t h e n esti m at e t h e f ati g u e lif e t hr o u g h s oft w ar e. S o m e 

h y p er -el asti c c o nstit uti v e m o d els i n cl u d e d i n F E A s oft w ar e li k e A B A Q U S or A N S Y S ar e 

M o o n e y -Ri vli n, O g d e n -Y e o h, N e o -H o o k e a n, Arr u d a -B o y c e, G e nt, a n d V a n d er W a als  ( Pl u m m er 

2 0 1 4, 3 5 -7 0; H ert z b er g, Vi n ci, a n d H ert z b er g 2 0 1 2; Y e o h 2 0 0 6, 7 5 -8 9; N a bil, Is m ail, a n d A z ur a 

2 0 1 3, 3 8 5 -3 9 3; W arr e n 2 0 1 2, 1) . 

E l ast o m eri c m at eri al pr o p erti es , lif eti m e pr e di cti o n, a n d p erf or m a n c e ass es s m e nt  ar e i m p ort a nt i n 

t h e d esi g n pr o c e d ur e t o e n s ur e r eli a b l e c o m p o n e nts.  St u di es s h o w t h at el ast o m ers stiff n ess a n d 

h ar d n ess i n cr e as e at hi g h t e m p er at ur es a n d aft er l o n g a gi n g p eri o ds. I n c o ntr ast, m e c h a ni c al f ati g u e 

cr e at es a pr o gr essi v e w e a k e ni n g of p h ysi c al pr o p erti es d uri n g d y n a mi c l o a d s pr es e nti n g a gr a d u al 

r e d u cti o n i n stiff n ess, a n d pr ol o n g e d st ati c l o a ds c a us e str ess r el a x ati o n a n d m a y r es ult i n ti m e-

d e p e n di n g cr a c ki n g ( A br a h a m, Als h ut h, a n d J err a ms 2 0 0 6, 5 9-7 3; B a u m a n 2 0 0 8) . T h us, t h e 

s er vi c e e n vir o n m e nt is a m aj or f a ct or i n a ss e ssi n g el a st o m eri c pr o d u cts d ur a bilit y . B e c a us e h ar d n ess -

stiff n ess, b ul k m o d ul us, a n d c o m pr essi v e m o d ul us ar e fr e q u e ntl y us e d as a q u alit y c o ntr ol m e as ur e 

a n d  c o m p aris o n t hr es h ol d s t o ass ess r u b b er pr o d u cts p erf or m a n c e, it is p erti n e nt t o r e vi e w t h es e 

c o n c e pts m or e i n d e pt h.  
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2. 4  H a r d n ess  

H ar d n ess is t h e  m e as ur e of t h e r esist a n c e of a m at eri al a g ai nst d ef or m ati o n t hr o u g h s cr at c hi n g or 

i n d e nt ati o n u n d er s p e cifi e d c o n diti o ns. T h er e ar e diff er e nt t y p es of h ar d n e ss m e as ur es , e a c h o n e 

c o m p ari n g  t h e l o a d a p pli e d t o f or m a d e pr essi o n o n a m at eri al wit h a ti p or i n d e nt er a n d a n ot h er 

p h ysi c al r es p o ns e . Vi c k ers , Bri n ell, a n d K o o p h ar d n ess c o m p ar es  t h e ar e a of t h e i m pri nt l eft b y a n 

i n d e nt er ti p; R o c k w ell h ar d n ess c o m p ar es  t h e d e pt h of a n i n d e nt er i m pr e ssi o n; S h or e h ar d n ess 

m e as ur es t h e r e b o u n d of t h e i n d e nt er; a n d M o hs h ar d n ess m e as ur es t h e “s cr at c hi n g a bilit y ” of a 

m at eri al i n c o nt a ct wit h a n ot h er ( S mit h 1 9 9 8, 7/ 3). H ar d n ess t est m et h o ds ar e i n di vi d u all y 

st an d ar di z e d f or s p e cifi c m at eri als, a n d t h e y us e diff er e nt i n d e nt er g e o m etri es, l o a d m a g nit u d e, 

l o a di n g ti m e, a n d m o d e of a p pli c ati o n ( Gr ell m a n n a n d S ei dl er 2 0 1 3, 7 3-2 3 1) . H ar d n ess t esti n g o n 

pl asti cs is d o n e c o nsi d eri n g t h eir b e h a vi or, r a n gi n g fr o m r u b b er -el asti c ( el a st o m ers), vis c o el asti c -

pl asti c (t h er m o pl asti cs) or m ostl y pl asti c  ( Dr Pr e m a m o y G h os h 2 0 1 1). H ar d n ess is als o a m e as ur e 

of t h e w e ar r esist a n c e of a m at eri al ( S mit h 1 9 9 8, 7/ 3). On r u b b ers , it c orr e s p o n ds t o a m e as ur e of 

stiff n ess fr o m t h e i n d e nt ati o n t est (I S O 2 0 1 5). F or m e as uri n g h ar d n ess o n r u b b ers or el ast o m ers, 

t hr e e s c al es of h ar d n ess h a v e b e e n us e d: S h or e, I nt er n ati o n al R u b b er H ar d n ess D e gr e es [I R H D] 

a n d t h e Britis h St a n d ar d [ B S]  ( Br o w n 2 0 0 6). Fi g ur e 1 6  s h o ws a n e x a m pl e of a r a n g e of h ar d n ess 

v al u es f or r u b b ers, t h er m o pl asti c el ast o m ers [ T P E] a n d pl asti cs b et w e e n t h e S h or e A a n d S h or e D 

h ar d n ess s c al es . 

 
Fi g ur e 1 6  H ar d n ess s c al e of r u b b ers, t h er m o pl asti c el ast o m ers [ T P E] a n d pl asti cs ( Dr Pr e m a m o y 

G h os h 2 0 1 1)  

T h e m e c h a ni cs  b e hi n d t h e t hr e e t y p es of h ar d n ess m e as ur e m e nts f or r u b b er s is b as e d o n t h e us e of 

a l o a d, eit h er fr o m a w ei g ht or a s pri n g, pr essi n g o n a ri gi d i n d e nt er of d efi n e d g e o m etr y t hr o u g h 

t h e r u b b er a n d m e as uri n g t h e d e pt h of t h e ti p wit h a dis pl a c e m e nt tr a ns d u c er, us u all y a di al g a ug e . 

T h e i n d e nt ati o n d e pt h i s t a k e n r el ati v e t o t h e t o p of t h e s urf a c e of t h e t est pi e c e  or a n n ul ar pr ess er 

f o ot b as e, i. e. th e a n n ul ar f o ot is r esti n g o n t o p of t h e m at eri al ( Br o w n 2 0 0 6). A si m plifi e d 

e x pl a n ati o n of t h e m e c h a ni cs of a h ar d n ess t est i s s h o w n o n Fi g ur e 1 7 . 

R u b b ers  Pl asti cs  T P E  

S h or e A  S h or e D  
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Fi g ur e 1 7  G e n er al m e c h a ni cs of a h ar d n ess test  

T h e m ost us e d st a n d ar d t esti n g m et h o ds f or h ar d n ess m e as ur e m e nt ar e fr o m A S T M a n d I S O,  wit h 

t h e f oll o wi n g li st of r ef er e n c e d o c u m e nts c o ns ult e d f or h ar d n ess m e as ur e m e nt: 

  I S O 1 8 5 1 7 –  R u b b er, v ul c a ni z e d or t h er m o pl ast i c —  H ar d n ess t esti n g —  I ntr o d u cti o n a n d 

g ui d e (I S O 2 0 1 5). 

  I S O 4 8, R u b b er, v ul c a ni z e d or t h er m o pl asti c —  D et er mi n ati o n of h ar d n ess ( h ar d n ess 

b et w e e n 1 0 I R H D a n d 1 0 0 I R H D) (I S O 2 0 1 0 a). 

  I S O 7 6 1 9-1, R u b b er, v ul c a ni z e d or t h er m o pl a sti c —  D et er mi n ati o n of i n d e nt ati o n 

h ar d n ess —  P art 1: D ur o m et er m et h o d ( S h or e h ar d n ess) (I S O 2 0 1 0 b). 

  I S O 7 6 1 9-2, R u b b er, v ul c a ni z e d or t h er m o pl a sti c —  D et er mi n ati o n of i n d e nt ati o n 

h ar d n ess  —  P art 2: I R H D p o c k et m etr e m et h o d (I S O 2 0 1 0 c). 

  I S O 1 8 8 9 8, R u b b er —  C ali br ati o n a n d v erifi c ati o n of h ar d n ess t est ers (I S O 2 0 1 6). 

  A S T M D 2 2 4 0 –  R u b b er Pr o p ert y — D ur o m et er H ar d n ess ( A S T M 2 0 1 5). 

A c c or di n g t o st a n d ar d I S O 7 6 1 9 -1, t h e r es p o ns e t o i n d e nt ati o n o n r u b b ers or el ast o m ers is c o m pl e x 

a n d d e p e n ds o n s e v er al f a ct ors (I S O 2 0 1 0 b): 
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  T h e el asti c m o d ul us of t h e r u b b er  

  T h e vis c o el asti c f e at ur es of t h e r u b b er  

  T h e wi dt h of t h e t est pi e c e  

  T h e f or m of t h e i n d e nt er ti p  

  T h e m a g nit u d e a n d r at e of pr ess ur e a p pli e d  

  T h e ti m e at w hi c h h ar d n ess i s l o g g e d  

T o m e as ur e h ar d n ess o n el ast o m ers , t w o disti n ct l o a di n g m et h o ds ar e us e d: a d e a d -l o a d ( w ei g ht) 

or a s pri n g. T h e i nt er n ati o n all y a c c e pt e d d e a d -l o a d m et h o d is st at e d i n I S O 4 8 a n d us es a b all 

i n d e nt er wit h h ar d n ess e x pr ess e d i n t h e I R H D s c al e, c o v eri n g m at eri als  fr o m 1 0 t o 1 0 0 I R H D. T h e  

a p p ar at us t h at us e s  a s pri n g f or h ar d n ess m e as ur e m e nt is c all e d a d ur o m et er (I S O 2 0 1 5; Br o w n 

2 0 0 6) .  

2. 4. 1  D u r o m et e r  m e as u r e m e nts  

A d ur o m et er c o m pris es  a n i n d e nt er c o n n e ct e d t o a pr el o a d e d s pri n g t h at w h e n  c o m pr ess e d  a g ai nst 

a m at eri al s urf a c e yi el ds a dis pl a c e m e nt al o n g  a st a n d ar di z e d h ar d n ess s c al e fro m 0  t o 1 0 0 ( Br o w n 

2 0 0 6) . T h e z er o  p oi nt o n a d ur o m et er s c al e c orr es p o n ds t o n o i n d e nt er dis pl a c e m e nt . De p e n di n g 

o n h o w f ar t h e i n d e nt er d e pr ess es i nt o t h e m at eri al , t h e r e a di n g i n cr e as es. Soft el ast o m ers  gi v e l o w 

h ar d n ess r e a di n gs. T h e f or c e  r es ulti n g fr o m t h e m at eri al r e b o u n d o n t h e i n d e nt er, F d , is gi v e n b y 

t h e f or m ul a: 

F d = F 0 + k 𝑇  (1 6 ) 

w h er e  F 0  is t h e i niti al pr el o a d f or c e o n t h e s pri n g, k  is t h e s pri n g c o nst a nt, a n d H  is t h e st a n d ar di z e d 

h ar d n ess s c al e r e a di n g  i n u nit s c all e d d e gr e e of h ar d n ess . W h e n t h e S h or e  s c al e is us e d , t h e l ett er 

of t h e t y p e of d ur o m et er is i n di c at e d, i. e. A, D,  A O, O O, et c.  

T h e fi n al i n d e nt ati o n di s pl a c e m e nt d  is gi v e n b y:  

𝑔 = 𝜎 0 − 𝐹 𝐿  (1 7 ) 

w h er e,  ζ  is t h e s e nsiti vit y if t h e s pri n g i n u nit s of dis pl a c e m e nt p er d e gr e e of h ar d n ess, a n d 𝐿 0  is 

t h e i niti al i n d e nt er pr otr u di n g p ositi o n  ( Mi x a n d Gi a c o mi n 2 0 1 1). 
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T h e r es ult s of a d ur o m et er t est c a n b e e x pr ess e d eit h er i n S h or e or I R H D s c al e s, h a vi n g t h e I S O 

7 6 1 9 st a n d ar d di vi d e d i n t w o p arts . P art 1 c o v ers S h or e s c al es A, D, A O a n d M , a n d P art 2 c o v ers 

o nl y t h e I R H D s c al e, b ut wit h  f o ur diff er e nt m et h o ds; N f or n or m al t est, H f or hi g h -h ar d n ess t est, 

L f or l o w -h ar d n ess t est, a n d M f or mi cr ot est  (I S O 2 0 1 0 b). R es ult s e x pr ess e d i n t h e S h or e s c al e 

h a v e t h e l ett er of t h e t y p e of d ur o m et er us e d a n d t h e h ar d n ess v al u e; h e n c e, t h er e is S h or e A 5 0 

h ar d n ess, S h or e D 5 0 h ar d n ess, a n d s o o n . It is w ort h n oti n g t h at e a c h S h or e  s c al e b e ars n o dir e ct 

r el ati o n t o e a c h ot h er ( Br o w n 2 0 0 6). St a n d ar d A S T M D 2 2 4 0, li sts t w el v e t y pes of d ur o m et ers: A, 

B, C, D, D O, E, M, O, O O, O O O, O O O -S, a n d R ; wit h ea c h t y p e of d ur o m et er h a vi n g a s p e cifi c 

i n d e nt er ti p g e o m etr y . A S T M D 2 2 4 0 m et h o ds a p pl y  t o i n d e nt ati o n h ar d n ess m e as ur e m e nts of 

t h er m o pl asti c el ast o m ers, v ul c a ni z e d (t h er m os et) r u b b er, el ast o m eri c m at eri als, c ell ul ar m at eri als, 

g el -li k e m at eri als, a n d s o m e pl asti cs ( A S T M 2 0 1 5). C o nsi d eri n g t h at t h e g a s k ets m ust b e m a d e of 

a n el ast o m eri c m at eri al wit h a S h or e A h ar d n ess m e as ur e of 8 0 ± 5, i n t hi s w or k  h ar d n ess 

m e as ur e m e nt s w er e d o n e wit h  a h a n d -h el d S h or e A s c al e d ur o m et er, t h er ef or e I S O 7 6 1 9 -1 a n d 

A S T M D 2 2 4 0 ar e t h e m ost r el e v a nt r ef er e n c e d o c u m e nts.  T h e S h or e A d ur o m et er us es a tr u n c at e d 

c o n e i n d e nt er ti p g e o m etr y  s h o w n i n Fi g ur e 1 8 . T a bl e 5  li sts a S h or e A d ur o m et er di m e nsi o ns a n d 

c h ar a ct eristi cs ( A S T M 2 0 1 5; Mi x a n d Gi a c o mi n 2 0 1 1). 

 

Fi g ur e 1 8  R e pr es e nt ati o n of a S h or e A d ur o m et er pr ess er f o ot a n d i n d e nt er wit h tr u n c at e d-c o n e 

ti p s h a p e 

T a bl e 5  N o mi n al v al u es f or a S h or e A d ur o m et er wit h tr u n c at e d-c o n e s h a p e ti p i n d e nt er 

S Y M B O L  D E S C RI P TI O N  V A L U E  U NI T  

𝑇 0  I niti al i n d e nt er pr otr usi o n 2. 5 ± 0. 0 2  m m  

𝑔 0  I niti al c o m pr essi o n  s pri n g f or c e  0. 5 5  N  

k  D ur o m et er s pri n g c o nst a nt  0. 0 7 5  N/ D e gr e e -of -H ar d n ess  

ζ  S pri n g s e nsiti vit y  0. 0 2 5 4  c m/ D e gr e e -of -H ar d n ess  

  Pr ess er f o ot  

I n d e nt er 
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S Y M B O L  D E S C RI P TI O N  V A L U E  U NI T  

P F O D  Pr ess er f o ot O ut er Di a m et er  1 8 ± 0. 5  m m  

P F I D Pr ess er f o ot I n n er Di a m et er  3 ± 0. 1  m m  

I NO D  I n d e nt er O ut er Di a m et er 1. 2 5 ± 0. 1 5  m m  

I NI D  I n d e nt er I n n er Di a m et er 0. 7 9 ± 0. 0 1  m m  

α  F ull a n gl e of ti p  3 5 ± 0. 2 5  D e gr e es  

r R a di us of i n d e nt er, I NI D / 2 0. 3 9 5 ± 0. 1  m m  

 

St a n d ar ds  A S T M D 2 2 4 0 a n d I S O 7 6 1 9 -1 i n di c at e t h at d ur o m et er h ar d n ess m e as ur e m e nts s h o ul d 

b e d et er mi n e d fi v e ti m es o n t h e t est pi e c es pl a c e d o n a fl at, h ar d, ri gi d s urf a c e s u c h as t e m p er e d  

gl ass, a n d h a v e  all p oi nt s of m e as ur e m e nt 6. 0 m m a p art fr o m e a c h ot h er ( A S T M 2 0 1 5; I S O 2 0 1 0 b). 

Als o, if st a n d ar d t est pi e c es ar e us e d, t h e h ar d n ess r e a di n gs ar e t a k e n a s “st a n d ar d h ar d n ess ” ; 

ot h er wis e if n o n -st a n d ar d t est pi e c es ar e us e d, t h e y ar e t a k e n as “ a p p ar e nt h ar d n ess ” . This is d u e 

t o t h e i nfl u e n c e of t est pi e c es t hi c k n ess i n h ar d n es s r e a di n gs ( Br o w n 2 0 0 6; I S O 2 0 1 5). Si n c e t h e 

g e o m etr y t est e d  i n t hi s w or k w as t h at of fi nis h e d g as k et s, t h e r es ult s ar e e x pr ess e d as “ a p p ar e nt 

h ar d n ess ”.  Fi n all y, b ot h st a n d ar ds i n di c at e t o r e p ort r es ult s wit h t h e d at e of t h e t est, t h e r el ati v e 

h u mi dit y ( w h e n a p pr o pri at e ), a m bi e nt t e m p er at ur e; a n d d ur o m et er m a n uf a ct ur er, t y p e, s eri al 

n u m b er, d at e of l ast c ali br ati o n, a n d c ali br ati o n d u e d at e ( d et er mi n e d b y t h e us er b as e d o n 

fr e q u e n c y of us e), as w ell as m e a ns of t esti n g ( h a n d -h el d or wit h a st a n d) . R es ult s s h o ul d als o 

i n cl u d e a d es cri pti o n of t h e t est s p e ci m e n, it s t hi c k n ess, v ul c a ni z ati o n d at e, h ar d n ess v al u e 

o bt ai n e d , a n d m et h o d of c al c ul ati o n ( ar it h m eti c m e a n or m e di a n) ( A S T M 2 0 1 5; I S O 2 0 1 0 b). I n 

t hi s w or k , S h or e A h ar d n ess a n d h ar d n ess-c o m pr e ssi o n m o d ul us c orr el ati o ns w er e us e d.  

2. 4. 2  C o m p r essi o n m o d ul u s c o r r el ati o n wit h h a r d n ess  

A n u m b er of m o d els h a v e b e e n d e v el o p e d t o r el at e h ar d n ess wit h m o d ul us ( Mi x a n d Gi a c o mi n 

2 0 1 1; O a n e a F e di u c et al. 2 0 1 3, 1 5 7 -1 6 6; K u n z a n d St u d er 2 0 0 6, 9 2 -9 4) . Mi x a n d Gi a c o mi n  

St a n d ar di z e d P ol y m er D ur o m etr y r el at e t h e t h e or y of B o ussi n es q of a d efi n e d b o u n d ar y c o n diti o n 

d ef or m ati o n, i n t hi s c as e, a S h or e A d ur o m et er tr u n c at e d -c o n e fl at -ti p ( a cir cl e), t o b asi c li n e ar 

el asti c m e c h a ni cs, h a vi n g t h e f oll o wi n g ti p  i n d e nt ati o n c orr el ati o n t o m o d ul us: 
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d =
F d ( 1 − ν 2 )

2 E r
. (1 8 ) 

Mi x a n d Gi a c o mi n t h e n pr es e nt a n e w c o n c e pt, c all e d M e c h a ni c al I n d e nt a bilit y, e x pr ess e d as:  

MI ≡
k p 0

ζ F 0
. (1 9 ) 

Usi n g t h e S h or e A d ur o m et er v al u es p 0 = 2. 5 m m, F 0 = 0. 5 5 N, k = 0. 0 7 5
N

d e g r e e − of − h a r d n e s s
, a n d ζ =

0 .0 2 5 4
𝑇 𝑔

d e g r e e − of − h a r d n e s s
; MI = 1 3. 6 4. C o nsi d eri n g t h at a S h or e A d ur o m et er h as ti p r a di us 

r = 0. 3 9 5 m m , e q u ati o ns (1 6 ), (1 7 ), a n d (1 8 ) c orr el at e di m e nsi o nl ess Y o u n g’ s m o d ul us Y , wit h 

di m e nsi o nl ess h ar d n ess m e as ur e m e nts H , 

𝜎 =
2 r p 0 E

F 0 ( 1 − ν 2 )
=

1 + Mi  𝐹

1 − 𝐿
, (2 0 ) 

w h er e  H  is t h e d ur o m et er h ar d n ess m e as ur e m e nt H  di vi d e d b y t h e f ull s c al e [ 0 -1 0 0 ]. C o nsi d eri n g 

el ast o m ers as i n c o m pr e ssi bl e m at eri als , P oiss o n r ati o is ν  = 0. 5 . Y o u n g’s m o d ul us is t h us 

c al c ul at e d as:  

E 1 ≈
3 F 0 𝐿

8 𝐿 0 𝑅
. (2 1 ) 

E q u ati o n (2 2 ) is f o u n d in F e di u c’s c o m pr essi o n m o d ul us st u d y a n d in t h e I S O 7 7 4 3 st a n d ar d 

( O a n e a F e di u c et al. 2 0 1 3, 1 5 7-1 6 6; I S O 2 0 1 7) : 

E C 1
= E 1 ( 1 + 2 𝑟 𝜎 2 ) . (2 2 ) 

P utti n g di m e nsi o nl ess h ar d n ess v al u es H  a n d a MI = 1 3. 6 4  i nt o e q u ati o n (2 0 ) yi el ds di m e nsi o nl ess 

Y o u n g’s m o d ul us v al u es Y . I n p utti n g t h es e a n d t h e d ur o m et er n o mi n al v al u es i n t o e q u ati o n (2 1 ) 

yi el ds Y o u n g’s m o d ul us E 1 . Usi n g Y o u n g’s m o d ul u s E 1  a n d s h a p e f a ct or S F  v al u es i n e q u ati o n 

(2 2 ) yi el ds a c orr el ati o n of c o m pr essi o n m o d ul us E 𝐹  wit h h ar d n ess  H . 

A  s e c o n d c orr el ati o n is f o u n d usi n g e q u ati o n (2 3 ) dir e ctl y wit h t h e S h or e A h ar d n ess v al u es H a n d 

e a c h a c o m p o n e nt  s h a p e f a ct or S F:  

E C 2
=

H 1 .9

6 7 0 0
(

1 + 9 S 𝐴 2

1 + 4 S 𝐸 2 + 2 𝑆 𝑀 2 ) , (2 3 ) 

w h er e E C  is t h e c o m pr essi o n m o d ul us i n ksi . T h e s h a p e f a ct or  S F  e q u ati o n is : 

𝑆 𝐵 =
𝜖 𝑉 𝑉 𝑉 𝐶 𝑆  𝑠 𝑝 𝐹 𝑒

𝑡 𝑡 𝑟 𝑐 𝑒 − 𝑓 𝑟 𝑒 𝑒  𝑎 𝑟 𝑒 𝑎
=

𝜋 ( 𝑅 2 − 𝑟 2 )

𝜋 ( 2 𝑅 ) ℎ + 𝜋 ( 2 𝑟 ) ℎ
=

( 𝑅 2 − 𝑟 2 )

𝑅 2 ℎ
. (2 4 ) 

St a n d ar d I S O 7 7 4 3 us es t h e f or c e at 2 5 % c o m pr essi o n str ai n 𝐹 2 5  f or c al c ul ati o ns. Th e e x p e ri m e nt al 

c o m pr essi o n m o d ul us f or fi nis h e d g as k ets c a n b e c al c ul at e d  usi n g t h e I S O 7 7 4 3  e q u ati o n : 

E 𝐶 𝑒 𝑥 𝑝
=

𝐹 2 5

𝐴 𝜀 2 5 %
=

𝐹 2 5

𝐴 0 ( 0 .2 5 )
. (2 5 ) 
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2. 5  B ul k m o d ul us  

B ul k m o d ul us , B , of  a m at eri al is a c o nst a nt d efi n e d as t h e r esist a n c e t o v ol u m e c h a n g e w h e n a 

c o m pr essi o n  l o a d is a p pli e d, m e a ni n g, t h e r ati o of u nif or m h y dr ost ati c pr es s ur e , P, t o  v ol u m etri c 

c h a n g e or str ai n , 𝑇 𝑔 = Δ 𝜎 / 𝐹 0  ( S h u, T a k a o, a n d A k b ar 1 9 9 4, 8 7 1 -8 7 9; H alli d a y, R es ni c k, a n d 

W al k er 2 0 0 5) . It i s e x pr ess e d as : 

𝐿 = 𝐿 / 𝐿 𝑅 = 𝑟 ( Δ 𝜎 / 𝐹 0 )  (2 6 ) 

H er e,  Δ 𝐴  is t h e a bs ol ut e v al u e i n v ol u m e c h a n g e, a n d 𝐸 0  is t h e i niti al v ol u m e b ef or e c o m pr essi o n. 

V ol u m etri c str ai n is al w a ys p ositi v e i n h y dr a uli c c o m pr essi o n . Si n c e t h e fi n al v ol u m e is l o w er t h a n 

t h e i niti al o n e, t h e m at eri al s hri n ks. E l ast o m er s e al s ar e oft e n u n d er c o m pr e ssi v e  l o a ds, a n d s o  t h e 

b ul k m o d ul us  of a n el ast o m eri c m at eri al is i m p ort a nt f or ass ess i n g m e c h a ni c al p erf or m a n c e . 

N o A S T M or I S O st a n d ar d t est m et h o d w as f o u n d t o o bt ai n t h e b ul k m o d ul us of r u b b er or 

el ast o m ers , b ut s e v er al p a p ers s u g g est s o m e c o m pr essi o n  t e c h ni q u es. T w o st u di es, o n e b y t h e  

J o ur n al of T esti n g a n d E v al u ati o n [J T E V A] ( Fis h m a n a n d M a c h m er 1 9 9 4) a n d a n ot h er fr o m a n 

el ast o m er s e als m a n uf a ct ur er  ( S h u, T a k a o, a n d A k b ar 1 9 9 4, 8 7 1-8 7 9)  i n cl u d e a si m pl e c o nfi n e d 

c o m pr essi o n t est usi n g a pist o n  t o d et er mi n e  a l o a d -d efl e cti o n c ur v e a n d  pr ess ur e -v ol u m e c h a n g e , 

r es p e cti v el y.  

T o d et er mi n e t h e b ul k m o d ul us at a n i nfi nit esi m al str ai n, o n e t e c h ni q u e pl ot s t h e h y dr ost ati c 

pr ess ur e a g ai nst v ol u m etri c str ai n. T h e n,  t h e ps e u d o-li n e ar c ur v e g e n er at e d is e xtr a p ol at e d t o a 

z er o st r ai n i nt ers e ct ( y-a xis offs et)  a n d t h is h y dr ost ati c pr ess ur e v al u e is t a k e n as t h e b ul k m o d ul us. 

I n t h e pr es e nt c as e, a c h a n g e i n t hi c k n ess is ass u m e d t o b e pr o p orti o n al t o a c h a n g e i n v ol u m etr i c 

str ai n, b e c a us e gl a d -h a n d g as k ets ar e  c o nstr ai n e d b y t h e c o m pr essi o n fi xt ur e i n t h eir o ut er r a di us 

a n d b y t h e h y dr ost ati c pr ess ur e of t h e air i n t h eir i n n er r a di us . Gl a d-h a n d g as k ets  o nl y c h a n g e i n 

t hi c k n ess w hil e b ei n g  c o m pr ess e d . Ot h er li n e ar di m e nsi ons (r a dii) r e m ai n c o nst a nt.  
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3  M et h o d ol o g y  

I n t hi s s e cti o n, t h e m et h o d ol o g y us e d i n t hi s st u d y t o s el e ct a n d ass ess alt er n ati v e m at eri als f or 

r ail c ar air br a k e gl a d-h a n d g as k ets is pr es e nt e d. First, t h e c o nsi d er ati o ns t a k e n t o d esi g n t h e t est 

pl a n t o ass ess g as k et p erf or m a n c e  ar e d es cri b e d. T h e n, t h e pr o c ess us e d t o s el e ct t h e a p pr o pri at e 

alt er n ati v e m at eri als  is s h o w n. Fi n all y , t h e pr o c e d ur es f oll o w e d t o t est t h e c urr e nt a n d alt er n ati v e 

m at eri al s s el e ct e d  as p er t h e d esi g n e d t est pl a n ar e e x pl ai n e d.  

3. 1  D et ail e d t est pl a n  

T h e r ail c ar air br a k e g as k et e n vir o n m e nt, a p pli c ati o n, a n d i n d ustr y s p e cifi c ati o ns  w er e c o nsi d er e d 

f or s el e cti n g t h e m ai n v ari a bl es t o ass ess t h e g a s k et m at eri al p erf or m a n c e. T h e m ai n v ari a bl es 

c o nsi d er e d w er e : 

  G e o m etr y a n d li n e ar di m e nsi o ns  

  H ar d n ess l o w t e m p er at ur e r es p o ns e  c o m p ar e d t o r o o m t e m p er at ur e o n e  

  C o m pr essi o n  str ess -str ai n  pr o p erti es  a n d s tiff n ess 

  H ar d n ess a n d m ass d ur a bilit y a g ai nst t h e eff e ct of li q ui ds  

  L e a k a g e d uri n g s e p ar ati o n  

A  s et of t ests t o ass ess t h e g as k et s m at eri al p erf or m a n c e u n d er l a b or at or y c o n diti o ns w er e s el e ct e d 

b as e d o n i n p ut fr o m st a n d ar di z e d a n d n o n -st a n d ar di z e d t esti n g m et h o ds , as w ell as fr o m t h e pr oj e ct 

s p o ns ors . A n alt er n ati v e el ast o m eri c m at eri al  d e cisi o n m atri x w as cr e at e d b as e d o n w ei g ht e d 

m e a ns  f or e a c h m at eri al pr o p erti es r a n k, assi g ni n g a hi g h er w ei g ht t o pr o p erti es c o nsi d er e d t o b e 

ess e nti al t o o ut p erf or m t h e c urr e nt m at eri al us e d . O n c e t h e d et ail e d t est pl a n w as d e ci d e d, t h e t ests 

s el e ct e d w er e e x e c ut e d o n g as k et s a m pl es m a d e of t h e c ur r e nt m at eri al. Aft er w ar ds, g as k ets m a d e 

fr o m t h e alt er n ati v e m at eri als s el e ct e d t hr o u g h t h e d e cisi o n m atri x w er e r e q u est e d t o b e 

m a n uf a ct ur e d. O n c e t h e alt er n ati v e m at eri al s a m pl es arri v e d , t h ey  w er e ass e ss e d wit h t h e s a m e s et 

of t ests us e d f or t h e c urr e nt  g as k et m at eri al . Fi n all y, a pr ot o c ol f or i n-s er vi c e h ar d n ess t esti n g w as 

d esi g n e d, a n d a gr o u p r e pl a c e m e nt p oli c y h y p ot h eti c al n u m eri c al e x a m pl e w as el a b or at e d . 

As p er r e q u est of t h e pr oj e ct s p o ns ors, t h e c ol d t e m p er at ur e t o t est t h e g a s k ets w as -4 0 ° C. T h is 

t e m p er at ur e w as  i n t h e cr y o g e ni c r a n g e a n d w as  n ot e asil y r e a c h a bl e; t h er ef or e, t h er e w er e  f e w 

e c o n o mi c al a n d s af e o pti o ns t o a c hi e v e it. S o m e of t h e o pti o ns r es e ar c h e d i n cl u d e d c o oli n g b at hs 

wit h li q ui d nitr o g e n or dr y i c e, r efri g er at e d r o o ms (l a b or at o ri es or f o o d st or a g e) a n d s p e ci alt y 
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fr e e z ers (i. e. h e alt h c ar e fr e e z ers f or v a c ci n es or s er u m). T h e s af er a n d e c o n o mi c al o pti o n t o 

a c hi e v e t hi s t e m p er at ur e w as a c o ol b at h wit h is o pr o p yl al c o h ol a n d w at er at 8 0 % i n v ol u m e, 

mi x e d wit h dr y i c e.  

T h e m e as ur e d p r o p erti es a n d t h e e q ui p m e nt us e d ar e bri efl y d es cri b e d h er e a n d  will b e f urt h er 

e x pl ai n e d i n s e cti o n  A p p ar at us . H ar d n ess w as  a c q uir e d wit h a h a n d h el d  d ur o m et er . 

C o m pr essi o n s tr ess a n d str ai n pr o p erti es d at a w as  a c q uir e d wit h  t h e d at a a c q uisiti o n s yst e m of a 

M at eri al T esti n g S yst e m  m a c hi n e e q ui p p e d wit h s p e ci all y d esi g n e d g as k et fi xt ur es . M ass w as 

m e as ur e d  wit h a  hi g h -pr e cisi o n a n al yti c al b al a n c e . T e m p er at ur e w as t a k e n wit h a d i git al 

t h er m o m et er e q ui p p e d wit h a  t h er m o c o u pl e, a n d f urt h er v erifi e d wit h a t h er m al i nfr ar e d c a m er a. 

L i n e ar di m e nsi o ns w er e t a k e n wit h a di git al c ali p er a n d a di al mi cr o m et er . L e a k a g e r at e w as 

m e as ur e d wit h a  t hir d-p art y  a p p ar at us c o nt ai ni n g  di al pr ess ur e g a u g es a n d fl o w m et ers . A ll 

m e as ur e m e nts  w er e d o n e at t h e U ni v ersit y of Al b ert a M e c h a ni c al E n gi n e eri n g b uil di n g, eit h er at 

t h e m e c h a ni c al s h o p or i n a n offi c e-l a b or at or y, w h er e t h e t e m p er at ur e a n d h u mi dit y w er e  

c o ntr oll e d , a n d m e as ur e d b y t h e b uil di n g g a g es or a g e n eri c p ort a bl e o n e.  

T h e f oll o wi n g s e cti o n li sts t h e diff er e nt t ests s el e ct e d. T h es e t ests ar e  m e a nt t o ass ess t h e m at eri als  

p erf or m a n c e , as p er t h e pr oj e ct o bj e cti v es, as w ell as t o v erif y t h e  m at eri al  c o m pli a n c e wit h 

i n d ustr y st a n d ar ds a n d t h eir us e i n s er vi c e o p er ati o n : 

T a bl e 6 : List of P erf or m a n c e T ests d o n e t o t h e g as k et s a m pl es a n d d et ails f or e a c h o n e  

T E S T  T E M P E R A T U R E  O B S E R V A TI O N S  

H ar d n ess t est s  

R o o m t e m p er at ur e  
( 2 0 ° C) 5 -S h or e A d ur o m et er m e as ur e m e nt p oi nt s a n d 

arit h m eti c m e a n  C ol d t e m p er at ur e  
(-4 0 ° C)  

C o m pr essi o n  t ests 

R o o m t e m p er at ur e 
( 2 0 ° C) 

O n e g as k et u ni a xi al c o m pr essi o n . C o m pr essi o n  
stiff n ess at ε = 2 5 %  

T w o g as k ets u ni a xi al  c o m pr essi o n wit h o ut air 
pr ess ur e (o nl y c urr e nt g a s k et s w er e t est e d ) 

C o m pr essi o n  stiff n ess at ε = 2 5 %  
T w o g as k ets u ni a xi al c o m pr essi o n wit h air 

pr ess ur e .  
B ul k m o d ul us a n d l e a k a g e.  

C ol d t e m p er at ur e  
(-4 0 ° C)  

O n e g as k et c o m pr essi o n s et  
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C h e mi c al 
c o m p ati bilit y  t ests  

R o o m t e m p er at ur e  
( 2 0 ° C) 

C R C di es el air br a k e  a ntifr e e z e & c o n diti o n er  

S af e -t-br a k e air br a k e  a ntifr e e z e  

I n cr e as e d 
t e m p er at ur e 

( 5 0 ° C) 

C R C di es el air br a k e  a ntifr e e z e & c o n diti o n er  

S af e -t-br a k e air br a k e  a ntifr e e z e  

T h e A S T M a n d I S O st a n d ar ds, as w ell as ot h er c a s e st u di es, s u g g est t h e us e of st a n d ar d si z e a n d 

st a n d ar d c o m p ositi o n r u b b er s a m pl es  ( A S T M 2 0 1 6; F e di u c O a n e a et al. 2 0 1 3, 1 5 7-1 6 6; I S O 

2 0 1 0 b) , b ut fi nis h e d pr o d u cts, g as k ets, w er e us e d i nst e a d. T h e pr o c e d ur es a n d g ui d eli n es pr es e nt e d 

i n t h es e d o c u m e nts w er e f oll o w e d as cl os el y as p ossi bl e f or e a c h v ari a bl e m e as ur e d, b ut s o m e 

d e vi ati o ns h a d t o b e t a k e n . For e x a m pl e, si n c e g as k ets w er e  us e d i nst e a d of st a n d ar d s a m pl es , t h e 

mi ni m u m dist a n c e of 6. 0 m m t o t a k e a h ar d n ess p oi nt m e as ur e m e nt c o ul d n ot b e f oll o w e d  as p er 

A S T M D 2 2 4 0 a n d I S O 7 6 1 9 . W h e n e v er d e vi ati o ns w er e  t a k e n i n t h e t ests, t h es e w er e  i n di c at e d i n 

t h e r es ult s.  

3. 2  El ast o m e r s el e cti o n  

A cr u ci al  o bj e cti v e f or t his pr oj e ct, w as t o s el e ct alt er n a ti v e el ast o m eri c m at eri als c a n di d at es t o 

st u d y a n d t est t h eir d ur a bilit y i n a l a b or at or y s etti n g. T h e t ests r es ult t h e n w o ul d b e us e d t o c o m p ar e 

a n d i d e ntif y a s uit a bl e g a s k et m at eri al t h at w o ul d p erf or m  b ett er i n diffi c ult o p er ati n g c o n diti o ns.  

S e v er al f a ct ors w er e c o n si d er e d w h e n s el e cti n g t h e alt er n ati v e m at eri als. L o w c ost w as  o n e of 

t h e m, si n c e it w as criti c al t o st a y i n t h e pri c e r a n g e of t h e el ast o m eri c m at eri al o pti o ns. A n ot h er 

c o nsi d er ati o n w a s e n vir o n m e nt t e m p er at ur e, as i n wi nt er, g as k et s mi g ht fr e e z e a n d l os e t h eir 

fl e xi bilit y if t h e t e m p er at ur e w as  t o o l o w, t h us, l e a di n g t o a stiff er m at eri al b e h a vi or . I n a d diti o n, 

d uri n g c ol d w e at h er t h e g as k et v ol u m e w o u ld  d e cr e as e a n d a stiff er r es p o ns e mi g ht n ot b e a bl e t o 

pr o vi d e t h e r e q uir e d s e alin g ; t h er ef or e, a s oft r u b b er wit h l o w h ar d n ess v al u e a n d hi g h fl e xi bilit y 

i n c ol d w e at h er w o ul d b e t h e b est o pti o n ; t h e ass u m pti o n w as t h at s el e cti n g a c o m p o u n d wit h l o w 

gl ass tr a nsiti o n t e m p er at ur e w o ul d h a v e a c hi e v e t h es e pr o p erti es . A n ot h er i m p ort a nt p ar a m et er 

w as  pr ess ur e, b e c a us e g a s k ets w o u ld  e n c o u nt er ar o u n d 9 0 psi of air pr ess ur e i n t h eir i n n er s urf a c es 

d uri n g o p er ati o n. M or e o v er, as i n di c at e d b y t h e pr oj e ct s p o ns ors, g as k ets w o ul d  e nt er i n c o nt a ct 

wit h a ntifr e e z e pr o d u cts d uri n g c ol d w e at h e r. T h e n, t h e criti c al f a ct ors f or s el e cti n g alt er n ati v e 

m at eri als w er e  s u m m ari z e d as :
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  A v er a g e l o w- pri c e 

  M at eri al r esili e nt t o c ol d t e m p er at ur e 

(T g  ~ - 4 0 ° C or l o w er) 

  R esist a n c e t o o z o n e a n d w e at h eri n g 

( o ut d o or a p pli c ati o n) 

  R esist a n c e t o c h e mi c al att a c k 

( a ntifr e e z e c o nt a ct o n wi nt er) 

  R esist a n c e t o air pr ess ur e ( 9 0 psi) 

 
 

Fi g ur e 1 9 ill ustr at es t h e s et of r ul es f oll o w e d t o s el e ct  m at eri al o pti o ns: 

 

Fi g ur e 1 9 Filt eri n g pr o c e ss f or s el e cti n g t h e g as k et alt er n ati v e el ast o m eri c o pti o ns 

S e v er al  el ast o m er o pti o ns w er e s el e ct e d fr o m t h e i nf or m ati o n t a bl es f o u n d i n t h e lit er at ur e r e vi e w, 

h a vi n g a li st of 1 9 el ast o m er c a n di d at es. T h e first pr o p ert y us e d f or filt eri n g o ut c a n di d at es, w as 

t h eir a v er a g e pri c e ( T a bl e 7). Fr o m t h e 1 9 el ast o m er o pti o ns s el e ct e d, t h e m e di a n pri c e w as $ 2. 2 0, 

wit h N at ur al R u b b er h a vi n g t h e l o w est pri c e [ $ 0. 4 5], a n d Sili c o n e t h e hi g h est o n e [ $ 1 9. 0 0 ]. T h e 

l o w- pri c e r a n g e of t h e el a st o m er o pti o ns w as s el e ct e d d u e t o e c o n o mi es of s c al e, si n c e t h e g as k ets 

ar e a c o m p o n e nt t h at is g e n er all y us e d i n l ar g e q u a ntiti es a n d s el e cti n g hi g h- pri c e m at eri al s w o ul d 

i n cr e as e s u bst a nti all y t h e m ai nt e n a n c e c osts, e v e n t h o u g h t h e y mi g ht h a v e e x c ell e nt p erf or m a n c e 

o n  t h e  r e q uir e d  pr o p erti es  i. e.  t h e  el ast o m er  pri c e  h a d  t o  b e  l ess  t h a n  or  e q u al  t o  $ 2. 2 0  f or  a n 

el ast o m er o pti o n t o c o nti n u e i n t h e s el e cti o n pr o c ess. T hr o u g h t hi s filt eri n g, el ast o m er o pti o ns 1 1 

t o 1 9 w er e t a k e n o ut of t h e s el e cti o n pr o c ess.

T a bl e 7 El ast o m eri c m at eri al s a v er a g e pri c e ( Di c k 2 0 1 4). A S T M D 1 4 1 8 n a m es w er e  als o 
i n cl u d e d ( A S T M 2 0 1 7 a) 

N o  
E L A S T O M E R  

C O M M O N N A M E  
A S T M D 1 4 1 8 

N A M E  
A V G. P RI C E  ≤ $ 2. 2 0 

1  N at ur al r u b b er  N R   $      0. 4 5  Y E S  
2  St yr e n e b ut a di e n e  S B R   $      0. 5 0  Y E S  
3  P ol y b ut a di e n e  B R   $      0. 5 8  Y E S  
4  Nitril e  N B R   $      1. 0 0  Y E S  

List of  

P o s si bl e M at eri al s 

wit h a v er a g e pri c e 

a n d gl a s s tr a n siti o n 

t e m p er at ur e s 

I s a v er a g e 

Pri c e  

≤  $ 2. 2 0 ?  

Filt er e d o ut of 

s el e cti o n  

Y E S  

N O  

I s Tg  

≤ - 4 0 ° C 

Y E S  

Filt er e d o ut of 

s el e cti o n  

C o nti n u e t o 

w ei g ht e d 

m e a n m at eri al 

s el e cti o n  

N O  
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N o  
E L A S T O M E R  

C O M M O N N A M E  
A S T M D 1 4 1 8 

N A M E  
A V G. P RI C E  ≤  $ 2. 2 0  

5  P ol yis o pr e n e  I R  $      1. 0 0  Y E S  

6  Et h yl e n e pr o p yl e n e di e n e  E P D M   $      1. 1 0  Y E S  

7  Is o b ut yl e n e II R  $      1. 2 6  Y E S  

8  C hl ori n at e d p ol y et h yl e n e  C M   $      1. 8 0  Y E S  

9  P ol y c hl or o pr e n e  C R   $      1. 9 5  Y E S  

1 0  C hl or os ulf o n at e d p ol y et h yl e n e  C S M   $      2. 2 0  Y E S  

1 1  P ol ys ulfi d e  T   $      2. 5 0  N O  

1 2  P ol y est er ur et h a n e  A U   $      3. 5 0  N O  
1 3  P ol y et h er ur et h a n e  E U   $      3. 5 0  N O  
1 4  Et h yl e n e a cr yli c  A E M   $      3. 5 0  N O  
1 5  E pi c hl or o h y dri n  E C O   $      6. 0 0  N O  
1 6  P ol y a cr yl at e  A C M   $      9. 0 0  N O  
1 7  H y dr o g e n at e d nitril e r u b b er  H N B R   $   1 0. 0 0  N O  
1 8  Fl u or o c ar b o n  F K M   $   1 3. 0 0  N O  
1 9  Sili c o n e  M Q   $   1 9. 0 0  N O  

 
T h e n e xt e x cl usi o n crit er i u m w as t h e gl ass tr a nsiti o n t e m p er at ur e, w h er e t h e mi ni m u m t hr es h ol d 

w as 𝑇 𝑔  ≤ -4 0 ° C ; t his t hr es h ol d w as s el e ct e d as p er  t h e pr oj e ct s p o ns ors r e q u est, b ut it als o r el at es 

t o t h e l o w est m e di a n a m bi e nt t e m p er at ur e r e c or d e d d uri n g wi nt er i n s o m e ar e as of t h e r ail w a y 

r o ut es t hr o u g h o ut C a n a d a  ( G o v er n m e nt of C a n a d a 2 0 1 7). 

T a bl e 8  El ast o m eri c m a t eri al o pti o ns a n d t h eir gl a ss tr a nsiti o n t e m p er at ur e ( Br a n dr u p et al. 1 9 9 9; 
G e nt 2 0 1 2) . A S T M D 1 4 1 8 n a m es w er e  als o i n cl u d e d ( A S T M 2 0 1 7 a) 

N o  
E L A S T O M E R  

C O M M O N N A M E  
A S T M D 1 4 1 8 

N A M E  
G L A S S T E M P  

𝜎 g  [ ° C] 
𝐹 g   ≤  -4 0 ° C  

1  N at ur al r u b b er  N R  -7 2  Y E S  

2  St yr e n e b ut a di e n e  S B R  -5 5  Y E S  

3  P ol y b ut a di e n e  B R  -1 0 0  Y E S  

4  Nitril e  N B R  -2 9  N O  

5  P ol yis o pr e n e  I R -7 2  Y E S  

6  Et h yl e n e pr o p yl e n e di e n e  E P D M  -5 5  Y E S  

7  Is o b ut yl e n e II R -7 2  Y E S  

8  C hl ori n at e d p ol y et h yl e n e  C M  -2 0  N O  

9  P ol y c hl or o pr e n e  C R  -4 5  Y E S  

1 0  C hl or os ulf o n at e d p ol y et h yl e n e  C S M  -1 7  N O  
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Wit h t h e gl ass tr a nsiti o n t e m p er at ur e  t hr es h ol d, o pti o ns 4, 8 a n d 1 0 w er e  t a k e n o ut of t h e s el e cti o n 

pr o c ess , h a vi n g t h e n 7 o pti o ns of alt er n ati v e el ast o m eri c m at eri als:

1.  P ol y b ut a di e n e    B R  
2.  Is o b ut yl e n e   II R 
3.  P ol yis o pr e n e    I R 
4.  N at ur al r u b b er    N R  

5.  St yr e n e  b ut a di e n e   S B R  
6.  P ol y c hl or o pr e n e   C R  
7.  Et h yl e n e pr o p yl e n e di e n e  E P D M  

 

S o m e k e y pr o p erti es  c o nsi d er e d f or s el e cti n g a s u p eri or c a n di d at e m at eri al c o m p ar e d t o t h e c urr e nt 

o n e us e d w er e: Str ess r el a x ati o n, c o m pr essi o n s et, al c o h ols a n d oil s r esist a n c e, o v er all o ut d o or 

r esist a n c e, a n d r esili e n c e/r e b o u n d; h e n c e, t h e c orr es p o n di n g pr o p erti es h a v e hi g h w ei g ht f a ct ors. 

Wit h t h e 7 o pti o ns  s el e ct e d , a w ei g ht e d m e a n d e cisi o n m atri x w as t h e n cr e at e d , b as e d o n el ast o m er 

p erf or m a n c e crit eri a  f o u n d i n t h e bi bli o gr a p h y f or e a c h s el e ct e d pr o p ert y. T h e p erf or m a n c e crit eri a  

f or e a c h pr o p ert y w er e  i n t h e r a n g e of 1-5,  w h er e 1 = p o or, 2 = f air, 3 = g o o d, 4 = v er y g o o d, 

5 = e x c ell e nt , a n d  c a n b e s e e n  i n T a bl e 1 0 . T o cr e at e t h e d e cisi o n m atri x, 1 6 pr o p erti es  w er e s el e ct e d 

a n d a w ei g ht p er e a c h o n e w as d efi n e d, t h e w ei g ht v ari es a c c or di n g t o t h e l e v el of i m p ort a n c e , 

r a n gi n g fr o m 4: criti c al, 3: mi d-i m p ort a n c e, 2: l o w-i m p ort a n c e, a n d 1: n o n-i m p ort a nt. T h e m ai n 

f a ct ors w er e s el e ct e d fr o m t h e pr o p erti es  r e vi e w e d i n s e cti o n 2. 1. 3 .  

T h e  w ei g ht e d m e a n f or e a c h alt er n ati v e m at eri al w as c al c ul at e d as:  

𝑇 =

1
𝑔

∑ 𝜎 𝐹 𝐿 𝐿
𝐿
𝑅 = 1

1
𝑟

∑ 𝜎 𝐹
𝐴
𝐸= 1

 (2 7 ) 

H er e,  d e p e n di n g o n t h e ith pr o p ert y,  w i a n d x i w er e  t h e c orr es p o n di n g w ei g ht f a ct or a n d 

p erf or m a n c e gr a d e.  Fi g ur e 2 0  s u m m ari z e s  t h e d e ci si o n m atri x s el e cti o n pr o c e d ur e : 

 

 

Fi g ur e 2 0  Pr o c e d ur e of m at eri al s el e cti o n  b as e d o n w ei g ht e d m e a n  

 

  

Li st of  

Alt er n ati v e  M at eri al s  

Li st of  M ai n F a ct or s  

a n d w ei g ht s  
D e ci si o n M atri x  

Hi g h w ei g ht e d m e a n  

=  

S el e ct e d Alt er n ati v e 

M at eri al  

T a bl e s  of Pr o p ert y  

P erf or m a n c e Crit eri a  
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T a bl e 9  W ei g ht f a ct ors f or 1 6 pr o p erti es s el e ct e d  

N o  M AI N F A C T O R S  w  

1  Str ess r el a x ati o n  4  

2  A gi n g r esist a n c e  4  

3  W e at h er r esist a n c e  4  

4  O z o n e r esist a n c e 4  

5  W at er r esist a n c e  4  

6  G as p er m e a bilit y  3  

7  T e nsil e str e n gt h  1  

8  C o m pr essi o n s et  3  

N o  M AI N F A C T O R S  w  

9  R esili e n c e/ R e b o u n d  4  

1 0  T e ar r esist a n c e  2  

1 1  A br asi o n r esist a n c e  1  

1 2  El e ctri c pr o p erti es  1  

1 3  A d h esi o n t o m et als  3  

1 4  Al c o h ols r esist a n c e  4  

1 5  Oils r esist a n c e  4  

1 6  D y n a mi c pr o p erti es  1  

T a bl e 1 0  W ei g ht e d m e a n d e cisi o n m atri x f or g as k et alt er n ati v e el ast o m eri c m at eri al  

Gl ass tr a nsiti o n t e m p. 𝑇 𝑔  [ ° C] -1 0 0  -7 2  -7 2  -7 2  -5 5  -4 2  -5 5  

C ost [$ ] 0. 5 8  1. 2 6  1. 0 0  0. 4 5  0. 5 0  1. 9 5  1. 1 0  

El ast o m e r  

B
R

 

II
R 

I
R 

N
R

 

S
B

R
 

C
R

 

E
P

D
M

 

M ai n  F a ct o rs  –  W ei g ht  

Str ess r el a x ati o n  4  4  2  4  5  4  3  2. 5  
A gi n g r esist a n c e 4  1  4  2  2  1  3  4  
W e at h er r esist a n c e  4  2  5  1. 5  1. 5  2. 5  4. 5  5  
O z o n e r esist a n c e  4  1  5  1  1  1  5  4  
W at er r esist a n c e 4  5  4  5  5  4  2. 5  5  
G as p er m e a bilit y  3  3  3  3  2. 5  2  3  2. 5  
C o m pr essi o n s et  3  2  4  5  5  3  2  2  
R esili e n c e/ R e b o u n d  4  3  2. 5  5  4  3  3  3  
T e ar r esist a n c e  2  4  3  4  4  3. 5  4  4  
A br asi o n r esist a n c e  1  5  2. 5  5  5  5  5  4  
El e ctri c pr o p erti es  1  0  5  5  4  5  4  4  
A d h esi o n t o m et als  3  5  3  5  5  5  4. 5  5  
Al c o h ols r esist a n c e  4  3. 5  4  3  3  3. 5  3. 5  4  
Oils r esist a n c e  4  1  1  1  1  1  3  1  
D y n a mi c pr o p erti es  1  2. 5  2  4  4  2. 5  2  3. 5  

𝜎   2. 7 7  3. 3 8  3. 2 8  3. 2 3  2. 8 2  3. 4 2  3. 5 2  
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If t h e pr o p ert y s el e ct e d w as  c o nsi d er e d i m p ort a nt f or t h e c orr e ct g as k et p erf or m a n c e, it s w ei g ht 

f a ct or v al u e w as  bi g g er, i n c o ntr ast t o n o n -ess e nti al pr o p erti es wit h l o w v al u es; h a vi n g t h e r a n k of 

pr o p erti es as 1: n o n -ess e nti al, 2: l o w i m p ort a n c e, 3: mi d -i m p ort a n c e, 4: i m p ort a nt. 

Af t er t h e w ei g ht e d m e a n c al c ul ati o ns, t h e t w o alt er n ati v e m at eri als o pti o ns w er e s el e ct e d : Et h yl e n e 

Pr o p yl e n e Di e n e el ast o m er ( E P D M) a n d C hl or o pr e n e ( C R). T h es e t w o m at eri als h a d t h e hi g h est 

w ei g ht e d m e a n a c c or di n g t o t h e d e cisi o n m atri x , s u g g esti n g b ett er p erf or m a n c e t h a n t h e c urr e nt 

m at eri al us e d, c o nsi d eri n g t h e pr o p erti es  f or t h e s er vi c e a p pli c ati o n . 

T a bl e 1 1  s u m m ari z es s o m e i nf or m ati o n a b o ut t h e s el e ct e d el ast o m eri c m at eri als. J ust c o nsi d eri n g  

w ei g ht e d m e a n , pri c e a n d T g , E P D M a p p e ars  t o b e a b ett er o pti o n t h a n C R.  

T a bl e 1 1 : Pr o p erti es of s el e ct e d n e w g as k et m at eri al  

S E L E C T E D 
E L A S T O M E R S  

S U M M A R Y D E S C RI P TI O N  

Et h yl e n e -

p r o p yl e ne -d i e n e 

r u b b er ( E P D M) 

T er p ol y m er of e t h yl e ne, p r o p yl e n e a n d di e n e m o n o m ers.  It is a g e n er al -

p ur p os e  m at eri al wit h  e x c ell e nt r esist a n c e t o p h os p h at e est er fl ui ds, br a k e 

fl ui ds, al c o h ols, w e at h er i n g, a gi n g, a n d o z o n e . N ot s uit a bl e f or p etr ol e u m -

b as e d fl ui ds a n d f u els. It c a n b e c o m p o u n d e d f or a wi d e r a n g e of t e m p er at ur e 

us e  ( M y ki n I n c 2 0 1 7; P o p a 2 0 1 1; G e nt 2 0 1 2). 

C hl or o pr e n e 

r u b b er ( C R) 

M o n o c hl ori n at e d b ut a di e n e  p ol y m er. C hl or o pr e n e  c o m m er ci al n a m e is 

N e o pr e n e ®.  It e x hi bits g o o d r esist a n c e t o oil, a gi n g, r efri g er a nts, a n d t o 

c h e mi c al d e gr a d ati o n. E x c ell e nt r esist a n c e t o  w e at h er  a n d o z o n e 

( o xi d ati o n). C R  als o h as g o o d m e c h a ni c al pr o p erti es o v er a wi d e 

t e m p er at ur e r a n g e, d e p e n di n g o n t h e c o m p o u n d f or m ul a ( M y ki n I n c 2 0 1 7; 

P o p a 2 0 1 1; G e nt 2 0 1 2) . 

3. 3  M at e ri al  test i n g 

I n t hi s s e cti o n, t h e t ests p erf or m e d o n t h e g as k ets ar e pr es e nt e d. First, g e n er al c o nsi d er ati o ns t h at 

a p pl y t o all t h e t ests p erf or m e d ar e m e nti o n e d. Aft er t h es e g e n er al crit eri a, e a c h t est m et h o d is 

e x pl ai n e d i n d et ail. T h e t ests i n cl u d e: H ar d n ess t est, c o m pr essi o n t ests, a n d c h e mi c al c o m p ati bilit y 

t est. 
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3. 3. 1  G e n e r al c o nsi d e r ati o ns  

  St atisti c al p ri n ci pl es  

It w as ass u m e d t h at t h e e x p eri m e nt al u nit s , or t est pi e c es ( g as k ets), w er e u nif or m, si n c e e a c h s et 

of s a m pl es c a m e fr o m t h e s a m e b at c h  or pr o vi d er . It w as als o ass u m e d t h at e a c h s et of  t est pi e c es 

h a d t h e s a m e v ul c a ni z ati o n d at e, e v e n if t h e pr e ci s e d at e w as u n k n o w n.  

T o esti m at e a n d c o ntr ol l o c al e x p eri m e nt al err or v ari a n c e, r e p e ats w er e us e d. M e as ur e m e nt 

r e pli c ati o ns w er e p erf or m e d  as p er e a c h t est m et h o d pr o c e d ur e ( A S T M or I S O) f or e a c h 

c orr es p o n di n g pr o p ert y , a n d  s p e ci al c ar e w as t a k e n t o f oll o w t h e t e c h ni q u es d es cri b e d as cl os el y  

as p ossi bl e  t o t h e d es cri pti o ns d e pi ct e d i n e a c h st a n d ar di z e d t est m et h o d . If d e vi ati o ns w er e t a k e n, 

t h es e w er e e x pli citl y  a n n ot at e d  i n t h e c orr es p o n di n g t est r e p ort . A d diti o n all y, l o c al e x p eri m e nt al 

err or v ari a n c e w as f urt h er c o ntr oll e d t hr o u g h  bl o c ki n g  a n d r a n d o mi z ati o n. Bl o c ki n g w as d o n e b y 

di vi di n g t h e t hr e e gr o ups of s a m pl es  i n s ets: c urr e nt m at eri al, E P D M a n d N e o pr e n e ; a n d  h a d  all of 

t h e m ass ess e d wit h t h e e x a ct s a m e t est pl a n. T h e s a m pl e si z e p er e a c h s et w a s of N = 3 0, a n d a l a b el 

wit h t h e n u m b er 1 t o 3 0 wit h t h e c orr es p o n di n g el ast o m er  n a m e w as us e d w h er e a p pr o pri at e; t h e 

l a b els us e d w er e: “E P D M ” , “ N e o ” a n d  “ C urr ” . R a n d o m  s a m pl e s el e cti o n  w as d o n e t hr o u g h M S 

E x c el r a n d o m f u n cti o n r a n d(), w hi c h ps e u d o -ra n d o ml y g e n er at e d  3 0 n u m b ers . A ft er w ar ds, t h es e 

w er e r a n k e d fr o m 1 t o 30 wit h M S E x c el f u n cti o n r a n k(); t h us a c hi e vi n g tr u e r a n d o mi z ati o n. T his 

pr o c ess g e n er at e s diff er e nt p er m ut ati o ns  f or t esti n g ( K u e hl 2 0 0 0). E a c h p er m ut ati o n w as f oll o w e d 

t o pi c k a s a m pl e. An  e x a m pl e of a t est u nit s el e cti o n p er m ut ati o n c a n b e s e e n b e l o w: 

T a bl e 1 2  E x a m pl e of a r a n d o m p er m u tati o n f or s el e cti n g g as k et s a m pl es

I D 
R A N D O M 
N U M B E R  

R A N K  

1  0. 2 8 4  2 6  
2  0. 9 4 9  3  
3  0. 0 6 1  2 9  
4  0. 0 1 6  3 0  
5  0. 9 8 6  1  
6  0. 8 9 7  6  
7  0. 5 2 6  1 7  
8  0. 3 6 6  2 3  
9  0. 4 5 4  2 0  
1 0  0. 1 2 3  2 7  

I D 
R A N D O M 
N U M B E R  

R A N K  

1 1  0. 3 8 4  2 2  
1 2  0. 9 8 3  2  
1 3  0. 4 0 6  2 1  
1 4  0. 2 8 6  2 5  
1 5  0. 9 1 8  5  
1 6  0. 5 7 5  1 6  
1 7  0. 9 4 3  4  
1 8  0. 3 6 2  2 4  
1 9  0. 8 7 4  8  
2 0  0. 8 8 3  7  

I D 
R A N D O M 
N U M B E R  

R A N K  

2 1  0. 6 3 0  1 3  
2 2  0. 7 2 3  1 1  
2 3  0. 5 7 8  1 5  
2 4  0. 4 6 6  1 9  
2 5  0. 6 2 0  1 4  
2 6  0. 1 1 2  2 8  
2 7  0. 4 7 1  1 8  
2 8  0. 8 7 0  9  
2 9  0. 6 5 3  1 2  
3 0  0. 7 5 7  1 0  
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F or t his t h esis, t h e arit h m eti c m e a n e q u ati o n w as u s e d t o e x pr ess r es ult s , 

𝑇 =
1

𝑔
∑ 𝜎 𝐹

𝐿

𝐿= 1

 (2 8 ) 

a s w ell as t h e St a n d ar d D e vi ati o n of a t est pi e c e s et of m e as ur e m e nts , 

σ 𝐿 = √
1

𝑅 − 1
∑ ( 𝑟 𝜎 − 𝐹 ) 2

𝐴

𝐸 = 1

 (2 9 ) 

B ot h μ  a n d σ  c a n h a v e  s u b -i n d e x es t o i n di c at e w hi c h c orr es p o n di n g m e as ur e m e nt  t h e y r ef er t o. 

F or e x a m pl e, 𝑆 𝑀  w as  t h e m e a n of t h e 𝑆 𝐵  h ar d n ess m e as ur e m e nts , h a vi n g 𝜖 = 1  𝑉 𝑉  5  m e as ur e m e nt 

p oi nt s. Si mil arl y, a t est pi e c e h ar d n ess m e as ur e m e nt st a n d ar d d e vi ati o n w as  t a k e n as σ S H
 

F or h ar d n ess c h a n g e a n d m ass c h a n g e m e a n c o m p aris o ns, a p air e d t -t est wit h  a c o nfi d e n c e i nt er v al 

of 9 5 % w as us e d . A p air e d t-t est w as us e d si n c e t h e m e a ns w er e  d e p e n d e nt  i. e. b ef or e -a n d -aft er 

p air of m e as ur e m e nts w er e  d o n e o n t h e s a m e u nit . T h e d at a f or t h e m e a ns  w as ass u m e d t o b e 

c o nti n u o us d e p e n d e nt a n d n or m all y distri b ut e d. N or m alit y w as ass ess e d t hr o u g h pr o b a bilit y pl ot s 

of t h e m e a ns diff er e n c e.  F or c o m pr essi o n s et, stiff n e ss a n d b ul k m o d ul u s m e a n c o m p aris o ns 

b et w e e n diff er e nt el ast o m eri c m at eri als , a n i n d e p e n d e nt t-t est wit h a c o nfi d e n c e i nt er v al of 9 5 % 

w as us e d. St atisti c al a n al ysis w as d o n e t hr o u g h Mi nit a b ™ a n d M A T L A B ™ s oft w ar e.  

  V a ri a bl es  

T h e f oll o wi n g s e cti o n e nlist s t h e  v ari a bl es of i nt er e st f or e v er y t est  p erf or m e d . T h e v ari a bl e s b ei n g 

c h a n g e d, or i n d e p e n d e nt, ar e  l a b el e d as t y p e m a ni p ul at e d . T h e d e p e n d e nt , or o ut c o m e, v ari a bl e s 

ar e n a m e d t y p e r es p o n di n g . Fi n all y, all v ari a bl e s t h at r e m ai n c o nst a nt ar e s p e cifi e d as t y p e 

c o ntr oll e d. F or all t ests, t h e g as k et m at eri al w as c o ntr oll e d . T hr e e s et s of 3 0 g as k et s a m pl es  p er 

m at eri al w er e us e d : 3 0 C urr e nt m at eri al, 3 0 E P D M, a n d 3 0 C R . G as k et s a m pl es m a d e of t h e 

c urr e nt m at eri al w er e pr o vi d e d  b y C P t hr o u g h it s L a m bt o n m e c h a ni c al s h o p i n E d m o nt o n . E P D M 

a n d C R g as k et s a m pl es w er e r e q u est e d t o b e m a n uf a ct ur e d b y a t hir d p art y ; G E M M A P l asti cs 

P r o d u cts I n c. T h e g as k et di m e nsi o n al g e o m etr y w as als o c o ntr oll e d , h a vi n g  t w o ki n ds : st a n d ar d 

g e o m etr y ( C urr e nt m at eri al) a n d si m plifi e d st a n d ar d g e o m etr y ( E P D M a n d C R). T h e st a n d ar d 

g e o m etr y is a fi nis h e d r ailr o a d air br a k e g as k et. T h e si m plifi e d st a n d ar d g e o m etr y w as d esi g n e d 
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f or t hi s st u d y a n d gi v e n t o t h e t hir d p art y f or m a n uf a ct uri n g p ur p os es. T h e li n e ar di m e nsi o ns of 

t h e st a n d ar d g e o m etr y g a s k ets pr o vi d e d b y C P c o m pli e d t o t h e t ol er a n c es i n s p e cifi c ati o n M -6 0 2 , 

A A R M S R P. It w as r e q u est e d t o t h e t hir d p art y t h at th e alt er n ati v e m at eri al g as k ets si m plifi e d 

st a n d ar d g e o m etr y di m e nsi o ns w er e k e pt as cl os e as p ossi bl e t o t h e A A R s p e cifi c ati o ns, b ut d u e 

t o t h e v ari a bilit y of t h e c o m pr essi o n m ol di n g pr o c ess a n d c o m pl e xit y of t h e st a n d ar d g e o m etr y , 

dis cr e p a n ci es w er e f o u n d . A v ari ati o n of 4. 3 % i n t hi c k n ess di m e nsi o ns w as f o u n d b et w e e n t h e 

si m plifi e d g e o m etr y a n d t h e st a n d ar d o n e, t h us t hi c k n ess i n t h e si m plifi e d st a n d ar d g e o m etr y 

s a m pl es di d n ot c o m pl y wit h A A R s p e cifi c ati o ns.  

 

  
( a) ( b) 

Fi g ur e 2 1  G as k et s a m pl e s g e o m etri es cr oss -s e cti o ns ( a) St a n d ar d g e o m etr y ( b) Si m plifi e d 
st a n d ar d g e o m etr y  

 

  H ar d n ess T est  

T a bl e 1 3  V ari a bl es of i nt er est f or t h e h ar d n ess test  

V A RI A B L E  T Y P E  R A N G E  C O M M E N T S  

T e m p er at ur e  
 

H u mi dit y  
[ 5 0 %] 

M a ni p ul at e d  

R o o m T e m p er at ur e  
~ 2 3 ± 1 ° C  

R o o m t e m p er at ur e pr o vi d e d b y 
t h e u ni v ersit y w or ks h o p f a ciliti es. 

C ol d  t e m p er at ur e: 
~ -4 0 ± 1 ° C  

 

T h e g as k ets w er e k e pt st or e d i n 
a n i ns ul at e d c o nt ai n er al o n g wit h 
1 5 l bs. of dr y i c e ( -7 8 ° C) f or 2 4 
h o urs.  

L o a d  C o ntr oll e d  M a n u all y  

F oll o wi n g O E M i n di c ati o ns, 
e n o u g h f or c e w as a p pli e d t o m a k e 
fir m c o nt a ct b et w e e n t h e t o p 
s urf a c e a n d t h e pr ess er f o ot t o 
a c q uir e a m e as ur e m e nt  

G as k et  
H ar d n ess  

R es p o n di n g  
S h or e A  
0 –  1 0 0  

T h e a p p ar at us us e d w as a S h or e A 
H ärt e pr üf er D ur o m et er ( G n e h m 
H a ert e pr u ef e )  

  C o m pr essi o n  t ests 
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o  S tr ess-str ai n b e h a vi or , b ul k m o d ul us , a n d le a k a g e  

T a bl e 1 4  V ari a bl es of i nt er est f or t h e c o m pr essi o n str ess -str ai n pr o p erti es a n d b ul k m o d ul us t ests  

V A RI A B L E  T Y P E  R A N G E  C O M M E N T S  

T e m p er at ur e  C o ntr oll e d  ~ 2 3 ± 1 ° C  
R o o m t e m p er at ur e pr o vi d e d b y t h e u ni v ersit y 
w or ks h o p f a ciliti es. 

L o a d  R es p o n di n g  0 t o ~ 2 0 0 0 N  
L o a d w as a p pli e d wit h a n M T S m a c hi n e  
M o d el 8 1 0 , t h e n m e as ur e d wit h a l o a d c ell  
M o d el 3 1 8 , a n d l o g g e d wit h  s oft w ar e.  

Dis pl a c e m e nt  
[ Str o k e] 

M a ni p ul at e d  0 t o -3. 0 0 m m  

D is pl a c e m e nt w as  pr o gr a m m e d as a 
c o ntr oll e d  s et -p oi nt of -3. 0 0 m m t o b e r e a c he d  
b y t h e M T S m a c hi n e  cr o ss -h e a d.  T h e si g n 
i n di c at es c o m pr essi o n  dir e cti o n.  

S p e e d R at e  C o ntr oll e d  

1 0. 0 0 
m m/ mi n  

a n d  
0. 0 1 m m/ mi n  

S p e e d w as  pr o gr a m m e d as  a R A M P  of  1 0 . 0 0 
m m/ mi n f or t h e str ess-str ai n t est , a n d of 0. 0 1 
m m/ mi n f or t h e B ul k /l e a k t est 

S a m pli n g 
Fr e q u e n c y  

C o ntr oll e d  2 0 H z  
2 0 s a m pl es p er s e c o n d w er e  pr o gr a m m e d f or 
t h e D at a A c q uisiti o n ( D A Q) s oft w ar e. 

Pr ess ur e  C o ntr oll e d  9 0 psi  
Pr ess ur e w as pr o vi d e d b y t h e m e c h a ni c al s h o p 
air s u p pl y  

o  C o m pr essi o n s et at l o w t e m p er at ur e 

T a bl e 1 5  V ari a bl es of i nt er est f or t h e c o m pr essi o n s et at l o w t e m p er at ur e  

V A RI A B L E  T Y P E  R A N G E  C O M M E N T S  

T e m p er at ur e  M a ni p ul at e d  ~ -4 0 ° C  
T h e g as k ets w er e c o m pr e ss e d a n d st or e d 
i n a n i ns ul at e d c o nt ai n er al o n g wit h a c o ol 
b at h of dr y i c e a n d m et h a n ol f or 2 h o urs.  

L o a d  C o ntr oll e d  
M e c h a ni c al  

 

C o m pr essi o n l o a d a p pli e d wit h t hr e e C-
cl a m ps t o d e pr ess a n d h ol d a t est s a m pl e 
b et w e e n t w o fl at s urf a c es. 

Dis pl a c e m e nt  C o ntr oll e d  0. 2 5 m m  
C o ntr oll e d t hr o u g h t hr e e 0. 2 5 m m D o w ell 
pi ns us e d as s p a c ers.  

R e c o v er y 
p eri o d  

R es p o n di n g  3 0 s e c a n d 3 0 mi n  
Ti m es w h e n t h e t est s a m pl e t hi c k n ess w as 
m e as ur e d aft er t h e l o a d r el e as e.  

T hi c k n ess  R es p o n di n g  0. 3 4 5 i n ± 5 %  

T hi c k n ess m e as ur e m e nts w er e d o n e usi n g 
a di al mi cr o m et er wit h a fl at pr ess er f o ot. 
C urr e nt m at eri al g as k ets w er e st a n d ar d, 
w h er e as E P D M a n d C R w er e si m plifi e d.  
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  C h e mi c al c o m p ati bilit y  [ eff e ct of li q ui ds] 

T a bl e 1 6  V ari a bl es of i nt er est f or t h e c h e mi c al c o m p ati bilit y [ eff e ct of li q ui ds] t est  

V A RI A B L E  T Y P E  R A N G E  C O M M E N T S  

T e m p er at ur e  
 

M a ni p ul at e d  
~ 2 3 ± 1 ° C  
5 0 ± 1 ° C  

R o o m t e m p er at ur e pr o vi d e d b y t h e 
u ni v ersit y w or ks h o p f a ciliti es  
5 0 ° C w a s m ai nt ai n e d wit h a W at er B at h.  

C h e mi c als  C o ntr oll e d  

M et h a n ol 
b as e d  

[ B oili n g p oi nt: 
6 4 ° C]  

C R C ® Di es el ™ air br a k e  a nti -fr e e z e & 
c o n diti o n er  ( C R C I n d ustri es 2 0 1 5)  
Kl e e n -fl o air br a k e  a ntifr e e z e ( Kl e e n-fl o 
2 0 1 5)  

Ti m e  
 

R es p o n di n g  
0 –  7 0 hrs  

Im m ersi o n p eri o d o pti o n  i n A S T M 
D 4 7 1 ( A S T M 2 0 1 6) 

M ass  
 

R es p o n di n g  
~  8 . 0 0 0 gr  

I niti al m ass a n d it s c h a n g e w as m e as ur e d 
as p er A S T M D 4 7 1 ( A S T M 2 0 1 6) 

H ar d n ess  
 

R es p o n di n g  
S h or e A  
0 –  1 0 0  

H ar d n ess w as m e as ur e d as p er st a n d ar d 
A S T M D 2 2 4 0 ( A S T M 2 0 1 5) 

  A p p a r at us  

  G e n eri c t h er m o m et er/ h y gr o m et er  

A m bi e nt t e m p er at ur e a n d h u mi dit y w er e m e as ur e d t hr o u g h a g e n eri c br a n d di git al t h er m o m et er 

a n d h y gr o m et er d uri n g all t ests.  

  Di al mi cr o m et er  

A di al mi cr o m et er w as us e d t o m e as ur e t h e t hi c k n ess of t h e g as k ets, as p er i n di c ati o ns i n A S T M 

D 3 7 6 7 St a n d ar d pr a cti c e f or R u b b er - M e as ur e m e nt of di m e nsi o ns ( A S T M 2 0 1 4 a). T h e Pr o c e d ur e 

f oll o w e d w as A, w hi c h e n c o m p ass es t hi c k n ess di m e nsi o ns u p t o 3 0 m m usi n g a di al mi cr o m et er 

wit h a fl at cir c ul ar pr ess er f o ot , as s h o w n b el o w:  

 

Fi g ur e 2 2  Di al mi cr o m et er wit h ri gi d m et al b as e, st a n d, a n d fl at pr ess e r f o ot us e d t hi c k n ess 
m e as ur e m e nts  
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  D ur o m et er  

T h e h ar d n ess m e as ur e m e nts w er e d o n e wit h a pr e cisi o n S h or e A d ur o m et er , as s h o w n b el o w:  

 

Fi g ur e 2 3  G n e h m H ärt e pr üf er S h or e A D ur o m et er wit h a s c al e of 0 t o 1 0 0 . 

S h or e A d ur o m et er s h a v e  a  c o ni c al i nt e n d er ti p, a n d it is r e c o m m e n d e d f or m e as uri n g h ar d n ess 

fr o m s oft r u b b ers, el ast o m ers, n at ur al r u b b er pr o d u cts, n e o pr e n e, r esi ns, p ol y est ers, s oft P V C, 

l e at h er, et c. ( G n e h m H a ert e pr u ef e ). A s et of r u b b er r ef er e n c e ri n gs wit h k n o w n n o mi n al S h or e A 

H ar d n ess v al u es w er e us e d f or c ali br ati o n p ur p os es.  

  Di git al T h er m o m et er a n d T h er m o c o u pl e . 

S urf a c e t e m p er at ur e  w a s m e as ur e d wit h a n O M E G A H H 5 0 6 d i git al th er m o m et er , a n d a 

th er m o c o u pl e ty p e K e n cl os e d i n a su rf a c e pr o b e c as e (Fi g ur e 2 4 ). T h e d i git al th er m o m et er w as 

pr e vi o usl y c ali br at e d b y a t e c h ni ci a n f oll o wi n g t h e Ori gi n al E q ui p m e nt M a n uf a ct ur er [ O E M ] 

c al i br ati o n m a n u al. A  t h er m o c o u pl e t y p e K r a n g e is fr o m -2 0 0 ° C t o 1 3 7 2 ° C wit h a r es ol uti o n of 

0. 1 ° C.  

 

Fi g ur e 2 4  Di git al th er m o m et er,  th er m o c o u pl e t y p e K a n d s urf a c e p r o b e 
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  F LI R E 6 0 C a m er a  

C ol d t e m p er at ur e w as m e as ur e d  wit h a  F LI R E 5 0  i nfr ar e d t h er m al i m a gi n g c a m er a , t o h a v e a 

br o a d er  r a n g e of m e as ur e m e nt p oi nt s. Wit h t h e c a m er a, a t e m p er at ur e gr a di e nt al o n g t h e s urf a c e 

of t h e g as k et fi xt ur e , it s s urr o u n di n gs, a n d t h e g as k et it s elf w er e  m e as ur e d.  T h er m al i m a gi n g 

m e as ur e m e nts w er e v erif i e d wit h t h e di git al t h er m o m et er a n d t h er m o c o u pl e m e as ur e m e nts .  

 

Fi g ur e 2 5  T h er m al i nfr ar e d c a m er a pi ct ur e of g as k et fi xt ur e a n d g as k et  

  M at eri al T esti n g S yst e m ( M T S) m a c hi n e  

A m o d el 8 1 0 M T S m ulti p ur p os e s er v o h y dr a uli c t esti n g s y st e m f or m e c h a ni c al st ati c a n d d y n a mi c 

t ests w as us e d t o p erf or m t h e str ess-str ai n c o m pr essi o n pr o p erti es a n d b ul k m o d ul us t esti n g. T h e 

M T S cr oss h e a d w as l o w er e d wit h t h e h y dr a uli c c o ntr ols p a n el a n d st ati o n e d i n t h e s a m e p ositi o n 

t hr o u g h o ut all t h e t ests s e q u e n c e; t hi s p a n el w as als o us e d t o o p e n a n d cl os e t h e gri ps t h at h el d o n 

t h e g as k et fi xt ur es. M a n u al c o ntr ol w as p erf or m e d t o s et t h e l o w er gri p i niti al p ositi o n b ef or e e a c h 

a ut o m ati c t est usi n g a c yli n dri c al k n o b i n t h e H u m a n M a c hi n e I nt erf a c e [H MI ] p a n el , w hi c h c a n 

b e s e e n i n Fi g ur e 2 6 . All  a ut o m ati c c o m pr essi o n  test s e q u e n c e s w er e  pr o gr a m m e d wit h t h e  M T S 

pr o pri et ar y s oft w ar e n a m e d T est W ar e ®. T h e v ari a bl es s el e ct e d t o b e r e c or d e d i n e v er y t est w er e: 

ti m e i n s e c o n ds [ s e c], lo a d i n N e wt o ns  [ N], a n d cr o ss h e a d d is pl a c e m e nt i n milli m et ers [ m m]; t h es e 

w er e l o g g e d i n a .t xt fil e b y t h e s oft w ar e at t h e e n d of e a c h s e q u e n c e . T h e v ari a bl es w er e att ai n e d  

t hr o u g h a d at a a c q uisiti o n ( D A Q) c ar d i nst all e d i n t h e P C w or kst ati o n  a n d t h e a p pr o pri at e 

tr a ns d u c ers. T h e w or kst ati o n i nt er n al cl o c k  m o nit or e d ti m e , t h e l o a d c ell  m e as ur e d f or c e , a n d t h e 

li n e ar dis pl a c e m e nt tr a ns d u c er m e as ur e d  dis pl a c e m e nt . 
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Fi g ur e 2 6  M o d el 8 1 0 M T S m a c hi n e wit h H MI p a n el f or m a n u al str o k e/ di s pl a c e m e nt c o ntr ol a n d 
W or kst ati o n wit h D A Q a n d  T est W ar e ® S oft w ar e f or a ut o m ati c c o ntr ol a n d l o g gi n g  

  G as k et Fi xt ur es  

T w o s ets of c o m pr essi o n fi xt ur es w er e d esi g n e d a n d m a n uf a ct ur e d f or t h e c o m pr essi o n t ests. T h e 

d esi g n i n A ut o C A D a n d t h e w or k r e q uisiti o n w er e d o n e b y R o y a V a g h ar. T h e first fi xt ur e w as  

us e d t o c o m pr ess o n e g a s k et b et w e e n t w o fl at s urf a c es a n d t h e s e c o n d fi xt ur e t o c o m pr ess t w o 

g as k ets. T h e s e c o n d s et of fi xt ur es h as a n i nsi d e a gr o o v e t h at mi mi cs a n Air br a k e  gl a d -h a n d. Als o, 

o n e of t h e fi xt ur es i n t h e s e c o n d s et h as a p ort f or pr ess uri z i n g t h e i nsi d e of t h e c o u pli n g, si m ul ati n g 

a pr ess uri z e d Air br a k e . B ot h fi xt ur es w er e d esi g n e d t o fit i nsi d e t h e M T S m a c hi n e h y dr a uli c gri p 

s yst e m. Fi g ur e 2 7  s h o ws t h e d esi g n dr aft f or t h e first fi xt ur e a n d Fi g ur e 2 8  s h o ws t h e s e c o n d s et:  

 

H MI  

 

M T S m a c hi n e  

 

W or kst ati o n f or A ut o m ati c 

C o ntr ol a n d L o g gi n g  
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Fi g ur e 2 7  O n e g as k et str ess -str ai n c o m pr essi o n pr o p erti es fi xt ur e ( L eft) L at er al vi e w ( Ri g ht) 

Fr o nt vi e w  

 
Fi g ur e 2 8  T w o g as k ets c o m pr essi o n fi xt ur e f or pr ess uri z e d t est ( B ul k m o d ul us a n d l e a k a g e) 

( L eft) L at er al vi e w ( Ri g ht) Fr o nt vi e w. S e cti o n A-A s h o ws t h e air i nl et p ort.  

  Air -br a k e s ol uti o n  

T hir d -p art y pr o pri et ar y e q ui p m e nt d esi g n e d t o pr o vi d e l e a k a g e air fl o w r e a di n gs wit hi n 0. 2 lit ers -

p er -mi n ut e [ L P M] i n a n air -pr ess uri z e d s yst e m, all o wi n g d et er mi n ati o n of t h e l e a k si z e a n d a n y 

r e m ai ni ng l e a k a g e if a r e p air w as d o n e. Air s h o p pr ess ur e m ust b e c o n n e ct e d o n o n e si d e, a n d i n 

t h e e xit, it m ust b e c o n n e ct e d o n t h e air s yst e m t h at w a nts t o b e e v al u at e d f or l e a k a g e i. e. air br a k e . 

T h e e q ui p m e nt i n cl u d es t w o pr ess ur e di al g a g es n a m e d T A R G E T a n d S Y S T E M, as w ell as t w o 

fl o w m et ers m ar k e d as L O- F L O W & HI -F L O W; t h e T A R G E T pr ess ur e c a n b e r e g ul at e d wit h t h e 

fr o nt k n o b w h e n air w a s c o n n e ct e d t o t h e e q ui p m e nt. W h e n t h e l e v er  w as e n g a g e d i n L O A D 
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p ositi o n, t h e S Y S T E M pr ess ur e will tr y t o m at c h t h e T A R G E T pr ess ur e. As t h e S Y S T E M fill s 

wit h air a n d t h e pr ess ur e r e a di n g g ets cl os e t o t h e s el e ct e d T A R G E T pr ess ur e, air fl o w will b e gi n 

t o sl o w d o w n. W h e n t h e S Y S T E M pr ess ur e ris es t o a p pr o xi m at el y 9 2± 1 psi, air fl o w  w as i nt er n all y 

di v ert e d t o t h e air fl o w m et ers. W h e n t h e air fl o w sl o ws t o 3 L P M, t h e Hi -Fl o w m etr e B all will b e gi n 

t o dr o p a n d a l e a k a g e m e as ur e m e nt b et w e e n 0 a n d 3 L P M c a n b e a c hi e v e d. T h e L O-

F L O W m etr e r a n g es fr o m 0 L P M t o 0. 2 L P M, b ut a l e a k i n t his r a n g e w as n e gli gi bl e . 

 

Fi g ur e 2 9  Air -br a k e s ol uti o n wit h air pr ess ur e g a g e di als a n d hi g h -pr e cisi o n air fl o w m et ers f or 
l e a k a g e ass ess m e nt 

  
Fi g ur e 3 0  Air br a k e  s ol uti o n tr a ns d u c ers ( L eft) Pr ess ur e di al g a g es ( Ri g ht) B all i n di c at or 

fl o w m et ers 

  Di git al C ali p er  

T h e  g as k ets di a m et er di m e nsi o ns  w er e t a k e n wit h a S T M G 7 1 1 4 2 6 di git al c ali p er ( Fi g ur e 3 1 ). T h e 

c ali p er w as f a ct or y c ali br at e d a n d j ust n e e d e d z er oi n g at t h e b e gi n ni n g of e a c h m e as ur e m e nt.  
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Fi g ur e 3 1  Di git al C ali p er wit h L C D i n i n c h es  s c al e 

  B e a k ers  

T w o 2 0 0 ml a n d o n e 5 0 0 ml gr a d e d P yr e x ™ gl ass b e a k ers wit h r u b b er st o p p ers w er e us e d t o st or e 

t h e c h e mi c als a n d h a n g t h e g as k ets f or i m m ersi o n (Fi g ur e 3 2 ). T h e st o p p er h o o k a n d g as k et h a n g er 

w er e m a n u all y m a d e fr o m 3 1 6 L st ai nl ess st e el s q u ar e wir e, g a u g e 2 0.  

 

Fi g ur e 3 2  B e a k er ( 2 0 0 ml gr a d e d) wit h r u b b er st o p p er a n d h o o k, i m m ersi o n fl ui d, g as k et h a n g er, 
a n d t hr e e g as k ets, pr o p erl y l a b el e d.  

  T a p er e d w ei g ht b ottl e  

A b or osili c at e gl ass w ei g hi n g b ottl e f or pr e cisi o n w ei g hi n g w as us e d f or t h e p ost -i m m ersi o n m ass 

m e as ur e m e nts, as p er A S T M D 4 7 1. Its di m e nsi o ns w er e 6 0 m m i n di a m et er a n d 3 0 m m i n h ei g ht.   

 

Fi g ur e 3 3  B or osili c at e gl ass w ei g hi n g b ottl e wit h li d. Di m e nsi o ns w er e  e n o u g h t o fit t h e g as k ets 
f or w ei g hi n g. 

  W at er B at h  

P S ( Pr e cisi o n S c i e ntifi c C o) T h el c o M o d el 8 1 w at er b at h wit h t e m p er at ur e c o ntr ol di al c a p a bl e of 

m ai nt ai ni n g a st a bl e w at er t e m p er at ur e u p t o 1 0 0 ° C. T h e p o w er o utl et w as  gr o u n d e d, s uit a bl e f or 

pr e v e nti n g fir e h a z ar ds.  
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Fi g ur e 3 4  W at er b at h wit h p o w er s wit c h a n d t e m p er at ur e c o ntt ol di al. T h e t e m p er at ur e w as 
r ais e d t o 5 0 ° C 

  W at er C o ol e d R efl u x C o n d e ns er cl a m p e d t o a r o d a n d b as e  

F or i m m ersi o n t ests wit h v ol atil e li q ui ds at el e v at e d t e m p er at ur e ( 5 0 ° C), a gl ass r efl u x c o n d e ns er 

c o ol e d d o w n wit h w at er w as  us e d t o c o n d e ns e a n d k e e p t h e e v a p or at e d v ol atil e li q ui d i nsi d e of t h e 

b e a k er as p er A S T M D 4 7 1. T h e r efl u x c o n d e ns er l e n gt h w as 5 0 0 m m a n d it s o utsi d e di a m et er 

2 0 m m, c o m pl yi n g wit h A S T M D 4 7 1. A 1 2 V D C, s u b m ersi bl e, br us hl ess w at er p u m p w as us e d t o 

cir c u l at e w at er fr o m a 2 L w at er c o nt ai n er i n a n d o ut t h e c o n d e ns er. T h e w at er w as r e pl a c e d e v er y 

2 4 hrs wit h c ol d t a p w at er ( ~ 1 8 ° C) t o m ai nt ai n c o n d e ns ati o n. T h e c o n d e ns er w as fi x e d t o a s u p p ort 

r o d a n d st a n d wit h cl a m p s. 

 

Fi g ur e 3 5  S u p p ort st a n d a n d cl a m p h ol di n g t h e r efl u x c o n d e ns er. P ol y vi n yl h os es w er e  att a c h e d 
t o t h e c o n d e ns er c o n n e cti n g t h e p u m p i nsi d e t h e 2 L b e a k er cr e ati n g t h e w at er fl o w cir c uit 

  A n al yti c al l a b or at or y b al a n c e s c al e  

A S art ori us 1 2 0 7 M P 2 hi g h -pr e cisi o n s c al e w as u s e d t o m e as ur e t h e g as k et m ass pr e -i m m ersi o n 

a n d p ost -i m m ersi o n. T h e s c al e h as a 0. 0 00 1 g r es ol uti o n, c o m pl yi n g wit h st a n d ar d A S T M D 4 7 1.  

W at er i n  

W at er o ut  
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Fi g ur e 3 6  Hi g h pr e cisi o n di git al w ei g hi n g s c al e us e d f or j e w ell er y m ass m e as ur e m e nt. Its o w n 
a ut o c ali br ati o n pr o c ess w as d o n e b ef or e e a c h m e as ur e m e nt.  

3. 3. 2  H a r d n ess  t est 

T h e o bj e cti v e of t hi s t est w a s t o m e as ur e t h e h ar d n ess of a r ail c ar air br a k e g as k et a n d t o e v al u at e 

c o m pli a n c e wit h S p e cifi c ati o n M -6 0 2 of t h e A m eri c a n Ass o ci ati o n of R ailr o a ds M a n u al of 

St a n d ar ds a n d R e c o m m e n d e d Pr a cti c es [A A R M S R P ] at r o o m t e m p er at ur e a n d w h e n t h e g as k ets 

w er e  e x p os e d t o s u b -z er o t e m p er at ur es . S p e cifi c ati o n M -6 0 2 st at es t h at g as k ets s h all att ai n a 

d ur o m et er r e a di n g of 8 0 ± 5  a n d i n di c ates t h at t h e g as k ets s h all b e m a d e of a n el ast o m eri c 

c o m p o u n d ( A A R P u bli c ati o ns 2 0 0 2). 

  R o o m t e m p e r at u r e  

R o o m t e m p er at ur e m e as ur e m e nts w er e d o n e i n a cl e a n, fl at a n d st a bl e w or k s urf a c e, p ositi o ni n g 

t h e g as k et f a c e wit h t h e pr otr u di n g s h o ul d er o v er t h e s urf a c e a n d it s e v e n f a c e o n t o p, as s h o w n i n 

Fi g ur e 3 7 . T h e ti p of t h e d ur o m et er w as a p pli e d a p pr o xi m at el y 4 m m fr o m t h e e d g e of t h e g as k et, 

t h at is, t h e mi d-p oi nt -r a di us b et w e e n t h e o ut er r a di us a n d t h e i n n er r a di us. F i v e m e as ur e m e nt 

p oi nt s , 1 5. 0 m m a p art fr o m e a c h ot h er, w er e d efi n e d cl o c k wis e al o n g t h e g a s k ets mi d-p oi nt -r a di us 

a n d p erf or m e d as cl os el y as p ossi bl e t h e m a n u al ( h a n d  h el d ) o p er ati o n of d ur o m et er pr o c e d ur e 

m e nti o n e d i n A S T M D 2 2 4 0 , e ns uri n g c o nsist e nt r es ult s . 

 

Fi g ur e 3 7  Fi v e  m e as ur e m e nt p oi nt s e x a m pl e s e q u e n c e d o n e i n a g as k et  s a m pl e  

4  

2  1  

5  3  
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T a bl e 1 7  R a n d o m p er m ut ati o ns f or t h e r o o m t e m p er at ur e h ar d n ess t est

I D P oi nt s  

2 0  5  3  1  2  4  

1 2  2  5  1  4  3  

2 4  5  2  3  1  4  

9  2  1  5  4  3  

1 8  4  2  5  3  1  

2 3  4  3  2  1  5  

2 1  4  3  1  5  2  

6  2  1  3  5  4  

I D P oi nt s  

2 2  3  5  4  1  2  

2  2  5  4  1  3  

2 5  4  3  5  2  1  

1 4  4  1  5  3  2  

2 7  4  5  2  3  1  

1  1  5  3  2  4  

7  2  1  4  3  5  

1 6  3  1  2  5  4  

I D P oi nt s  

1 3  4  2  5  3  1  

1 9  4  2  5  1  3  

8  2  5  1  3  4  

2 6  5  3  2  4  1  

1 5  4  2  5  3  1  

3  1  4  2  5  3  

3 0  5  2  1  4  3  

1 0  4  1  2  3  5  

I D P oi nt s  

5  2  1  4  3  5  

2 8  5  1  3  4  2  

1 1  3  4  1  5  2  

4  1  2  3  4  5  

2 9  4  5  2  1  3  

1 7  3  5  4  1  2  

 

R a n d o mi z ati o n w as d o n e t o eli mi n at e s yst e m ati c err or. G as k et s a m pl e a n d p oi nt m e as ur e m e nt 

w er e r a n d o ml y s el e ct e d , h a vi n g diff er e nt p er m ut ati o ns  f oll o w e d, s h o w n i n T a bl e 1 7 . T h e 

r a n d o mi z ati o n pr o c ess w as t h e s a m e as t h e o n e m e nti o n e d i n s e cti o n 3. 3. 1 . 

T h e h ar d n ess m e as ur e m e nts w er e t a k e n b y pr essi n g d o w n wit h e n o u g h f or c e t h e d ur o m et er a g ai nst 

t h e g as k et p ositi o n e d o v er t h e w or k t a bl e a n d r e c or di n g t h e di al m e as ur e m e nt aft er 3 s e c o n ds; t his 

d el a y g a v e e n o u g h ti m e t o att ai n a st e a d y r e a di n g o n t h e di al  g a g e . 

  C ol d t e m p e r at u r e  

T o r e a c h  t h e r e q uir e d c ol d t e m p er at ur e [-4 0 ° C ], t h e 3 0 g as k et s a m pl es a n d t h e c o m pr essi o n t est 

m et alli c g as k et fi xt ur e w er e k e pt st or e d i n a n i ns ul at e d c o nt ai n er wit h 2 0 l bs of dr y i c e [-7 8 ° C ] u p 

t o 2 4 h o urs t o p erf or m t hi s t est; p eri o di c c h e c ks of t h e t e m p er at ur e w er e d o n e e v er y 6 h o urs  t o 

v erif y if t h e d esir e d t e m p er at ur e w as a c hi e v e d . W h e n t h e d esir e d c ol d t e m p er at ur e w as att ai n e d 

[~ -4 0 ° C ], t h e fr o z e n g as k et fi xt ur e w as p ull e d o ut, a n d t h e g as k et s a m pl es  h ar d n ess m e as ur e m e nts 

w er e t a k e n o n  t h e fr o z e n, m et alli c c o m pr essi o n t est fi xt ur e s urf a c e, w hi c h w as p ositi o n e d b et w e e n 

t w o w o o d e n s u p p orts t h at w or k e d as a b as e ( Fi g ur e 3 8 ). T h e m et alli c fi xt ur e w as als o fr o z e n t o 

h a v e t h e s a m e s urf a c e t e m p er at ur e as t h e g as k et, t h us li miti n g t h e h e at e x c h a n g e a n d o bt ai ni n g a 

c ol d w or k s urf a c e t h at w o ul d k e e p t h e g as k ets at a l o w t e m p er at ur e f or a l o n g er ti m e. Aft er o n e 

p oi nt h ar d n ess m e as ur e m e nt w as p erf or m e d, t h e s a m pl e s el e ct e d  w as r et ur n e d t o t h e i ns ul at e d 

e n cl os ur e , a n d a n ot h er s a m pl e w as t h e n m e as ur e s, all o wi n g at l e ast 1 5 mi n ut es of “r e-fr e e zi n g ” 

ti m e b et w e e n e a c h s a m pl e h ar d n ess p oi nt m e as ur e m e nts. F or e a c h m e as ur e m e nt, a g as k et w as 

pl a c e d wit h it s e v e n f a c e o n t o p of t h e fi xt ur e, as s h o w n i n Fi g ur e 3 9 . T h e n, t h e s a m e pr o c e d ur e 

as wit h t h e r o o m t e m p er at ur e h ar d n ess t est w as f oll o w e d :  
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Fi g ur e 3 8  M et alli c c o m pr essi o n t est  fi xt ur e a n d w o o d e n b as e f or c ol d t e m p er a utr e h ar d n ess t est  

 

Fi g ur e 3 9  Fi v e  m e as ur e m e nt p oi nt s w er e d o n e i n e a c h g as k et  

T h e m e as ur e m e nts w er e t a k e n pr essi n g t h e d ur o m et er a g ai nst t h e g as k et  o v er  t h e m et alli c fi xt ur e, 

w o o d e n b as e,  a n d w or k t a bl e , wit h e n o u g h f or c e , r e c or di n g t h e di al g a g e v al u e aft er 3 s e c o n ds; 

t his d el a y g a v e e n o u g h ti m e t o att ai n a st e a d y r e a di n g.  S urf a c e t e m p er at ur e w as v erifi e d wit h t h e 

di git al t h er m o m et er a n d s urf a c e t h er m o c o u pl e pr o b e, a n d a  tri pl e p oi nt a n d gr a di e nt t e m p er at ur e 

w er e c o nfir m e d wit h t h e i nfr ar e d t h er m al c a m er a ( Fi g ur e 2 5 ) 

 

Fi g ur e 4 0  T h er m al pi ct ur e of t h e m et alli c fi xt ur e, w o o d e n b as e, a n d g as k et b ef or e a h ar d n ess 
m e as ur e m e nt  

G as k et  

Fi xt ur e  
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Fi g ur e 4 1 C ol d t e m p er at ur e h ar d n ess m e as ur e m e nt usi n g nitril e gl o v es 

A v erifi c ati o n of t h e d ur o m et er v al u es w as d o n e wit h a s et of r u b b er r ef er e n c e ri n gs wit h k n o w n 

S h or e A H ar d n ess v al u es, c o m p ari n g t h e n o mi n al a n d m e as ur e d v al u es. M e as ur e m e nts w er e t a k e n 

b ef or e b ot h r o o m t e m p er at ur e a n d c ol d t e m p er at ur e t ests w er e d o n e. 

A li st of t h e r u b b er r ef er e n c es ri n gs a n d t h eir S h or e A H ar d n ess n o mi n al v al u es c a n b e s e e n i n 

T a bl e 1 8, as w ell as a p er c e pti o n s c al e cr e at e d f or b ett er diff er e nti ati o n:  

T a bl e 1 8 S et of r u b b er s a m pl es wit h diff er e nt k n o w n S h or e A H ar d n ess v al u es

I D 
N o mi n al 
V al u e 

[ S h o r e A] 

H a r d n ess 
P e r c e pti o n 

S h o r e A H a r d n ess m e as u r e m e nt  

1  2  3  4  5 𝑇 𝑔  

1  1 0 0  H ar d  9 5  9 6  9 5  9 6  9 7  9 5. 8  

2  9 5  H ar d  9 5  9 5  9 5  9 4  9 5  9 4. 8  

3  9 0  Mi d -H ar d  9 1  9 1  9 0  9 1  9 1  9 0. 8  

4  8 0  Mi d -H ar d  7 9  8 2  8 1  8 2  8 2  8 1. 2  

5  7 0  M e di u m -S oft  7 6  7 5  7 5  7 5  7 4  7 5. 0  

6  6 0  M e di u m -S oft  6 4  6 5  6 5  6 5  6 4  6 4. 6  

7  5 0  S oft  6 0  5 9  6 0  6 0  6 0  5 9. 8  

8  4 0  S oft  5 0  4 9  5 0  4 9  4 8  4 9. 2  

9  3 0  S oft  4 8  5 0  5 0  5 0  4 9  4 9. 4  

 

Fi g ur e 4 2 S h or e A h ar d n ess v al u es c h e c k wit h r u b b er ri n gs of n o mi n al h ar d n ess 

3 0
4 0
5 0
6 0
7 0
8 0
9 0

1 0 0

1 2 3 4 5 6 7 8 9

S
h
or

e 
A 

Ha
r
d
n
es

s

R u b b er wit h k n o w n S h or e A H ar d n ess v al u e

N o mi n al
V al u e

M e as ur e m e nts
M e a n
V al u e
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St a n d ar d d e vi ati o n a n d r e p e at a bilit y v al u es w er e c o m p ar e d wit h t h e “ wit hi n l a b or at or y ” or l o c al 

d o m ai n v al u es s h o w n i n st a n d ar d A S T M D 2 2 4 0. Si n c e all g as k ets h ar d n ess st a n d ar d d e vi ati o ns 

w er e wit hi n l ess t h a n 1 % err or diff er e n c e wit h t h e v al u es fr o m t h e st a n d ar d, n o o utli ers w er e f o u n d.  

3. 3. 3  C o m p r essi o n  tests  

T h e c o m pr essi o n t ests w er e d o n e t o e v al u at e stiff n ess , b ul k m o d ul us, a n d l e a k a g e of t h e air br a k e  

g as k ets at r o o m t e m p er at ur e [~ 2 0 ° C ], as w ell as c o m pr essi o n s et at l o w t e m p er at ur e. F o ur  diff er e nt 

c o m pr essi o n t ests w er e p erf or m e d: O n e g as k et str ess -str ai n c o m pr essi o n pr o p erti es t est,  tw o 

g as k ets str ess -str ai n c o m pr essi o n pr o p erti es t est ( o nl y wit h t h e c urr e nt m at eri al g as k et), t w o 

g as k ets pr ess uri z e d wit h air a n d c o m pr ess e d ; a n d o n e g as k et c o m pr essi o n s et at l o w t e m p er at ur e. 

T o p erf or m t h e pr ess uri z e d t ests, a m o difi e d v ersi o n of t h e C o m pr essi o n S et [ C S] t est fi xt ur e 

s h o w n i n t h e A m eri c a n Ass o ci ati o n of R ailr o a ds M a n u al of St a n d ar ds a n d R e c o m m e n d e d 

Pr a cti c es [A A R M S R P ] S p e cifi c ati o n M -6 0 2 w as  us e d  ( A A R P u bli c ati o ns 2 0 0 2). T h e t est 

pr o c e d ur e us e d , t o o k as r ef er e n c e t h e t e c h ni q u es pr es e nt e d i n t h e T e c h n ol o g y Di g est fr o m t h e 

Tr a ns p ort ati o n T e c h n ol o g y C e nt er [T T C ] ( S a m m o n a n d A n d ers o n 2 0 1 5). T h e l e a k a g e ass ess m e nt 

i n t h e pr ess uri z e d t est, t o o k as r ef er e n c e t h e s e al a bilit y d et er mi n ati o n t est, m et h o d B, s h o w n i n 

A S T M F 3 7  a n d P o d d ar’ s t h esis ( P o d d ar 2 0 1 4). F or t h e o n e g as k et  c o m pr essi o n t est, m et h o d D 

fr o m t h e I S O 7 7 4 3 st a n d ar d w as f oll o w e d.  

T h e m ai n o bj e cti v e of t h e c o m pr essi o n tests w as  t o ass ess t h e f u n cti o n alit y of t h e g as k ets , at r o o m 

a n d c ol d t e m p er at ur e . Wit h t h e stiff n ess  v al u es, a r el ati o ns hi p b et w e e n h ar d n ess c o ul d b e d o n e as 

w ell; i n t ur n w e ar r esist a n c e of t h e g as k ets  m at eri al, all o wi n g c o m p aris o ns b et w e e n t h e t hr e e 

m at eri als: C urr e nt, E P D M, a n d C R.  T h e o v er all ai m w as  t o ass es s  a  g as k et d ur a bilit y, f u n cti o n alit y 

a n d c o m pli a n c e wit h S p e cifi c ati o n M -6 0 2 ( A A R P u bli c ati o ns 2 0 0 2). 

  S t r ess-st r ai n c o m p r essi o n p r o p e rti es  

T o p erf or m all t h e M T S m a c hi n e c o m pr essi o n t est s, t h e f oll o wi n g st art-u p s e q u e n c e w as f oll o w e d:  

1.  T ur n o n t h e w or kst ati o n a n d g et t h e s oft w ar e r e a d y ( T est W ar e ®).  

2.  T ur n o n t h e h y dr a uli c s yst e m t hr o u g h t h e s oft w ar e a n d c h e c k t h at t h e h y dr a uli c pr ess ur e 

w as u n d er n or m al li mit s  (≤  1 5 M P a) . 
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3.  T a k e t h e c orr e ct s et of fi xt ur es f or t h e test t o b e d o n e : fl at fi xt ur es f or o n e g as k et or gr o o v e d 

fi xt ur es f or t w o g as k ets;  a n d p ositi o n t h e pr o p er s et  i nsi d e t h e gri ps of t h e M T S m a c hi n e 

a n d l o c k t h e m i n pl a c e  wit h t h e h y dr a uli c p a n el c o ntr ols . 

4.  D e p e n di n g o n t h e t y p e of t est t o b e p erf or m e d , t h e g as k et or g as k ets n e e d e d t o b e p ositi o n e d  

i n t h e f oll o wi n g f or m: 

a.  O n e g as k et: L u bri c at e wit h sili c o n e oil t h e s urf a c e of t h e l o w er fi xt ur e a n d pl a c e 

o n e r a n d o ml y s el e ct e d g a s k et i n t h e c e nt er of it. T h e u p p er fi xt ur e w as t h e o n e wit h 

c h a n n els a n d t hr e a ds t o fit airli n e c o n n e cti o ns. T h e s e c h a n n els w er e l eft o p e n t o l et 

air o ut w h e n t h e g as k et w as b ei n g c o m pr ess e d.  

b.  T w o g as k ets: T h e t est fi xt ur es h a d gr o o v es i n t h e m t o h ol d i n pl a c e o n e g as k et e a c h, 

mi mi c ki n g t h e c o nfi g ur ati o n s e e n i n air br a k e gl a d -h a n ds. T h e fi xt ur e s et t o b e t h e 

o n e i n t h e u p p er gri p w as t h e o n e wit h c h a n n els a n d t hr e a ds t o fit  airli n e 

c o n n e cti o ns, a n d o n t h e l o w er gri p, t h e fi xt ur e wit h o nl y t h e gr o o v e f or h ol di n g t h e 

g as k et  w as us e d . A p air of g as k ets w er e r a n d o ml y s el e ct e d, h a vi n g t h e g as k et wit h 

t h e hi g h est i d e ntifi c ati o n n u m b er (t h e hi g h est n u m b er p ossi bl e w as 3 0) pl a c e d o n 

t h e u p p er fi xt ur e. T h e g as k et s w er e p us h e d i nsi d e of t h e fi xt ur e gr o o v es u ntil 

pr o p erl y s et  a n d t h e n c o m pr ess e d.  P li ers w er e us e d t o c h a n g e g as k ets w h e n d o n e. 

5.  L o w er t h e M T S cr oss h e a d t o t h e l o w est l e v el p ossi bl e wit h t h e h y dr a uli c p a n el c o ntr ols.  

6.  A cti v at e  t h e H MI p a n el a n d o p er at e it s k n o b f or m a n u al c o ntr ol of t h e l o w er gri p v erti c al 

a xi al m o v e m e nt.  

7.  Bri n g t h e g as k et -fi xt ur e or g as k et-g as k et  s urf a c es  t o a pr e-l o a d of n e ar 1 0 0 N. 

8.  Z er o t h e l o a d a n d dis pl a c e m e nt i n t h e M T S s oft w ar e ( T est W ar e ®)  

9.  S et u p t h e s of t w ar e wit h t h e A ut o m ati c Dis pl a c e m e nt s e q u e n c e p ar a m et ers. T his o nl y m ust 

b e d o n e o n c e p er t est, as t h e s a m e s e q u e n c e w as  u s e d f or e v er y g as k et.  

T h e first r u n of t h e M T S m a c hi n e w as a c o ntr ol r u n, w er e t h e fl at fi xt ur es f a c es w er e br o u g ht i nt o 

c o nt a ct a n d a l o a d of -2 5 0 0 0 N w as a p pli e d ; t h e n e g ati v e si g n i n di c at es c o m pr essi o n. W hil e t h e 

c o m pr essi v e  l o a d w as a p pli e d, t h e PI D c o ntr ols a n d r es ol uti o n of t h e M T S m a c hi n e w er e fi n e -

t u n e d s o t h at t h e m e as ur e m e nts w er e as st e a d y as p ossi bl e; t h e d at a a c q uisiti o n h ad  a n or m al ± 6 N 

n ois e , as p er O E M m a n u al a n d e x p eri e n c e. T his first c o ntr ol r u n w as pr o gr a m m e d as f oll o ws: 



6 5  
 

A.  D A Q i n p ut c h e c k a n d s et u p ( S a m pli n g fr e q u e n c y: 2 0 H z)  

B.  L o a d p h as e ( T y p e: R a m p, R at e: 1 0 m m/ mi n , C o ntr ol: L o a d, E n d L e v el: -2 5 0 0 0 N)  

C.  H ol d p h as e ( C h a n n el : A xi al, Ti m e t o h ol d: 3. 0 0 s e c) 

D.  S e p ar ati o n p h as e ( T y p e: R a m p, R at e: 1 m m/s e c, E n d L e v el: 1 0 0. 0 0 m m)  

U p o n h a vi n g a st e a d y l o a d r e a di n g wit h t h e c o ntr ol r u n, t h e M T S m a c hi n e w as c o nsi d er e d r e a d y 

f or p erf or mi n g t h e C o m pr essi o n t ests. 

  O n e G as k et  

I n t hi s t est, o n e g as k et w as  c o m pr ess e d b et w e e n t h e  fl at co m pr essi o n s et fi xt ur es. T h e M T S 

m a c hi n e st art u p pr o c e d ur e w as  m e nti o n e d a b o v e. T h e a ut o m ati c d is pl a c e m e nt s e q u e n c e f or t hi s 

t est c o nsist e d of t h e f oll o wi n g p h as es: 

A.  D A Q i n p ut c h e c k a n d s et u p ( S a m pli n g fr e q u e n c y: 2 0 H z)  

B.  L o a d p h as e ( R at e: 1 0 m m/ mi n , C o ntr ol: Str o k e, E n d L e v el: -3. 0 0 m m)  

C.  H ol d p h as e ( C h a n n el: A xi al, Ti m e t o h ol d: 3. 0 0 s e c)  

D.  U nl o a d p h as e ( R at e: 1 0 m m/ mi n , C o ntr ol: Str o k e, E n d L e v el: -3. 0 0 m m)  

E.  R e p e at s e q u e n c e p oi nt s B, C, a n d D t wi c e.  

F.  S e p ar at i o n p h as e ( T y p e: R a m p, R at e: 1 m m/s e c, E n d L e v el: 1 0 0. 0 0 m m) 

At t h e e n d of t h e s e q u e n c e, t h e l o w er fi xt ur e a n d g as k et w er e s e p ar at e d wit h t h e H MI m a n u al k n o b 

c o ntr ol. T h e n, t h e c urr e nt t est e d g as k et w as i nt er c h a n g e d wit h a n ot h er o n e a n d t h e pr o c ess w as 

r e p eat e d. Fi g ur e 4 3 d e pi ct s  t h e o n e g as k et c o m pr es si o n t est:  
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Fi g ur e 4 3  O n e g as k et fi xt ur e a ut o m ati c c o m pr essi o n test  

T a bl e 1 9  s h o ws a s a m pl e of t h e d at a t a k e n f or o n e g as k et. T h e first t w o c ol u m ns s h o w t h e d at a 

p oi nt s t a k e n f or b ot h t h e A xi al L o a d a n d t h e A xi al Str o k e, t h e t hir d c ol u m n s h o ws t h e Ti m e t h os e 

m e as ur e m e nts w er e t a k e n. T h e l ast c ol u m n s h o w s t h e c al c ul at e d stiff n ess f or t h e c orr es p o n di n g 

v al u es:  

T a bl e 1 9  O n e g as k et c o m pr essi o n test s a m pl e d at a  

A xi al 
L o a d  

A xi al 
St r o k e  

Ti m e  Stiff n ess  

[ N] [ m m] [ S e c] [ k N/ m] 
-1. 3 7  -0. 1 6  2. 0 4  8. 3 3  

-4 6 0. 5 5  -1. 2 5  1 5. 0 3  3 6 9. 5 8  
-6 0 1. 3 3  -1. 7 3  2 0. 8 3  3 4 7. 6 5  
-8 5 8. 8 7  -3. 0 0  3 6. 1 2  2 8 5. 9 0  

N e g ati v e f or c e a n d dis pl a c e m e nt v al u es w h er e c h a n g e d t o p ositi v e f or b ett er dis pl a y t h e str ess -

str ai n c ur v e. A  c o m pr essi o n str ess -str ai n c ur v e e x a m pl e (si g ns w er e i n v ert e d f or b ett er 

pr es e nt ati o n) of o n e g as k et m a d e of t h e c urr e nt m at eri al is s h o w n b el o w, t h e c ur v e tr e n d a gr e es 

wit h I S O 7 7 4 3 e x a m pl es  a n d wit h ot h er l o w-str ai n el ast o m er st u di es c o m pr essi o n c ur v es ( O a n e a 

F e di u c et al. 2 0 1 3, 1 5 7 -1 6 6; Y e o h 1 9 8 7, 1 2 1 -1 3 6) . F or t h e n u m b er of t e st pi e c es, t hr e e s ets of 

t hr e e t est pi e c es m a d e fr o m e a c h diff er e nt m at eri al ( c urr e nt m at eri al, E P D M, a n d C R) w er e t est e d , 

i n c o m pli a n c e wit h I S O 7 7 4 3 i n di c ati o ns. 
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Fi g ur e 4 4  Str ess -str ai n c o m pr essi o n pr o p erti es c ur v e f or a g as k et m a d e of t h e c urr e nt m at eri al  

  T w o G as k ets  –  N o air  

F or t hi s t est, a  g as k et w as fitt e d i nt o e a c h of t h e t w o fi xt ur es . T h e M T S st art -u p pr o c e d ur e w as  t h e 

s a m e as m e nti o n e d a b o v e . T his t est di d n o t s h o w a n y s u bst a nti al diff er e n c e i n c o m p aris o n wit h 

t h e c o m pr essi o n t est d o n e wit h o n e g as k et; t h er ef or e, it w as o nl y p erf or m e d wit h t h e c urr e nt 

m at eri al g as k et s a n d t h e g e n er al c o m pr essi o n b e h a vi or w as c h e c k e d. T his t est di d n ot  r e v e al a n y 

r el e v a nt v al u e s, b e c a us e a d di n g a s e c o n d g as k et g e n er at es a n a p p ar e nt stiff n ess f or b ot h a n d  h a vi n g 

t h e m i n a r a di al c o nstr ai n e d c o nfi g ur ati o n t h e v ari a bl es a n d s et u p wer e  c o m pl et el y  diff er e nt ; t h us, 

n o t c o m pl yi n g wit h st a n d ar d I S O 7 7 4 3 m et h o ds. T h e a ut o m ati c s e q u e n c e f or t hi s t est w as 

pr o gr a m m e d as f oll o ws : 

A.  D A Q i n p ut c h e c k a n d s et u p ( S a m pli n g fr e q u e n c y: 2 0 H z)  

B.  L o a d p h as e ( R at e: 1 0 m m/ mi n, C o ntr ol: Str o k e, E n d L e v el: -2 . 0 0 m m) 

C.  H ol d p h as e ( C h a n n el: A xi al, Ti m e t o h ol d: 3. 0 0 s e c)  

D.  U nl o a d p h as e ( R at e: 1 0 m m/ mi n, C o ntr ol: Str o k e, E n d L e v el: -2 . 0 0 m m) 

E.  S e p ar ati o n p h as e ( T y p e: R a m p, R at e: 1 m m/s e c, E n d L e v el: 1 0 0. 0 0 m m)  

T h e c o m pr essi o n dis pl a c e m e nt e n d l e v el w as c h a n g e d t o 2. 0 0 m m, si n c e t h e pr otr u di n g h ei g ht of 

t h e g as k ets di d  n o t all o w f or a n y hi g h er e n d l e v el t o b e r e a c h e d. Aft er t h e s e q u e n c e, t h e g as k ets 

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

1 2 0 0

1 4 0 0

1 6 0 0

1 8 0 0

2 0 0 0

0 0. 5 1 1. 5 2 2. 5 3 3. 5

F, 
F
or

ce
 [

N]

∆ h, Di s pl a c e m e nt [ m m]
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w er e i nt er c h a n g e d, a n d t h e s a m e pr o c ess w as a p pli e d t o ot h er g as k et p air , h a vi n g t hr e e r u ns. Fi g ur e 

4 5  s h o ws a n e x a m pl e of t h e t w o -g as k et c o m pr essi o n t est:  

 

Fi g ur e 4 5  T w o g as k et s c o m pr essi o n t est c o nfi g ur ati o n  

A t est d at a s a m pl e c a n b e s e e n o n T a bl e 2 0 .  

T a bl e 2 0  T w o g as k ets c o m pr essi o n test s a m pl e d at a  

A xi al 
L o a d  

A xi al 
St r o k e  

Ti m e  Stiff n ess  

[ N] [ m m] [ S e c] [ k N/ m] 
-1. 8 3  -0. 0 2  0. 1 4  1 0 1. 4 7  

-1 0 0. 9 7  -0. 4 2  4. 9 3  2 4 2. 9 6  
-4 0 1. 4 7  -1. 4 2  1 6. 9 2  2 8 3. 6 8  
-7 5 5. 5 0  -2. 0 1  2 4. 0 7  3 7 6. 1 6  

 

N e g ati v e f or c e a n d dis pl a c e m e nt v al u es w h er e c h a n g e d t o p ositi v e f or b ett er r e pr es e nt ati o n. O nl y 

thr e e p airs of g as k ets m a d e fr o m t h e c urr e nt m at eri al w er e us e d as t est pi e c es. O n e g as k et p air 

F or c e -Dis pl a c e m e nt c ur v e  c a n b e s e e n b el o w : 
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Fi g ur e 4 6  F or c e -dis pl a c e m e nt c ur v e of t h e t w o g a s k ets c o m pr essi o n t est –  wit h n o air (I n v ert e d 
v al u es). T h e si g n w as i n v ert e d f or b ett er r e pr es e nt ati o n.  

  T w o  G as k ets wit h Pr ess ur e  

T his t est f oll o ws t h e s a m e pri n ci pl e as t h e t w o -g a s k et t est wit h o ut pr ess ur e, t h e k e y v ari a bl e w as  

t h e pr ess uri z ati o n of t h e s yst e m b y m e a ns of t h e s h o p air s u p pl y u p t o 9 0 psi . A g e n er al s c h e m ati c 

of t h e t est arr a n g e m e nt c a n b e s e e n  b el o w : 

 

- 1 0 0

0

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

6 0 0

7 0 0

8 0 0

0 0. 5 1 1. 5 2 2. 5

F, 
F
or

ce
 [

N]

∆ h, Di s pl a c e m e nt [ m m]

 

 

Pr ess ur e g a u g e  

a n d fl o w m et ers  

C o ntr oll e d air s u p pl y  

[ B all v al v e] 

Airfl o w  

Air i nl et  

 

S et of 

Fi xt ur es 

wit h 

g as k ets 

i ns ert e d 
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Fi g ur e 4 7  T est arr a n g e m e nt f or t h e pr ess uri z e d T w o G as k et C o m pr essi o n T est  

T h e a ut o m ati c s e q u e n c e f or t h e first r u n of t his t est w as  as f oll o ws:  

A.  D A Q i n p ut c h e c k a n d s et u p ( S a m pli n g fr e q u e n c y: 2 0 H z)  

B.  Pr el o a d ( Ti m e t o r e a c h v al u e: 1 s e c, C o ntr ol: L o a d, E n d L e v el: -5 0. 0 0 N)  

C.  S et -u p  ( C h a n n el: A xi al, Ti m e t o h ol d: 2 0. 0 0 s e c).  

D.  L o a d p h a s e ( R at e: 1 0 m m/ mi n , C o ntr ol: Str o k e, E n d L e v el: -2. 0 0 m m)  

E.  H ol d p h as e ( C h a n n el: A xi al, Ti m e t o h ol d: 1. 0 0 s e c)  

F.  S e p ar ati o n ( Ti m e t o r e a c h v al u e: 5 s e c, C o ntr ol: Str o k e, E n d L e v el: 1 0 0. 0 0 m m)  

T h e P r el o a d p h as e w as d o n e t o e ns ur e a ti g ht s e al b et w e e n t h e t w o g as k et s b ef or e a p pl yi n g air. 

T h e “ s et -u p ” p h as e w as  a H ol d st a g e of 2 0 s e c o n ds , w hi c h all o w e d ti m e t o o p e n  t h e b all v al v e a n d 

l et t h e air g o i nt o t h e d e pr ess e d fi xt ur e-g as k ets arr a n g e m e nt.  

T h e pr o gr a m m e d ti m e -f or c e a n d ti m e-dis pl a c e m e nt c ur v es c a n b e s e e n i n Fi g ur e 4 8  a n d Fi g ur e 4 9  

r es p e cti v el y: 

 

Fi g ur e 4 8  Ti m e -f or c e c ur v e. T h e diff er e nt p h as es of t h e a ut o m ati c s e q u e n c e ar e i n di c at e d 

- 1 6 0 0

- 1 4 0 0

- 1 2 0 0

- 1 0 0 0

- 8 0 0

- 6 0 0

- 4 0 0

- 2 0 0

0

0 5 1 0 1 5 2 0 2 5 3 0 3 5 4 0

F, 
F
or

ce
 [

N]

t, Ti m e [s e c]

Pr e - 
L o a d  
[ 5 0 N] 

S et u p  
Air v al v e o p e n e d  

[ 9 0 psi] 
[Δ F ≈  -7 5 0 N]  

Di s pl a c e m e nt  
St art s  

Di s pl a c e m e nt  
E n ds  

S e p ar ati o n  

H ol d  



7 1  
 

 

Fi g ur e 4 9  Ti m e -dis pl a c e m e nt c ur v e. T h e diff er e nt p h as es of t h e a ut o m ati c s e q u e n c e ar e 
i n di c at e d 

T h e t est st arts at z er o for c e a n d d is pl a c e m e nt. T h e n, t h e Pr el o a d s e q u e n c e w as i niti at e d, f oll o w e d 

b y t h e S et -u p  p h as e. D uri n g t h e S et -u p  p h as e, t h e air s u p pl y  w as o p e n e d a n d a n a d diti o n al 

c o m pr essi o n f or c e of -7 5 0 N  w as s e ns e d b y t h e l o a d c ell , b ut th e di s pl a c e m e nt  r e m ai ns st a bl e u ntil 

t h e i n cr e as e d dis pl a c e m e nt r a m p st arts. Aft er t h e dis pl a c e m e nt e n ds, t h er e  w as a H ol d  p h as e, a n d 

a t t h e e n d of t h e s e q u e n c e, t h e fi xt ur e-g as k ets arr a n g e m e nt  w as a ut o m ati c all y s e p ar at e d.  

B e c a us e t h er e w as n o c h a n g e i n dis pl a c e m e nt w h e n t h e air s u p pl y  w as e n g a g e d, t hi s i n di c at e d t h at 

t h er e w as n o r el e v a nt i nf or m ati o n pr o vi d e d f or t h e stiff n ess c al c ul ati o n, all s u c c e e di n g t ests w er e 

p erf or m e d o nl y l o g gi n g t h e dis pl a c e m e nt c h a n g e  aft er t h e air w as e n g a g e d .  

T h e air p r ess uri z e d c o m pr essi o n t est d at a s a m pl e c a n b e s e e n o n T a bl e 2 1 . T h e stiff n ess w as 

c al c ul at e d b y s u btr a cti n g t h e -7 5 0 N offs et of t h e air pr ess ur e t o t h e A xi al l o a d. T h e stiff n ess v al u e 

of 3 1 4. 2 3 k N/ m  w as si mil ar t o t h e o n e f o u n d i n t h e ot h er t w o t ests (T a bl e 1 9  a n d T a bl e 2 0 ), h a vi n g 

3 7 6 k N/ m at 2. 0 0 m m f or t h e t w o g as k ets wit h n o air t est, a n d 3 4 7 k N/ m at 1. 7 3 m m f or t h e o n e 

g as k et t est.  

T a bl e 2 1  T w o g as k ets p r ess uri z e d c o m pr essi o n te st  s a m pl e d at a  

A xi al 
L o a d  

A xi al 
St r o k e  

Ti m e  Stiff n ess  

[ N] [ m m] [ S e c] [ k N/ m] 
-8 2 9. 7 8  -0. 6 8  0. 1 0  1 1 7. 5 7  
-1 1 0 0. 0 1  -1. 3 2  7. 8 0  2 6 5. 3 4  

- 2. 5

- 2

- 1. 5

- 1

- 0. 5

0

0 5 1 0 1 5 2 0 2 5 3 0 3 5 4 0

Δ
h, 

Di
s
pl

ac
e

me
nt
 [

m
m]

t, Ti m e [s e c]

Pr el o a d  
[ 5 0 N] 

Di s pl a c e m e nt 
St art s  

Di s pl a c e m e nt 
E n ds  

S e p ar ati o n  
S et u p  

Air v al v e  
o p e n e d  
[ 9 0 psi] 

[Δ d = 0 m m]  
H ol d  
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A xi al 
L o a d  

A xi al 
St r o k e  

Ti m e  Stiff n ess  

-1 3 0 4. 9 8  -1. 8 5  1 4. 1 4  3 0 0. 4 9  
-1 3 8 0. 1 2  -2. 0 1  1 6. 0 4  3 1 4. 2 3  

N e g ati v e f or c e a n d dis pl a c e m e nt v al u es w h er e c h a n g e d t o p ositi v e f or b ett er r e pr es e nt ati o n. T hr e e 

t est pi e c es w er e t est e d a s p er I S O 7 7 4 3 i n di c ati o ns o n t h e n u m b er of t e st pi e c es. T h e F or c e-

Dis pl a c e m e nt c ur v e c a n b e s e e n b el o w:  

 

Fi g ur e 5 0  F or c e -dis pl a c e m e nt c ur v e of t h e t w o g a s k ets c o m pr essi o n t est wit h air pr ess ur e 
(I n v ert e d v al u es). T h e si g n w as i n v ert e d f or b ett er r e pr es e nt ati o n.  

T h e M T S m a c hi n e h a d a n err or of ± 1 0 N, h a vi n g a y e arl y c ali br ati o n s c h e d ul e p erf or m e d b y t h e 

M e c h a ni c al E n gi n e eri n g w or ks h o p t e c h ni ci a ns t o e ns ur e c orr e ct f u n cti o n alit y a n d pr e cisi o n.  

St a n d ar d d e vi ati o n a n d r e p e at a bilit y v al u es w er e c o m p ar e d wit h t h e “ wit hi n l a b or at or y ” or l o c al 

d o m ai n v al u es s h o w n i n st a n d ar d I S O 7 7 4 3. Si n c e all g as k ets c o m pr essi v e stiff n ess at  2 5 % str ai n 

st a n d ar d d e vi ati o ns w er e wit hi n l ess t h a n 1 % err or diff er e n c e wit h t h e v al u es fr o m t h e st a n d ar d, 

n o o utli ers w er e f o u n d.  

  C o m p r essi o n s et  at l o w t e m p e r at u r e  

T his t est w as p erf or m e d t o v erif y t h e eff e cts of c ol d t e m p er at ur e i n t h e c urr e nt a n d al t er n ati v e 

m at eri als, v ali d ati n g t h at t hi s c o n diti o n mi g ht pr e v e nt t h e m t o r e c o v er fr o m t h eir ori gi n al s h a p e 

aft er b ei n g h el d u n d er a c o nst a nt c o m pr essi v e l o a d. W h e n el ast o m ers w er e  c o m pr ess e d, p h ysi c al 

or c h e mi c al c h a n g es c a n o c c ur t h at m o dif y t h e el ast o m e rs a bilit y t o r et ur n t o it s ori gi n al s h a p e 

8 0 0

9 0 0

1 0 0 0

1 1 0 0

1 2 0 0

1 3 0 0

1 4 0 0

1 5 0 0

0 0. 5 1 1. 5 2 2. 5

F, 
F
or

ce
 [

N]

∆ h, Di s pl a c e m e nt [ m m]
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o n c e t h e l o a d  w as r el e as e d, d e v el o pi n g a s et or offs et fr o m it s ori gi n al di m e nsi o n. T h e d e gr e e of 

t hi s s et d e p e n ds o n t h e l e n gt h of ti m e, t h e l o a d v al u e a n d t h e t e m p er at ur e w hil e c o m pr ess e d, as 

w ell as t h e s a m e c o n diti o ns o n c e t h e l o a d  w as r el e as e d (r e c o v er y ti m e). At l o w t e m p er at ur es, 

c h a n g es r es ulti n g fr o m gl ass h ar d e ni n g or cr yst alli z ati o n b e c o m e pr e d o mi n a nt i n el ast o m ers (I S O 

2 0 1 4) ; t h er ef or e, cr yst alli z ati o n a n d m at eri al c h a n g es d u e t o c o m pr essi o n w er e  t h o u g ht t o b e t h e 

m ai n r e as o n of i n cr e as e d l e a k a g es i n air br a k e  gl a d -h a n d g as k ets d uri n g c ol d w e at h er. T h e m et h o d 

t o v erif y t hi s, w as st a n d ar d I S O 8 1 5-2  R u b b er, v ul c a niz e d or t h er m o pl asti c —  D et er mi n ati o n of 

c o m pr essi o n s et —  P art 2: At l o w t e m p er at ur es (I S O 2 0 1 4)  

T h e m ai n c o nsi d er ati o ns t a k e n  w h e n usi n g t h e a p p ar at us f or t hi s t est w er e: 

  T hr e e C -cl a m ps s p a c e d a b o ut 5 0 m m a n d 1 2 0 ° a p art w er e us e d t o k e e p t h e c o m pr essi o n 

c o nst a nt  

  T hr e e ¼ ” d o w el pi ns w er e us e d as s p a c ers b et w e e n t h e t w o pl at es  

  O n e s a m pl e i nst e a d of t hr e e w as us e d p er t est r u n  

T h e pr o c e d ur e f oll o w e d f or t h e c o m pr essi o n s et t e st w as as f oll o ws:  

1.  First, t h e ori gi n al t hi c k n ess ℎ 0  of all s p e ci m e ns ( c urr e nt m at eri al, E D P M a n d N e o pr e n e 

g as k ets) w er e m e as ur e d. T hr e e s p e ci m e ns p er e a c h m at eri al w er e us e d, a n d t hr e e t hi c k n ess 

m e as ur e m e nts w er e d o n e p er e a c h. T h e a v er a g e t hi c k n ess f or t h e c urr e nt m at eri al, E D P M 

a n d N e o pr e n e w er e 0. 3 8 1 ”, 0. 3 1 8 ” a n d 0. 3 3 2 ” r e s p e cti v el y. T h e s p e ci m e n s  t hi c k n ess w as 

hi g h er t h a n t h e d o w el pi ns a v er a g e t hi c k n ess of ℎ 𝑇 = 0. 2 5 6 ”, all o wi n g t h e g as k ets t o b e 

c o m pr ess e d a n d t h e s et t o b e m e as ur e d.  

2.  Aft er t h eir ori gi n al t hi c k n ess w as m e as ur e d, o n e b y o n e t h e s p e ci m e ns w er e t est e d 

f oll o wi n g t h e s a m e r o uti n e: 

a.  O n e g as k et w as p ositi o n e d o n t h e l o w er m et alli c pl at e c e nt er  

b.  T hr e e d o w el pi ns w er e p ositi o n e d o n t h e l o w er m et alli c pl at e a b o ut 2 0 m m a w a y 

fr o m t h e g as k et, s p a c e d ar o u n d 5 0 m m a n d 1 2 0 ° C a p art fr o m e ac h.  

c.  T h e u p p er pl at e w as p ositi o n e d o n t o p of t h e g as k et a n d t h e d o w el pi ns, m a ki n g 

s ur e t o b e c o n c e ntri c wit h t h e l o w er m et alli c pl at e.  
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d.  T h e t hr e e c -cl a m ps w er e o p e n e d a n d pl a c e d as t o c o m pr ess b ot h m et alli c pl at es. 

T h e c -cl a m ps w er e l o os el y ti g ht e n e d ar o u n d 5 0 m m a n d 1 2 0 ° C a p art fr o m e a c h, 

tr yi n g t o s et t h e m a b o v e t h e d o w el pi ns. 

e.  O n c e t h e c o nfi g ur ati o n w as st a bl e, t h e c -cl a m ps w er e h ar d ti g ht e n e d t o c o m pr ess 

t h e g as k et u ntil t h e u p p er a n d l o w er pl at es w er e t o u c hi n g t h e d o w el pi ns. T h e l o a d 

w as t h o u g ht st a b l e w h e n t h e d o w el pi ns di d n ot  m o v e or sli p.  

f. T h e c o m pr essi o n s et d e vi c e t h e n w as k e pt at -4 0 ° C i n a dr y i c e a n d m et h a n ol c o ol 

b at h f or 3 hrs ( T his  w as a d e vi ati o n t o t h e 2 4 hrs n ot e d o n I S O 8 1 5 -2 st a n d ar d)  

g.  3 0 mi n ut es b ef or e t o t h e c o m pl eti o n of t h e 3 hrs, t h e di al mi cr o m et er w as k e pt at 

t h e s a m e l o w t e m p er at ur e as t h e c o m pr essi o n s et d e vi c e f or c o n diti o ni n g. W h e n t h e 

3 hrs w er e c o m pl et e d, t h e c o m pr essi o n s et d e vi c e a n d t h e di al mi cr o m et er w er e 

t a k e n o ut. T h e n, t h e c-cl a m ps w er e u nti g ht e n e d,  a n d t h e t hi c k n es s of t h e g as k et w as 

m e as ur e d ar o u n d 1 0 mi n ut es aft er r el e as e ℎ 𝑇 1 0  a n d t h e n a g ai n aft er 3 0 mi n ut es ℎ 𝑔 3 0 . 

T h e di al mi cr o m et er a n d t h e s p e ci m e n w er e k e pt i n si d e t h e l o w t e m p er at ur e c a bi n et 

b et w e e n 𝜎1 0  a n d 𝐹 3 0 . 

h.  T h e c o m pr essi o n s et, e x pr ess e d as a p er c e nt a g e of t h e i niti al c o m pr essi o n,  w as 

gi v e n b y e q u ati o n (8 ) f or t = 1 0 s e c a n d t = 3 0 mi n : 

ℎ 0 − ℎ 𝐿 1 0

ℎ 0 − ℎ 𝐿
𝐿 1 0 0      

ℎ 0 − ℎ 𝑅 3 0

ℎ 0 − ℎ 𝑟
𝜎 1 0 0  

i. ℎ 0  w as t h e i niti al t hi c k n ess of t h e t est pi e c e, i n milli m etr es. 

j. ℎ 𝐹 1 0 a n d ℎ 𝐴 3 0  w er e  t h e t hi c k n ess e s of t h e t est pi e c e aft er e a c h r e c o v er y ti m e, 1 0 

s e c o n ds  a n d 3 0 mi n ut es r es p e cti v el y, i n milli m etr es.  

k.  ℎ 𝐸  w as t h e h ei g ht of t h e d o w el pi ns, i n milli m etr es. 

l. T h e c o m pr essi o n s et m e a s ur e m e nt w as r e p e at e d t hr e e ti m es f or a v er a gi n g p ur p os es.  

  B ul k m o d ul u s  t est 

T h e pr ess uri z e d g as k et t e st w as als o us e d t o c al c ul at e a n esti m at e d b ul k m o d ul us, si n c e t h e o ut er 

r a di us of t h e g as k ets w as c o nstr ai n e d b y t h e g as k et fi xt ur es a n d t h e  i n n er r a di us w as c o nstr ai n e d 

b y t h e air pr ess ur e; t h us, a c h a n g e i n t hi c k n ess w as ass u m e d t o b e pr o p orti o n al t o a c h a n g e i n 
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v ol u m etri c str ai n i. e. t h e o nl y di m e nsi o n al c h a n g e w as i n t hi c k n ess w hil e t h e g as k ets w er e 

c o m pr ess e d a n d all ot h er li n e ar di m e nsi o ns w er e a ss u m e d t o r e m ai n c o nst a nt.  

Di vi n g t h e n or m al c o m pr essi v e f or c e 𝑇 𝑔  a n d 𝜎 0 , t h e h y dr ost ati c pr ess ur e w as a ss u m e d t o b e t h e 

s a m e as t h e c o m pr essi v e str ess, P = σ N , h a vi n g t h e n or m al f or c e as t h e v al u e a c q uir e d b y t h e l o a d 

c ell a n d t h e ar e a w as ass u m e d t o b e t h at of a ri n g g e o m etr y:  

𝐹 0 = 𝐿 ( 𝐿 2 − 𝐿 2 )  (3 0 ) 

W h er e R  w as t h e o ut er r a di us of t h e g as k ets a n d r  w as t h e i n n er o n e; t a k e n fr o m t h e mi d dl e h ei g ht 

of t h e g as k et, c orr es p o n di n g t o a c yli n dri c al s h a p e.  

Aft er c al c ul ati n g  P  a n d ε V , th e ps e u d o -li n e ar Pr ess ur e-v ol u m etri c str ai n c ur v e w as g e n er at e d , a n d 

t h e e xtr a p ol ati o n of t h e li n e ar r e gr essi o n c ur v e t o a z er o str ai n i nt ers e ct i. e. y -a xis offs et  v al u e,  w as 

t a k e n as t h e m at eri al b ul k m o d ul us . A n e x a m pl e of t hi s esti m ati o n c a n be s e e n b el o w, h a vi n g a 

b ul k m o d ul us of 2. 2 7 5 M P a:  

 

Fi g ur e 5 1  H y dr ost ati c pr ess ur e -v ol u m etri c str ai n c ur v e wit h li n e ar r e gr essi o n f or a p p ar e nt b ul k 
m o d ul us esti m ati o n  

Esti m ati n g t h e  b ul k m o d ul us wit h t hi s m et h o d h a d a c o nsi d er a bl e diff er e n c e ( x1 0 0 0 ) wit h t h e 

v al u es f o u n d i n t h e lit er at ur e, t h er ef or e it w as n ot f urt h er p urs u e d as a c o m p aris o n p ar a m et er 

b et w e e n t h e el ast o m eri c m at eri als.  

P = 7. 2 0 1 ε V + 2. 2 7 5

0

0. 5

1

1. 5

2

2. 5

3

3. 5

0 0. 0 2 0. 0 4 0. 0 6 0. 0 8 0. 1 0. 1 2

P, 
Pr

es
s
ur

e 
[

M
Pa

]

ε _ v, V ol u m etri c Str ai n
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  L e a k a g e  t est 

T h e b ul k m o d ul us w as c al c ul at e d wit h t h e f or c e -di s pl a c e m e nt d at a d uri n g t h e l o a di n g p h as e of t h e 

c o m pr essi o n t est wit h air , w h er e as i n t h e l e a k a g e t est, t h e f o c us t ur ns t o t h e u nl o a di n g p h as e . A n y 

a br u pt c h a n g e i n t h e r e s ult a nt f or c e m e as ur e d s e e n i n t h e f or c e -dis pl a c e m e nt c ur v e d uri n g 

s e p ar ati o n w as t a k e n as a n i n di c ati o n of l e a k a g e; a n d m aj or l e a k a g e w as c ert ai n, w h e n f ull 

s e p ar ati o n ( z er o f or c e) a p p e ar e d. T h us, t h e ti m e at w hi c h t h es e c h a n g es i n r es ult a nt f or c e  a p p e ar e d 

w as  us e d t o c o m p ar e s e al a bilit y of t h e t hr e e diff er e nt m at eri al g as k ets . D uri n g t h e u nl o a di n g p h as e, 

a n a br u pt c h a n g e i n t h e r es ult a nt f or c e w as c o nsi d er e d as a n i n di c ati o n of l e a k, alt h o u g h i n s e v er al 

o c c asi o ns, t h e f or c e w as r e c o v er e d aft er a s h ort a m o u nt of ti m e, e v e n w h e n t h e g as k et fi xt ur es k e pt 

o n s e p ar ati n g. W h e n z er o f or c e h a p p e n e d, t his e v e nt a gr e e d wit h t h e Air br a k e  S ol uti o n 

fl o wm etr e i n di c ati o n of a m aj or l e a k (≥  3. 0 L M P) i. e.  t h e HI -F L O W fl o w m et er b all r ais e d a br u ptl y . 

A n e x a m pl e of t h e c o m p aris o n b et w e e n t h e s e p ar ati o n b e h a vi or of t h e t hr e e g as k et m at eri als c a n 

b e s e e n i n Fi g ur e 5 2 . I n t his c o m p aris o n, C R w as t h e first m at eri al t o i n di c at e l e a k a g e, b ut it t h e n 

w as r est or e d aft er a bri ef p eri o d. I n c o ntr ast, E P D M w as t h e first m at eri al t o pr es e nt c o m pl et e 

s e p ar ati o n ( m aj or l e a k a g e) d uri n g t h e s e p ar ati o n s e q u e n c e:  

 

 

Fi g ur e 5 2  S e p ar ati o n -l e a k a g e b e h a vi or of t hr e e g a s k et m at eri als. Z er o f or c e i n di c at es m aj or 
l e a k a g e 

- 1 5 0 0

- 1 3 0 0

- 1 1 0 0

- 9 0 0

- 7 0 0

- 5 0 0

- 3 0 0

- 1 0 0

1 0 0

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0 2 0 0 - 1

0

1

2

3

4

5

6

7

8

F, 
F
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ce
 [

N]

t,, ti m e [s e c]

Δ
d, 

Di
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e
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nt
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m
m]

Str o k e S e p ar ati o n Z er o F or c e C urr e nt E P D M C R

M aj or l e a k  G as k et s r e b o u n d a n d r e -s e al  

A ut o m ati c str o k e s e q u e n c e  
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3. 3. 4  C h e mi c al c o m p ati bilit y  t est 

F or t his t est, t h e st a n d ar d t est m et h o d A S T M D 4 7 1 St a n d ar d R u b b er Pr o p ert y — Eff e ct of Li q ui ds 

( A S T M 2 0 1 6) w as f oll o w e d, wit h t h e m ai n d e vi ati o n t h at t h e t est s p e ci m e ns w er e fi n al pr o d u cts 

( g as k ets), i nst e a d of st a n d ar d t est pi e c es (s h e ets, d u m b b ells, or pr o d u ct pi e c es) . T w o li q ui ds w er e 

us e d i n t h e t ests: air br a k e  a nti -fr e e z e & c o n diti o n er m a n uf a ct ur e d b y C R C® Di es el ™ a n d kl e e n -

fl o s af e-t-br a k e air br a k e  a ntifr e e z e. T h es e c h e mi c als w er e us e d as p er t h e pr oj e ct s p o ns ors 

r e c o m m e n d ati o n, b e c a us e of t h e hi g h pr o b a bilit y t h at t h e y c o ul d g et i n c o nt a ct wit h t h e g as k ets 

d uri n g wi nt er o p er ati o n al c o n diti o ns , as th es e c h e mi c als ar e o c c asi o n all y us e d i n wi nt er ti m e t o 

r e m e d y i ci n g i n t h e air br a k e  li n es of r ailr o a d fr ei g ht c ars. 

T h e o bj e cti v e of t h e C h e mi c al C o m p ati bilit y T e st w as  t o ass ess t h e d ur a bilit y i n s er vi c e of t h e 

g as k ets w h e n t h e y e n c o u nt er t h e b ef or e m e nti o n e d c h e mi c als, m e as uri n g a n y c h a n g e i n m ass a n d  

i n h ar d n ess as p er A S T M D 4 7 1 ; h ar d n ess w as e v al u at e d p ost-i m m ersi o n as p er A S T M D 2 2 4 0 

( A S T M 2 0 1 6; A S T M 2 0 1 5). M or e o v er, m ass c h a n g e a n d h ar d n ess c h a n g e v al u es b ef or e 

i m m ersi o n w er e c o m p ar e d a g ai nst t h e o n es aft er w ar ds t o e v al u at e t h e g a s k et c o m pli a n c e wit h 

A A R S p e cifi c ati o n M -6 0 2 a n d t h eir c h e mi c al c o m p ati bilit y ( A A R P u bli c ati o ns 2 0 0 2). 

T h e c o m m er ci a l n a m es of t h e fl ui ds us e d i n t h e t est w er e  Air br a k e  A nti -Fr e e z e & C o n diti o n er a n d 

s af e-t-br a k e air br a k e  a ntifr e e z e  (Fi g ur e 5 3 ). T h e s e fl ui ds w er e  M et h a n ol b as e d,  wit h a b oili n g 

p oi nt of 6 4 ° C as i n di c at e d i n t h eir M S D S  ( C R C I n d ustri es 2 0 1 5; Kl e e n-fl o 2 0 1 5).  

   

Fi g ur e 5 3  Ori gi n al b ottl e pr es e nt ati o n of t h e t est fl ui ds  

All  M S D S c o nsi d er ati o ns f or s af e h a n dli n g, m a ni p ul ati o n , a n d st or a g e w er e f oll o w e d. T h es e 

c o nsi d er ati o ns c a n  b e s u m m ari z e d as  f oll o ws ( C R C I n d ustri es 2 0 1 5; Kl e e n-fl o 2 0 1 5): 
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  S af et y C o nsi d er ati o ns  

o  i g niti o n u n d er al m ost all n or m al t e m p er at ur e c o n diti o ns.  

o  M e a ns of E xti n g uis hi n g  i n t h e r o o m: C ar b o n di o xi d e, Dr y c h e mi c al m e di a f or s m all 

fir e. 

o  H a z ar d o us c o m b usti o n b y -p r o d u cts: F u m es, s m o k es, o xi d es of c ar b o n & 

f or m al d e h y d e. 

o  Us e of gr o u n d e d e q ui p m e nt.  

o  Us e of m e c h a ni c al m e a n s , s u c h as a f u m e h o o d, if n e c ess ar y t o m ai nt ai n v a p or 

l e v els b el o w t h e e x p os ur e g ui d eli n es.  

  P ers o n al Pr ot e cti v e E q ui p m e nt t o b e us e d  f or s af e h a n dli n g: 

o  Gl o v e s: B ut yl R u b b er, Nitril e, C h e mi c al r esist a nt gl o v es  

o  R es pir at or y: N ot n e e d e d  

B e c a us e of t h es e s af et y c o nsi d er ati o ns, t h e t est s et u p w as p erf or m e d i n a w ell-v e ntil at e d ar e a, wit h 

a C O 2 e xti n g uis h er n e ar b y , a n d t h e c h e mi c als w er e h a n dl e d wit h nitril e gl o v es a n d s af et y gl ass es .. 

D u e t o t h e v ol atilit y of t h e c h e mi c als a n d t h e fir e h a z ar d c o nsi d er ati o ns r e g ar di n g t h e m, a bri ef 

Ris k Ass ess m e nt w as p erf or m e d t o d e ci d e o n t h e m a xi m u m all o w a bl e t e m p er at ur e t o t est t h e 

c h e mi c als wit h mi ni m u m a d diti o n al e q ui p m e nt. A s u m m ar y of t h e pr o p erti es c o nsi d er e d f or 

s el e cti n g t h e t est t e m p er at ur e ar e:  

T a bl e 2 2  Fir e h a z ar d pr o p erti es of c h e mi c als . B oili n g p oi nt a n d fl as h p oi nt t e m p er at ur es  t a k e n 
fr o m M S D S 

Li q ui d s u s e d  B as e C o m p o n e nt  
B oili n g P oi nt 

[ ° C] 
Fl as h P oi nt 

[ ° C] 

Kl e e n -fl o M et h a n ol 6 0 -1 0 0 % b y wt  6 4. 5  1 1. 5  

C R C Air br a k e  c o n diti o n er  M et h a n ol > 9 9 % b y wt  6 4. 5  1 2  

T a k e n i nt o c o nsi d er ati o n M et h a n ol’s  b oili n g  t e m p er at ur e, fl as h p oi nt, a n d t h e t est t e m p er at ur e 

r a n g es s u g g est e d  i n A S T M D 4 7 1, a ris k m atri x w a s d e v el o p e d (T a bl e 2 3 ). T hr e e t est t e m p er at ur es  

w er e s el e ct e d fr o m t h e A S T M  D 4 7 1 t a bl e s al o n g t h e w at er b at h t e m p er at ur e s c al e . 
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T a bl e 2 3  Fir e H a z ar d Ris k M atri x f or  t h e c h e mi c al s us e d . M a xi m u m all o w e d  t e m p er at ur es w er e  
hi g hli g ht e d i n gr e e n  

T e m p e r at u r e R a n g e 
A S T M D 4 7 1 [ ° C] ± 2 ° C  

N ot e  P r o b a bilit y  C o ns e q u e n c e *  Ris k  

2 3  
< B oili n g P oi nt  
> Fl as h P oi nt  

3 0 %  2  0. 6  

5 0  
< B oili n g P oi nt  
> Fl as h P oi nt  

6 0 %  2  1. 2  

1 0 0  
> B oili n g P oi nt  
> Fl as h P oi nt  

8 0 %  5  4  

* C o ns e q u e n c e w as  r el at e d t o fir e, e x pl osi o n, or a n ot h er h a z ar d b ei n g pr es e nt, w h er e 1 = n ot 
pr es e nt a n d 5 = pr es e nt.  

All s c e n ari os wit h a ris k l o w er ≤  2 d o n ot  n e e d a d d e d pr e c a uti o ns , j ust t o f oll o w r e g ul ar M S D S 

r e c o m m e n d ati o ns f or s af e h a n dli n g a n d fir e pr e v e nti o n. T h us, t e m p er at ur e s of 1 0 0 ° C a n d a b o v e 

w er e  b est t o b e a v oi d e d, b e c a us e of t h e el e v at e d ri s k t hi s c o n diti o n pr es e nts . T his ass u m pti o n w as  

m a d e b as e d o n  t h e t est li q ui ds b oili n g a n d fl as h p oi nt , as w ell as  t h e b oili n g p oi nt of w at er [w at er 

b at h  e q ui p m e nt] , w hi c h w er e b el o w o f or at 1 0 0 ° C  ( b oili n g p oi nt of w at er: 1 0 0 ° C). A d diti o n al 

s af et y c o ntr ols a n d / or a diff er e nt h e ati n g m et h o d w o ul d b e n e e d e d f or t e m p er at ur es n e ar of or 

a b o v e  1 0 0 ° C. T w o t e m p er at ur es w er e t h e n s el e ct e d t o p erf or m t h e t est: At r o o m t e m p er at ur e 

(~ 2 4 ° C) a n d at a n el e v at e d t e m p er at ur e of 5 0 ° C , a c hi e v e d b y w at er b at h. 

B e a k ers w er e us e d t o a ll o w f or s p a c e t o i m m ers e w h ol e g as k ets (fi ni s h e d pr o d u ct). A fi nis h e d 

g as k et w as us e d as t h e s p e ci m e n g e o m etr y si z e f or all t ests. Usi n g b e a k ers a n d fi nis h e d g as k ets as 

s p e ci m e ns  w er e sli g ht d e vi ati o ns t o st a n d ar d A S T M D 4 7 1 ( A S T M 2 0 1 6), i nst e a d of usi n g t est 

t u b es a n d c o u p o ns or st a n d ar d s p e ci m e n si z e. 

T o i m m ers e t h e s p e ci m e ns i n t h e t est fl ui d, 3 1 6 L st ai nl ess st e el wir e wit h a s q u ar e pr ofil e a n d a 

g a u g e si z e of 2 0 w as us e d t o m a k e as a g as k et h a n g e r h o o k att a c h e d t o t h e c e nt er of t h e b e a k er 

r u b b er st o p p er (Fi g ur e 5 4 ). S p a ci n g of t h e s a m pl es w as a c hi e v e d wit h  t h e h a n g er g e o m etr y i nst e a d 

of wit h gl ass b e a ds, as m e nti o n e d o n A S T M D 4 7 1. T h e s q u ar e p art of t h e h a n g er f or s u p p orti n g 

t h e g as k ets w a s 1 0 m m wi d e ( g as k et t hi c k n ess) a n d a 6 m m s e p ar ati o n w as l eft b et w e e n t h e 3 

s e cti o ns, l e a vi n g m or e t h a n 6 m m of s e p ar ati o n b et w e e n t h e h a n g er a n d t h e e d g es of t h e b e a k er; 

t hi s s p a ci n g c o nfi g ur ati o n c o m pli es wit h t h e i n di c ati o ns m e nti o n e d i n st a n d ar d A S T M D 4 7 1. E a c h 

h a n g er s u p p ort e d t hr e e s p e ci m e ns of a si n gl e m at eri al  p er e a c h t est . E v er y b e a k er us e d h a d a l a b el 
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wit h t h e i d e ntifi c ati o n n u m b er of t h e t hr e e g as k ets i m m ers e d, t h e i niti al d at e a n d ti m e of t h e t est, 

a n d t h e t y p e of fl ui d b ei n g us e d.  

  

Fi g ur e 5 4  B e a k er a n d st e el wir e g as k et h a n g er.  ( L eft) Di m e nsi o ns ( Ri g ht) T hr e e g as k ets of t h e 
s a m e m at eri al i m m ers e d  in t h e t est fl ui d  a n d h a n g e d fr o m t h e r u b b er st o p p er  

  2 4 ° C ( 7 6 ° F –  R o o m T e m p er at ur e) T est  

M ass a n d h ar d n ess w er e m e as ur e d b ef or e a n d aft er i m m ersi o n. G as k et m as s i n air w as m e as ur e d 

wit h t h e s art ori us a n al yti c al b al a n c e s c al e, f oll o wi n g t h e t e c h ni q u e d es cri b e d i n st a n d ar d A S T M 

D 4 7 1, as w ell as t h e s c al e o p er ati o n m a n u al. Fir st, t h e  sli di n g gl ass  d o or w as o p e n e d, a n d o n e 

r a n d o ml y s el e ct e d g as k et s a m pl e w as t h e n pl a c e d o n t h e s c al e’s pl at e n . T h e n, t h e gl ass d o or w as 

cl os e d  a n d t h e st a bl e v al u e aft er 1 0 s e c o n ds t h at t h e di git al s cr e e n dis pl a y e d w as r e c or d e d. T hr e e 

m ass m e as ur e m e nts w er e d o n e . T h e pr o c e d ur e f or m ass c h a n g e c al c ul ati o n m e nti o n e d o n A S T M 

D 4 7 1 w as us e d ( A S T M 2 0 1 6), wit h t h e e q u ati o n : 

Δ M =
M 2 − M 1

M 1
 

(3 1 ) 

H er e, Δ M  w as t h e m ass c h a n g e e x pr ess e d as a p er c e nt a g e [ %], M 1  w as t h e i niti al m ass m e as ur e d 

i n air of t h e g as k et b ef or e i m m ersi o n, a n d M 2  w as t h e fi n al m ass m e as ur e d i n air aft er i m m ersi o n. 

B ot h m e as ur e m e nts  w er e e x pr ess e d i n gr a ms.  

A S T M D 4 7 1 r ef ers t o A S T M D 2 2 4 0 f or h ar d n ess ass ess m e nt ( A S TM 2 0 1 5) ; t h us, t h e s a m e 

t e c h ni q u e us e d i n t h e h ar d n ess t est of s e cti o n 3. 3. 2  w as f oll o w e d.  T h e h ar d n ess c h a n g e  w as t h e n 

c al c ul at es as:  

Δ 𝑇 = 𝑔 𝜎 − 𝐹 𝐿  (3 2 ) 

+ 6  m m  
1 0 m m  

6 m m  + 6  m m  
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H a vi n g, Δ H  as t h e h ar d n ess c h a n g e aft er i m m ersi o n, H i t h e fi n al h ar d n ess v al u e aft er i m m ersi o n, 

a n d H o  t h e ori gi n al h ar d n ess v al u e b ef or e i m m ersi o n. All h ar d n ess v al u es w er e e x pr ess e d i n S h or e 

A u nits i. e. h ar d n ess m e a s ur e d wit h S h or e A d ur o m et er.  

Alt h o u g h s p e ci al c ar e w as t a k e n t o f oll o w all i n di c ati o ns a n d pr o c e d ur e i n t h e A S T M D 4 7 1 

st a n d ar d, s o m e d e vi at i o n i n t h e t est w er e d o n e:  

o  A S T M D 4 7 1 s u g g ests t h e us e of a r efl u x c o n d e ns er f or a n y v ol atil e li q ui d at a n y 

t e m p er at ur e ( A S T M 2 0 1 6), b ut f or t h e r o o m t e m p er at ur e t est ( 2 4 ° C), a si m pl e b e a k er 

a n d r u b b er st o p p er c o nfi g ur ati o n w as us e d i nst e a d ( Fi g ur e 5 5 ). 

o  T h e s p e ci m e ns w er e f ull y i m m ers e d i nt o 2 0 0 c m 3  of e a c h of t h e t est fl ui ds, i nst e a d 

of 1 0 0 c m 3 , t he a d d e d v ol u m e w as n e c ess ar y t o f ull y i m m ers e t h e w h ol e g as k ets. 

T h e e n vir o n m e nt t est t e m p er at ur e w as m e as ur e d  wit h t h e g e n eri c t h er m o m et er. O n Fi g ur e 5 5 , t h e 

c o nfi g ur ati o n f or b ot h fl ui d s t este d  at 2 4 ° C ( 7 6 ° F) wit h o n e t y p e of m at eri al c a n b e s e e n. 

C o nsi d eri n g t h e pr oj e ct ti m e c o nstr ai nt, a s uit a bl e i m m ersi o n p eri o d w as s el e ct e d fr o m t h e T a bl e 

3 B o n A S T M D 4 7 1 ( A S T M 2 0 1 6); 7 0 hrs w as s el e ct e d as t h e t est i m m ersi o n p eri o d, w hi c h a gr e es 

wit h ot h er st u di es mi ni m u m  i m m ersi o n ti m e ( Ni ess e 1 9 9 4). 

 

Fi g ur e 5 5  C R C a n d Kl e e n -fl o g as k et i m m ersi o n t est r u nni n g f or 7 0 hrs at r o o m t e m p er at ur e 
~ 7 6 ° F [ ~ 2 4 ° C ]. B e a k ers w er e  pr o p erl y l a b el e d a n d m o nit or e d e v er y 1 2 hrs  

E v er y t w el v e h o urs, t h e b e a k ers w er e v erifi e d f or a n y c h a n g e or a b n or m alit y. At r o o m t e m p er at ur e, 

b ot h t est li q ui ds di d n ot v ol atili z e, t h eir v ol u m e  di d n ot r e d u c e, a n d n o f u m es w er e g e n er at e d. O n c e 

t h e mi ni m u m t est i m m ersi o n p eri o d w as r e a c h e d, m ass a n d h ar d n ess m e a s ur e m e nts w er e d o n e 

a g ai n . As i n di c at e d i n A S T M D 4 7 1 , t h e t a p er e d gl ass b ottl e w as t ar e d i n t h e s c al e b ef or e h a n d, a n d 

a q ui c k a c et o n e b at h w a s p erf or m e d b ef or e  a n y aft er -i m m ersi o n m ass m e as ur e m e nt w as d o n e. 
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E a c h g as k et w as cl e a n e d of a n y t est li q ui d r esi d u e b y di p pi n g it bri efl y i n t h e a c et o n e, a n d g e ntl y 

wi pi n g it wit h a bs or b e nt p a p er.  T h e g as k ets w er e t h e n st or e d i n t h e t a p er e d gl ass b ottl e, a n d b ot h 

t a p er e d b ottl e a n d g as k et w er e i ntr o d u c e d i n t h e b al a n c e s c al e; t h e n cl osi n g t h e gl ass d o or. T hr e e 

w ei g ht m e as ur e m e nts w er e p erf or m e d.  T h e s et u p b ef or e m e as uri n g t h e aft er -i m m ersi o n m ass c a n 

b e s e e n b el o w:  

 

Fi g ur e 5 6  Aft er -i m m ersi o n m ass m e as ur e m e nt s et u p at r o o m t e m p er at ur e ( Fr o m l eft t o ri g ht) 
E P D M g as k ets + C R C li q ui d, E P D M g as k ets + Kl e e n -fl o, b e a k er wit h a c et o n e, a n d t h e t a p er e d 

b ottl e. T h e a n al yti c al b al a n c e c a n b e s e e n o n t h e b a c k.  

  5 0 ° C T e m p er at ur e T est  

T h e t est pr o c e d ur e wit h i n cr e as e d t e m p er at ur e w a s t h e s a m e as wit h r o o m t e m p er at ur e. T h e m ai n 

diff er e n c e w as t h e a d diti o n of t h e r efl u x c o n d e ns er t o c o n d e ns at e t h e v ol atil e li q ui d, s o t h e v ol u m e 

w o ul d n’t b e r e d u c e d b y e v a p or ati o n. T h e r efl u x c o n d e ns er w as c o ol e d d o w n wit h t a p w at er 

[ ~ 1 8° C] st or e d i n a 4 L b e a k er us e d as h e at si n k, a n d h a vi n g  it r e-cir c ul at e d wit h a 1 2 V w at er 

f o u nt ai n p u m p. T h e t e m p er at ur e of t h e h e at si n k w at er a n d t h e t est fl ui d w as v erifi e d wit h t h e t w o 

t h er m o c o u pl es h o o k e d u p t o t h e di git al t her m o m et er. T h e g e n er al s et u p f or t h e i n cr e as e d 

t e m p er at ur e c h e mi c al c o m p ati bilit y c a n b e s e e n b el o w. I n t h e i m a g e, t h e w at er b at h w as s et t o 

5 0 ° C, a n d it c a n b e o bs er v e d  t h at t h e b e a k er, wit h fl ui d a n d g as k ets i nsi d e, w as  s urr o u n d e d b y t h e 

h e at e d w at er, t h e r efl u x c o n d e ns er w as  c o n n e ct e d t o t h e b e a k er r u b b er st o p p er a n d t o h os es f or 

w at er -c o ol e d o p er ati o n, a n d i n t h e b a c k, as w ell as t h e di git al t h er m o m et er wit h it s t h er m o c o u pl e 

i nsi d e of t h e b e a k er m e as uri n g t h e t est fl ui d t e m p er at ur e: 
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Fi g ur e 5 7  L a b or at or y s et u p f or t h e i n cr e as e d t e m p er at ur e c h e mi c al c o m p ati bilit y t est. T h e w at er 
b at h w a s s et t o 5 0 ° C   

M ass a n d h ar d n ess w er e m e as ur e d b ef or e a n d aft er i m m ersi o n , j ust as wit h t h e r o o m t e m p er at ur e 

t est. T h e s a m e t e c h ni q u e an d e q u ati o ns (3 1 ) a n d (3 2 ) w er e us e d f or m ass c h a n g e a n d h ar d n ess 

c h a n g e c al c ul ati o ns, as w ell as r e c or di n g.  

 

Fi g ur e 5 8  P ost -i m m ersi o n g as k et m e as ur e m e nt aft er a c et o n e cl e a n-u p. M as s w as  w ei g ht e d wit h 
t h e t ar e d t a p er e d gl ass b ottl e 
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4  R es ults a n d Dis c u ssi o n s 

I n t hi s s e cti o n, t h e r es ults fr o m  e a c h of t h e t ests will b e pr es e nt e d: H ar d n ess  t est, c o m pr essi o n 

t ests, a n d c h e mi c al c o m p ati bilit y t est. 

4. 1  H a r d n ess t est 

S h or e  A  h ar d n ess  w as  e v al u at e d  f or  e a c h  t y p e  of  el ast o m eri c  m at eri al,  b ot h  at  r o o m  a n d  c ol d 

t e m p er at ur es.  T h e  c urr e nt  el ast o m eri c  m at eri al  us e d  i n  r ailr o a d  air br a k e  g as k ets  is  l a b el e d  as 

“ C urr e nt  m at eri al ”,  a n d  t h e  alt er n ati v e  m at eri al s  s el e ct e d  ar e  i d e ntifi e d  wit h  t h eir  a cr o n y ms, 

“ E P D M ” f or Et h yl e n e- Pr o p yl e n e- Di e n e m o n o m er el ast o m er a n d “ C R ” f or C hl or o pr e n e el ast o m er. 

Fi g ur e 5 9 s h o ws t h e hist o gr a ms of t h e d at a o bt ai n e d f or e a c h m at eri al at b ot h t e m p er at ur es: 

 

Fi g ur e  5 9  Hist o gr a m  of  t h e  S h or e  A  h ar d n ess  at  r o o m  ( bl a c k  c ol or)  a n d  c ol d  ( bl u e  c ol or) 
t e m p er at ur es f or e a c h t y p e of g as k et: C urr e nt, Et h yl e n e- Pr o p yl e n e- Di e n e m o n o m er [ E P D M] a n d 
C hl or o pr e n e [ C R]. T h e m e a n S h or e A h ar d n ess p er t e m p er at ur e ( μ 1 : r o o m, μ2 : c ol d), t h e c o effi ci e nt 
of d et er mi n ati o n ( R 2 ), a n d t h e S h or e A h ar d n ess m e a n diff er e n c e b et w e e n t e m p er at ur es ( μ diff) 
ar e s h o w n. 

A p air e d-s a m pl es t-t est w as r u n o n t h e 3 0 g as k et s of e a c h m at eri al ( C urr e nt, E P D M, a n d C R) t o 

d et er mi n e w h et h er t h er e w as st atisti c all y si g nifi c a nt m e a n diff er e n c e b et w e e n S h or e A h ar d n ess 

at  r o o m  t e m p er at ur e  [ R T]  a n d  c ol d  t e m p er at ur e  [ C T].  G as k et  h ar d n es s  w as  hi g h er  i n  c ol d 

t e m p er at ur e f or all t hr e e m at eri als, a n d t h e r es ult s ar e s u m m ari z e d b el o w: 
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T a bl e 2 4  S u m m ar y of  g a s k ets S h or e A h ar d n ess st ati sti c al t est r es ult s  

M A T E RI A L  M e a n at R T  M e a n at C T  μ  diff e r e n c e  CI  
T -

v al u e  
p -

v al u e  

C u r r e nt  8 2. 2 1 3 ± 0. 6 0 8  9 3. 8 3 3 ± 0. 5 7 6  1 1. 6 2 0 ± 0. 3 0 8  9 5 %  2 0 6. 7 6  0. 0 0 0  

E P D M  7 9. 3 6 7 ± 0. 5 8 7   9 3. 9 7 3 ± 0. 6 3 6  1 4. 6 0 7 ± 0. 2 3 8  9 5 %  3 3 6. 5 6  0. 0 0 0  

C R  7 3. 2 5 3 ± 1. 0 9 3  8 2. 8 4 0 ± 1. 0 8 1  9. 5 8 7 ± 0. 3 1 9  9 5 %  1 6 4. 5 0  0. 0 0 0  

T h e a b o v e r es ult s  w er e  e x p e ct e d, si n c e l o w t e m p er at ur e n e ar t h e gl ass tr a nsiti o n p oi nt c h a n g es t h e 

str ess -str ai n b e h a vi or of el ast o m ers , i n cr e asi n g t h eir h ar d n ess a n d m a ki n g  t h e m l ess fl e xi bl e a n d 

brittl e. T h e m at eri al w h o s e h ar d n ess v al u es st a y e d wit hi n t h e A A R t hr es h ol d of 7 5 –  8 5 S h or e A 

h ar d n ess  w as C hl or o pr e n e [ C R ], b ot h at r o o m a n d c ol d t e m p er at ur es. C hl or o pr e n e  is c o m m er ci all y 

k n o w n  as N e o pr e n e ™  ( E.I. d u P o nt d e N e m o urs & C o m p a n y 1 9 6 3) 

T h e  distri b uti o n of t h e diff er e n c es  of t h e  S h or e A H ar d n ess b et w e e n t h e t w o t e m p er at ur es p er e a c h 

m at eri al w er e a p pr o xi m at el y n or m all y distri b ut e d  a n d w er e  v erifi e d wit h pr o b a bilit y pl ot s (Fi g ur e 

6 0 , Fi g ur e 6 1 , a n d Fi g ur e 6 2 ). T h e st atisti c al t est r es ult s usi n g Mi nit a b ™  ar e s h o w n b el o w e a c h 

pr o b a bilit y pl ot gr a p h : 

 

Fi g ur e 6 0  Pr o b a bilit y p l ot of R T a n d C T S h or e A h ar d n ess diff er e n c e f or C urr e nt  g as k ets  
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P air e d T - T e st a n d CI: H ar d n e s s C urr e nt C T, H ar d n e s s C urr e nt R T  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

H ar d n e s s C urr e nt C T  3 0  9 3. 8 3 3  0. 5 7 6  0. 1 0 5  

H ar d n e s s C urr e nt R T  3 0  8 2. 2 1 3  0. 6 0 8  0. 1 1 1  

E sti m ati o n f or P air e d Diff er e n c e 

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

1 1. 6 2 0 0  0. 3 0 7 8  0. 0 5 6 2  1 1. 5 2 4 5  

µ _ diff er e n c e: m e a n of ( H ar d n es s C urr e nt C T -  H ar d n es s C urr e nt R T)  

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

2 0 6. 7 6  0. 0 0 0  
 

Si n c e p - v al u e = 0. 0 0 0 < 0. 0 5, t h u s r ej e c t H 0  

 

 

 

Fi g ur e 6 1  Pr o b a bilit y p l ot of R T a n d C T S h or e A h ar d n ess diff er e n c e of E P D M  g as k ets  

P air e d T - T e st a n d CI: H ar d n e s s E P D M C T, H ar d n e s s E P D M R T  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

H ar d n e s s E P D M C T  3 0  9 3. 9 7 3  0. 6 3 6  0. 1 1 6  

H ar d n e s s E P D M R T  3 0  7 9. 3 6 7  0. 5 8 7  0. 1 0 7  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

1 4. 6 0 6 7  0. 2 3 7 7  0. 0 4 3 4  1 4. 5 3 2 9  

µ _ diff er e n c e: m e a n of ( H ar d n es s E P D M C T -  H ar d n es s E P D M R T)  

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

3 3 6. 5 6  0. 0 0 0  
 

 

Si n c e p - v al u e = 0. 0 0 0 < 0. 0 5, t h u s r ej e c t H 0  
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Fi g ur e 6 2  Pr o b a bilit y p l ot of R T a n d C T S h or e A h ar d n ess diff er e n c e of C R g as k ets  

P air e d T - T e st a n d CI: H ar d n e s s C R C T, H ar d n e s s C R R T  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

H ar d n e s s C R C T  3 0  8 2. 8 4 0  1. 0 8 1  0. 1 9 7  

H ar d n e s s C R R T  3 0  7 3. 2 5 3  1. 0 9 3  0. 2 0 0  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

9. 5 8 6 7  0. 3 1 9 2  0. 0 5 8 3  9. 4 8 7 6  

µ _ diff er e n c e: m e a n of ( H ar d n es s C R C T -  H ar d n e s s C R R T)  

T e st  

N ull  h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

1 6 4. 5 0  0. 0 0 0  
 

 

Si n c e p - v al u e = 0. 0 0 0 < 0. 0 5, t h u s r ej e c t H 0  

 

4. 2  C o m p r es si o n t ests  

I n t hi s s e cti o n, t h e r es ult s of e a c h o n e of t h e c o m pr essi o n t ests p erf or m e d i n t h e air br a k e r ailr o a d 

g as k ets m a d e fr o m  t h e c urr e nt m at eri al, E P D M, a n d C R ar e pr es e nt e d. T h e c o m pr essi o n t ests 

e v al u at e d diff er e nt d e p e n d e nt v ari a bl es, i n cl u di n g : Stiff n ess, c om pr essi o n s et, c o m pr essi o n 

m o d ul us, a n d b ul k m o d ul us.  
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4. 2. 1  St r ess -st r ai n c o m p r essi o n  

At  9 5 % c o nfi d e n c e l e v el , it is c o n cl u d e d t h at, o n a v er a g e, t h e stiff n ess of t h e E P D M g as k et  

s a m pl es  w as hi g h er t h a n t h at of t h e C urr e nt m at eri al g as k et s . I n t h e s a m e m a n n er, at 9 5 % 

c o nfi d e n c e l e v el , o n a v er a g e, t h e stiff n ess of t h e E P D M g as k et s a m pl es  w as hi g h er t h a n t h at of t h e 

C R g as k e ts. Fi n all y, at 9 5 % c o nfi d e n c e l e v el, o n a v er a g e,  th e stiff n ess of t h e C urr e nt m at eri al 

g as k ets w as e q ui v al e nt t o t h at of t h e C R g as k ets . B as e d o n t h es e r es ult s, E P D M h a d  t h e hi g h est 

stiff n ess  c o m p ar e d t o t h e ot h er t w o m at eri als . T his hi g h stif fn ess w as d etri m e nt al  f or h a n dli n g 

s a m pl es d uri n g c o m pr es si o n t ests, b e c a us e E P D M  pr o v e d t o b e t h e m o st diffi c ult  m at eri al t o 

m a ni p ul at e w hil e tr yi n g t o i ns ert g as k ets i nsi d e of  t h e fi xt ur es. E P D M w as als o t h e m at eri al t h at 

m or e e asil y t or e a n d ni c k e d  w h e n usi n g pli ers t o g et a g as k et o ut of t h e fi xt ur e. T h e e asi est m at eri al 

t o m a ni p ul at e a n d p us h g as k ets i n t o, or o u t of, t h e fi xt ur es w as C R.  T h es e r es ult s s h o w t h at 

s tiff n ess is a n i m p ort a nt f a ct or w h e n  c o nsi d eri n g e as e -of -us e a n d r esili e n c e f or r ailr o a d air br a k e 

g as k ets . A n ot h er i m p ort a nt f a ct or t o c o nsi d er w h e n a dj usti n g m e c h a ni c al pr o p erti es  i n el ast o m ers 

i s fill er c o nt e nt . Fill ers, s u c h as c ar b o n bl a c k a n d  f u m e d sili c a, m ust b e pr o p erl y c o ntr oll e d, si n c e 

t h ey  i n cr e as e h ar d n ess, stiff n ess , a n d m e c h a ni c al h yst er esis  ( G e nt 2 0 1 2). 

 

Fi g ur e 6 3  F or c e -str ai n pl ot of t h e str ess -str ai n c o m pr essi o n t est u p t o 2 5 % dis pl a c e m e nt f or t h e 
t hr e e m at eri als t est es: E D P M, C R a n d c urr e nt m at eri al. 

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

0 % 5 % 1 0 % 1 5 % 2 0 % 2 5 % 3 0 %

F, 
F
or

ce
 [

N]

ε , Str ai n

E P D M C R C urr e nt M at eri al
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Fi g ur e 6 4  C o m pr essi v e stiff n ess  ( SC ) m e di a n at 2 5 % d ef or m ati o n of E P D M, C R a n d C urr e nt  
g as k ets . C o m pr essi o n t ests w er e p erf or m e d  at r o o m t e m p er at ur e i n a n M T S m a c hi n e m o d el 8 1 0. 

A t w o-s a m pl e t -t est w as r u n o n a s a m pl e of 3 g as k ets m a d e fr o m e a c h m at eri al ( C urr e nt, E P D M, 

a n d C R) t o d et er mi n e w h et h er t h er e w as st atisti c all y si g nifi c a nt m e a n diff er e n c e i n t h e stiff n ess i n 

t hr e e c as es: E P D M -C urr e nt m at eri al, E P D M -C R, a n d C urr e nt m at eri al -C R . E P D M stiff n ess w as 

t h e hi g h est, w h er e as t h e stiff n ess of t h e c urr e nt m at eri al a n d C R w h er e l o w er t h a n E P D M a n d 

c o m p ar a bl e b et w e e n e a c h ot h er. T h e str e ss -str ai n b e h a vi or t est r es ult s ar e s u m m ari z e d b el o w:  

T a bl e 2 5  S u m m ar y of str ess -str ai n c o m pr essi o n st ati sti c al t est r es ult s  

G A S K E T S S TI F F N E S S  ( SC ) 

M A T E RI A L  M e a n [ k N] μ  diff e r e n c e  CI  
T -

v al u e  
p -

v al u e  

E P D M  2. 4 9 2 ± 0. 1 0 5  E P D M -C urr e nt  1. 5 4 5 ± 0. 3 1 4  9 5 %  8. 5 1 0  0. 0 0 7  

C R  0. 7 8 3 ± 0. 0 3 1  E P D M -C R  1. 7 0 9 ± 0. 1 3 1  9 5 %  2 2. 5 6 0  0. 0 0 1  

C u r r e nt  0. 9 4 8 ± 0. 2 5 7  C urr e nt -C R  0. 1 6 5 ± 0. 2 3 1  9 5 %  1. 2 4 0  0. 1 7 1  
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T h e  distri b uti o n of t h e diff er e n c es  of t h e  stiff n ess b et w e e n t w o m at eri als p er e a c h c as e w er e 
a p pr o xi m at el y n or m all y distri b ut e d  a n d w er e v erifi e d wit h pr o b a bilit y pl ot s  (

Fi g ur e 6 5 , 

Fi g ur e 6 6 , a n d Fi g ur e 6 7 ). T h e st atisti c al t est r es ult s usi n g Mi nit a b ™  ar e s h o w n b el o w e a c h 

pr o b a bilit y pl ot gr a p h : 

 

Fi g ur e 6 5  Pr o b a bilit y p l ot of stiff n ess d iffer e n c e b et w e e n  E P D M -C urr e nt  m at eri al  

T w o - S a m pl e T - T e st a n d CI: E P D M Stiff n e s s, C urr e nt M at eri al Stiff n e s s  

M et h o d  

μ ₁: m e a n of E P D M Stiff n e s s 

µ₂: m e a n of C urr e nt M at eri al Stiff n e s s  

Diff er e n c e: μ ₁ -  µ₂  

E q u al v ari a n c es ar e n ot as s u m e d f or t hi s a n al y si s.  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

E P D M Stiff n e s s  3  2 4 9 2  1 0 5  6 0  

C urr e nt M at eri al Stiff n e s s  3  9 4 8  2 5 7  1 4 8  

 

E sti m ati o n f or Diff er e n c e  

Diff er e n c e  

9 5 % L o w er  B o u n d  

f or Diff er e n c e 

1 5 4 5  1 0 7 7  

T e st  

N ull h y p ot h e si s  H₀: μ ₁ -  µ₂ = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ ₁ -  µ₂ > 0  

T - V al u e  D F  P -V al u e  

9. 6 4  2  0. 0 0 5  

 

Si n c e p - v al u e = 0. 0 0 5 < 0. 0 5, t h u s r ej e c t H 0  
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Fi g ur e 6 6  Pr o b a bilit y p l ot of stiff n ess d iffer e n c e b et w e e n  E P D M -C R  

T w o - S a m pl e T - T e st a n d CI: E P D M Stiff n e s s, C R Stiff n e s s  

M et h o d  

μ ₁: m e a n of E P D M Stiff n e s s 

µ₂: m e a n of C R Stiff n e s s  

Diff er e n c e: μ ₁ -  µ₂  

E q u al v ari a n c es ar e n ot as s u m e d f or t hi s a n al y si s.  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  

S E  

M e a n  

E P D M Stiff n e s s  3  2 4 9 2  1 0 5  6 0  

C R Stiff n e s s  3  7 8 2. 5  3 1. 1  1 8  

E sti m ati o n f or Diff er e n c e  

Diff er e n c e  

9 5 % L o w er  B o u n d  

f or Diff er e n c e 

1 7 0 9. 7  1 5 2 5. 8  

T e st  

N ull h y p ot h e si s  H₀: μ ₁ -  µ₂ = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ ₁ -  µ₂ > 0  

T - V al u e  D F  P -V al u e  

2 7. 1 5  2  0. 0 0 1  

 

Si n c e p - v al u e = 0. 0 0 1 < 0. 0 5, t h u s r ej e c t H 0  
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Fi g ur e 6 7  Pr o b a bilit y pl ot of stiff n ess diff er e n c e b et w e e n  C urr e nt m at eri al -C R  

T w o - S a m pl e T - T e st a n d CI: C urr e nt M at eri al Stiff n e s s, C R Stiff n e s s  

M et h o d  

μ ₁: m e a n of C urr e nt M at eri al Stiff n e s s 

µ₂: m e a n of C R Stiff n e s s  

Diff er e n c e: μ ₁ -  µ₂  

E q u al v ari a n c es ar e n ot as s u m e d f or t hi s a n al y si s.  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C urr e nt M at eri al Stiff n e s s  3  9 4 8  2 5 7  1 4 8  

C R Stiff n e s s  3  7 8 2. 5  3 1. 1  1 8  

E sti m ati o n f or Diff er e n c e  

Diff er e n c e  

9 5 % L o w er  B o u n d  

f or Diff er e n c e 

1 6 5  - 2 7 2  

T e st  

N ull h y p ot h e si s  H₀: μ ₁ -  µ₂ = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ ₁ -  µ₂ > 0  

T - V al u e  D F  P -V al u e  

1. 1 0  2  0. 1 9 2  
 

Si n c e p - v al u e = 0. 1 9 2 > 0. 0 5, t h u s a c c e pt H 0  
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4. 2. 2  C o m p r essi o n s et at l o w t e m p e r at u r e  

At α = 0 .0 5 , it is c o n cl u d e d t h at, o n a v er a g e, t h e C urr e nt m at eri al g as k et s a m pl es  c o m pr essi o n s et 

at l o w t e m p er at ur e w as hi g h er t h a n t h e E P D M g as k et s a m pl es  c o m pr e ssi o n s et at t h e s a m e 

t e m p er at ur e. I n t h e s a m e m a n n er, at α = 0 .0 5 , o n a v er a g e, t h e E P D M g as k et s a m pl es c o m pr essi o n 

s et at l o w t e m p er at ur e w as hi g h er t h a n t h e c o m pr essi o n s et at  l o w t e m p er at ur e of t h e C R g as k et 

s a m pl es at t h e s a m e t e m p er at ur e. T h e C urr e nt m at eri al h as t h e hi g h est c o m pr essi o n s et v al u e; t h us, 

r et u ni n g t h e l e ast t o it s ori gi n al t hi c k n ess i n t h e s a m e a m o u nt of ti m e aft er t h e c o m pr essi v e l o a d 

w as r el e as e d at l o w t e m p er at ur e. A hi g h v al u e of c o m pr essi o n s et at l o w t e m p er at ur e i n di c at es t h at 

t h e C urr e nt m at eri al mi g ht n ot b e t h e b est o pti o n f or c ol d t e m p er at ur e s e ali n g. I n c o m p aris o n, t h e 

m at eri al t h at s h o w e d t h e l o w est c o m pr essi o n s et at l o w t e m p er at ur e w as C R, a n d al m ost f ull y 

r et ur n e d t o it s ori gi n al t hi c k n ess aft er 3 0 mi ns p ass e d si n c e it w as d e pr e ss e d i. e. n e ar 5 %. T his 

r es ult i n di c at es t h at C R mi g ht b e a g o o d alt er n ati v e m at eri al t o us e d uri n g wi nt er ti m e t o r e d u c e 

l e a k a g es. T h e o nl y c a uti o n t o t a k e w h e n usi n g C R is t h at t h e a m bi e nt t e m p er at ur e m ust b e m u c h 

l o w er t h a n 0 ° C, si n c e s o m e cr yst alli z a bl e t y p es of C R h a v e t h e hi g h est cr yst alli z ati o n r at e n e ar 

t hi s t e m p er at ur e ( E.I. d u P o nt d e N e m o urs & C o m p a n y 1 9 6 3). 

 

Fi g ur e 6 8  C o m pr essi o n s et [ C S] m e di a n f or t h e m at eri als t est e d: E P D M, C R, a n d c urr e nt. 
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A t w o -s a m pl e t -t est w as r u n o n a s a m pl e of 3 g as k ets m a d e fr o m e a c h m at eri al ( C urr e nt, E P D M, 

a n d C R) t o d et er mi n e w h et h er t h er e w as st ati sti c a ll y si g nifi c a nt m e a n diff er e n c e i n t h e 

c o m pr essi o n s et  i n t hr e e c as es: E P D M-C urr e nt m at eri al, E P D M -C R, a n d C urr e nt m at eri al -C R. C R  

h a d t h e l o w est c o m pr e ssi o n s et . T h e c o m pr essi o n s et at l o w t e m p er at ur e t est r es ult s ar e 

s u m m ari z e d b el o w:  

T a bl e 2 6  S u m m ar y of c o m pr essi o n s et at l o w t e m p er at ur e st atisti c al t est r e s ult s  

G A S K E T S C O M P R E S S I O N S E T [ C S] A T L O W T E M P E R A T U R E  

M A T E RI A L  M e a n  μ  diff e r e n c e  CI  
T -

v al u e  
p -

v al u e  

E P D M  2 4. 6 7 ± 1. 5 3 0  C urr e nt -E P D M  2 2. 0 0 0 ± 4. 0 0 0  9 5 %  9. 5 3 0  0. 0 0 5  

C R  6. 0 0 ± 2. 6 5 0  E P D M -C R  1 8. 6 6 7 ± 1. 1 5 5  9 5 %  2 8. 0 0 0  0. 0 0 1  

C u r r e nt  4 6. 6 7 ±  2. 5 2 0  C urr e nt -C R  4 0. 6 7 0 ± 5. 0 3 0  9 5 %  1 3. 9 9 0  0. 0 0 3  

T h e  distri b uti o n of t h e diff er e n c es  of t h e  c o m pr essi o n s et at l o w t e m p er at ur e  b et w e e n t w o 

m at eri als p er e a c h c as e w er e a p pr o xi m at el y n or m all y distri b ut e d  a n d w er e v erifi e d wit h 

pr o b a bilit y pl ot s  (Fi g ur e 6 9 ). T h e st atisti c al t est r es ult s usi n g Mi nit a b ™  ar e s h o w n b el o w e a c h 

pr o b a bilit y pl ot gr a p h : 

 
Fi g ur e 6 9  Pr o b a bilit y p l ot of c o m pr essi o n set [ C S] d iffer e n c e b et w e e n  E P D M -C R  
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T w o - S a m pl e T - T e st a n d CI: C o m pr e s si o n S et E P D M, C o m pr e s si o n S et C R  

M et h o d  

μ ₁: m e a n of C o m pr e s si o n S et E P D M 

µ₂: m e a n of C o m pr e s si o n S et C R  

Diff er e n c e: μ ₁ -  µ₂  

E q u al v ari a n c es ar e n ot as s u m e d f or t hi s a n al y si s.  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C o m pr e s si o n S et E P D M  3  2 4. 6 7  1. 5 3  0. 8 8  

C o m pr e s si o n S et C R  3  6. 0 0  2. 6 5  1. 5  

 

E sti m ati o n f or Diff er e n c e  

Diff er e n c e  

9 5 % L o w er  B o u n d  

f or Diff er e n c e 

1 8. 6 7  1 4. 5 2  

T e st  

N ull h y p ot h e si s  H₀: μ ₁ -  µ₂ = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ ₁ -  µ₂ > 0  

T - V al u e  D F  P -V al u e  

1 0. 5 8  3  0. 0 0 1  
 

Si n c e p - v al u e = 0. 0 0 1 < 0. 0 5, t h u s r ej e c t H 0  

 
Fi g ur e 7 0  Pr o b a bilit y p l ot of c o m pr essi o n set [ C S] d iffer e n c e b et w e e n  C urr e nt -E P D M  

T w o - S a m pl e T - T e st a n d CI: C o m pr e s si o n S et C urr e nt, C o m pr e s si o n S et E P D M  

M et h o d  
μ ₁: m e a n of C o m pr e s si o n S et C urr e nt 

µ₂: m e a n of C o m pr e s si o n S et E P D M  

Diff er e n c e: μ ₁ -  µ₂  

E q u al v ari a n c es ar e n ot as s u m e d f or t hi s a n al y si s. 

D e s cri pti v e St ati sti c s  
S a m pl e  N  M e a n  St D e v  S E M e a n  

C o m pr e s si o n S et C urr e nt  3  4 6. 6 7  2. 5 2  1. 5  

C o m pr e s si o n S et E P D M  3  2 4. 6 7  1. 5 3  0. 8 8  

E sti m ati o n f or Diff er e n c e  

Diff er e n c e  

9 5 % L o w er  B o u n d  

f or Diff er e n c e 

2 2. 0 0  1 8. 0 0  

T e st  
N ull h y p ot h e si s  H₀: μ ₁ -  µ₂ = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ ₁ -  µ₂ > 0  

T - V al u e  D F  P -V al u e  

1 2. 9 4  3  0. 0 0 0  

Si n c e p - v al u e = 0. 0 0 0 < 0. 0 5, t h u s r ej e c t H 0  
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Fi g ur e 7 1  Pr o b a bilit y p l ot of c o m pr essi o n set [ C S] d iffer e n c e b et w e e n  C urr e nt -C R  

T w o - S a m pl e T - T e st a n d CI: C o m pr e s si o n S et C urr e nt, C o m pr e s si o n S et C R  

M et h o d  

μ ₁: m e a n of C o m pr e s si o n S et C urr e nt 

µ₂: m e a n of C o m pr e s si o n S et C R  

Diff er e n c e: μ ₁ -  µ₂  

E q u al v ari a n c es ar e n ot as s u m e d f or t hi s a n al y si s.  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C o m pr e s si o n S et C urr e nt  3  4 6. 6 7  2. 5 2  1. 5  

C o m pr e s si o n S et C R  3  6. 0 0  2. 6 5  1. 5  

 

E sti m ati o n f or Diff er e n c e  

Diff er e n c e  

9 5 % L o w er  B o u n d  

f or Diff er e n c e 

4 0. 6 7  3 5. 7 1  

T e st  

N ull h y p ot h e si s  H₀: μ ₁ -  µ₂ = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ ₁ -  µ₂ > 0  

T - V al u e  D F  P -V al u e  

1 9. 2 9  3  0. 0 0 0  
 

Si n c e p - v al u e = 0. 0 0 0 < 0. 0 5, t h u s r ej e c t H 0  

4. 2. 3  C o m p r essi o n m o d ul u s  

Wit h a p er c e nt err or diff er e n c e of 3 0 % b et w e e n t h e e x p eri m e nt al c o m pr essi o n m o d ul us o bt ai n e d, 

E C e x p
, wit h b ot h c orr el ati o ns u s e d, E C 1

 a n d E C 2
, t h es e w er e f o u n d t o b e i n c o n cl usi v e a n d f urt h er 

i n v esti g ati o n is n e e d e d; m or e  e x p eri m e nt ati o n t o pr o p erl y ass es a n d c al c ul at e t h e s h a p e f a ct or i n 

air br a k e g as k ets n e e ds t o b e d o n e. M or e o v er, t h e s h a p e f a ct or n e e d s t o b e f urt h er i n v esti g at e d a n d 

d efi n e d i n s e ali n g a p pli c ati o ns, as t h er e ar e s e v er al c orr el ati o ns t h at us e t hi s v al u e t o li n k h ar d n ess 

wit h c o m pr essi o n m o d ul us or Y o u n g’s m o d ul us, a n d n o st a n d ar di z e d s h a p e f a ct or v al u es w er e 
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f o u n d. T h e m et h o d ol o g y us e d i n t h e st u d y St a n d ar diz e d P ol y m er D ur o m etr y  ( Mi x a n d Gi a c o mi n 

2 0 1 1)  w as f o u n d t o b e a str ai g htf or w ar d m et h o d t o esti m at e Y o u n g’s m o d ul us fr o m h ar d n ess 

m e as ur e m e nts a n d is e n c o ur a g e d t o b e us e d f or c o m p aris o n s. 

4. 2. 4  B ul k m o d ul u s  

T h e p er c e nt err or f or t h e b ul k m o d ul us m e as ur e d  wit h t hi s t est pl a n w as c o nsi d er a bl e hi g h 

(< 1 0 0 0 % ) w h e n c o m p ari n g e x p eri m e nt al v al u es wit h t h e o n es fr o m lit er at ur e, t h us, b ul k m o d ul us 

esti m ati o n  w as n ot s u c c e ssf ull y m e as ur e d; h o w e v er,  g as k et a p pli c ati o n p erf or m a n c e a n d b e h a vi or 

c o m p aris o ns w er e att ai n e d. W h e n t h e E P D M g a s k ets w e nt t hr o u g h t h e u nl o a di n g p h as e of t h e 

c o m pr essi o n  c y cl e , t h e g as k ets r et ur n e d first t o a z er o f or c e, i n di c ati n g a m u c h e arli er t ot al 

s e p ar ati o n ( m aj or l e a k a g e) t h a n w h a t w as o bs er v e d wit h t h e C urr e nt m at eri al a n d C R g as k ets. T h e 

C R g as k ets w er e t h e first o n es t o s h o w c h a n g es i n t h e f or c e m e as ur e d d uri n g s e p ar ati o n, b ut t h e 

f or c e r e p e at e dl y r e c o v er e d w h e n t h e fi xt ur es w er e still s e p ar ati n g. I n t h e e n d, t h e C R g as k ets h el d  

u p t h e pr ess ur e u p t o  3. 0 0 m m of s e p ar ati o n a n d h a d t h e hi g h est c o m pr essi v e f or c e w h e n t hi s 

dis pl a c e m e nt w as r e a c h e d. 

4. 3  C h e mi c al c o m p ati bilit y t est  

N o si g nifi c a nt  c h a n g e s, b ot h i n m ass a n d h ar d n ess , w er e  f o u n d wit h t h e i nt er a cti o n of t h e 

m et h a n ol -b as e d fl ui ds  wit h all t hr e e m at eri als: C urr e nt m at eri al, E P D M, a n d C R. T h e c h e mi c al 

c o m p ati bilit y t est st u di e d t w o m et h a n ol -b as e d air br a k e a nti -fr e e z e a d diti v es t h at ar e us e d d uri n g 

wi nt er ti m e i n tr ai ns  airli n es . T h e eff e ct of t h es e t w o c h e mi c als was  st u di e d at r o o m a n d at a n 

el e v at e d t e m p er at ur e of 5 0 ° C. Aft er t h e g as k ets w er e i m m ers e d i n t h e c h e mi c als at t h e s p e cifi e d 

c o n diti o ns, o n a v er a g e, t h er e w as a n i n cr e as e of 3. 1 ± 1. 0 3 S h or e A h ar d n ess u nit s a n d a d e cr e as e 

i n m ass of -0. 0 5 9 ± 0. 0 4 5 gr  i n m ass. Alt h o u g h t h e c h a n g e i n h ar d n ess s e e ms i m p ort a nt, a c h a n g e 

i n l ess t h a n 5 S h or e A u nit s w o ul d n’t dri v e t h e g a s k ets o ut of c o m pli a n c e wit h A A R r e g ul ati o ns; 

t h er ef or e, t hi s c h a n g e is c o nsi d er e d n e gli gi bl e. T h es e  r es ult s c o nfir m t h at all t hr e e el ast o m eri c 

m at e ri als h a v e hi g h d ur a bilit y a g ai nst m et h a n ol-b as e d fl ui ds. T h es e l o w c h a n g es w er e e x p e ct e d, 

si n c e lit er at ur e m e nti o ns t h at t h er m os et el ast o m ers h a v e g o o d p erf or m a n c e a g ai nst al c o h ols 

( M y ki n I n c 2 0 1 7). Alt h o u g h all m at eri als e x p eri e n c e d s m all c h a n g es , i n c o m p aris o n t o C R C, 

Kl e e n -fl o s h o w e d pr o n o u n c e d c h a n g e s  i n b ot h h ar d n ess a n d m ass  f or all t hr e e m at eri als, s p e ci all y 

at 5 0 ° C . H ar d n ess a n d m ass c h a n g es a p p e ar t o b e i nt e nsifi e d w h e n t h e t e m p er at ur e is i n cr e as e d, 

h a vi n g t h e hi g h est c h a n g e v al u e of 5. 8 6 7 ±  0. 7 0 2 S h or e A h ar d n ess u nit s wit h E P D M g as k ets a n d 
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Kl e e n -fl o @ 5 0 ° C. T his c o ul d i n di c at e  t h at t hi s pr o d u ct mi g ht d a m a g e E P D M  g as k ets  if us e d f or 

pr ol o n g e d ti m es. 

4. 3. 1  H a r d n ess c h a n g e  

A p air e d -s a m pl es t -t est w as r u n o n a s a m pl e  of 3 g a s k ets m a d e of t h e C urr e nt m at eri al t o d et er mi n e 

w h et h er t h er e w as st atisti c all y si g nifi c a nt m e a n diff er e n c e b et w e e n t h e S h or e A h ar d n ess Pr e a n d 

P ost i m m ersi o n i n t h e c h e mi c als at t h e s p e cifi e d c o n diti o ns. G as k et h ar d n ess w as hi g h er aft er 

i m m ersi o n i n all c as es. B el o w is a t a bl e wit h all t h e r es ult s a n d aft er w ar d s t h e p air e d -s a m pl es t -

t est Mi nit a b ™ o ut p ut:  

T a bl e 2 7  C h e mi c al c o m p ati bilit y t est r es ult s f or S h or e A h ar d n ess c h a n g e i n c urr e nt m at eri al 
g as k ets  

C O N DI T I O N  
P r e -I m m e rs i o n 

M e a n  
P ost -I m m e rsi o n 

M e a n  
μ  diff e r e n c e  CI  

T -
v al u e  

p -
v al u e  

C R C  

@ 2 3 ° C  
8 3. 0 0 0 ±  0. 2 0 0  8 3. 3 3 3 ±  0. 2 3 1  0. 3 3 3 ±  0. 1 1 5  9 5 %  5. 0 0 0  0. 0 1 9  

C R C  

@ 5 0 ° C  
8 2. 4 0 0 ±  0. 8 0 0  8 3. 8 6 7 ±  0. 4 1 6  1. 4 6 7 ±  0. 5 7 7  9 5 %  4. 4 0 0  0. 0 2 4  

Kl e e n -fl o @ 

2 3 ° C  
8 1. 7 3 3 ±  0. 1 1 5  8 4. 2 0 0 ±  0. 2 0 0  2. 4 6 7 ±  0. 3 0 6  9 5 %  1 3. 9 8  0. 0 0 3  

Kl e e n -fl o @ 

5 0 ° C  
8 2. 2 0 0 ±  0. 3 4 6  8 6. 2 0 0 ±  0. 3 4 6  4. 0 0 0 ±  0. 6 0 0  9 5 %  1 1. 5 5 0  0. 0 0 4  

 

P air e d T - T e st a n d CI: C U R R P o st H C R C @ 2 3° C, C U R R Pr e ...  R C @ 2 3° C  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C U R R P o st H C R C  @ 2 3° C  3  8 3. 3 3 3  0. 2 3 1  0. 1 3 3  

C U R R Pr e H C R C @ 2 3° C  3  8 3. 0 0 0  0. 2 0 0  0. 1 1 5  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

0. 3 3 3 3  0. 1 1 5 5  0. 0 6 6 7  0. 1 3 8 7  

µ _ diff er e n c e: m e a n of ( C U R R P o st H C R C @ 2 3° C -  C U R R Pr e H 

C R C @ 2 3° C)  

 

 

T e st  
N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

5. 0 0  0. 0 1 9  

  



9 9  
 

P air e d T - T e st a n d CI: C U R R P o st H C R C @ 5 0° C, C U R R Pr e ...  R C @ 5 0° C  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C U R R P o st H C R C @ 5 0° C  3  8 3. 8 6 7  0. 4 1 6  0. 2 4 0  

C U R R Pr e H C R C @ 5 0° C  3  8 2. 4 0 0  0. 8 0 0  0. 4 6 2  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

1. 4 6 7  0. 5 7 7  0. 3 3 3  0. 4 9 3  

µ _ diff er e n c e: m e a n of ( C U R R P o st H C R C @ 5 0° C -  C U R R Pr e H 

C R C @ 5 0° C)  

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

4. 4 0  0. 0 2 4  

 

P air e d T - T e st a n d CI: C U R R P o st H Kl e e n - fl o @ 2 3° C, ... l e e n- fl o @ 2 3° C 

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C U R R P o st H Kl e e n - fl o @ 2 3° C 3  8 4. 2 0 0  0. 2 0 0  0. 1 1 5  

C U R R Pr e H Kl e e n - fl o @ 2 3° C 3  8 1. 7 3 3  0. 1 1 5  0. 0 6 7  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

2. 4 6 7  0. 3 0 6  0. 1 7 6  1. 9 5 2  

µ _ diff er e n c e: m e a n of ( C U R R P o st H Kl e e n - fl o @ 2 3° C -  C U R R Pr e 

H Kl e e n - fl o @ 2 3° C) 

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

1 3. 9 8  0. 0 0 3  
 

 

 

P air e d T - T e st a n d CI: C U R R P o st H Kl e e n - fl o @ 5 0° C, ... l e e n- fl o @ 5 0° C 

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C U R R P o st H Kl e e n - fl o @ 5 0° C 3  8 6. 2 0 0  0. 3 4 6  0. 2 0 0  

C U R R Pr e H Kl e e n - fl o @ 5 0° C 3  8 2. 2 0 0  0. 3 4 6  0. 2 0 0  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

4. 0 0 0  0. 6 0 0  0. 3 4 6  2. 9 8 8  

µ _ diff er e n c e: m e a n of ( C U R R P o st H Kl e e n - fl o @ 5 0° C -  C U R R Pr e 

H Kl e e n - fl o @ 5 0° C) 

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

1 1. 5 5  0. 0 0 4  

  



1 0 0  
 

A p air e d -s a m pl es t -t est w as r u n o n a s a m pl e  of 3 g as k ets m a d e of E P D M t o d et er mi n e w h et h er 

t h er e w as st atisti c all y si g nifi c a nt m e a n diff er e n c e b et w e e n t h e S h or e A h ar d n ess Pr e a n d P ost 

i m m ersi o n i n t h e c h e mi c als at t h e s p e cifi e d c o n diti o ns. G as k et h ar d n ess w as hi g h er aft er 

i m m ersi o n i n all c as es. Bel o w is a t a bl e wit h all t h e r es ult s a n d aft er w ar d s t h e p air e d -s a m pl es t -

t est Mi nit a b ™ o ut p ut:  

T a bl e 2 8  C h e mi c al c o m p ati bilit y t est r es ult s f or S h or e A h ar d n ess c h a n g e i n E P D M g as k ets  

C O N DI T I O N  
P r e -I m m e rsi o n 

M e a n  
P ost -I m m e rsi o n 

M e a n  
μ  diff e r e n c e  CI  

T -
v al u e  

p -
v al u e  

C R C  

@ 2 3 ° C  
7 8. 8 6 7 ±  0. 3 0 6  8 2. 0 0 0 ±  0. 3 4 6  3. 1 3 3 ±  0. 6 4 3  9 5 %  8. 4 4 0  0. 0 0 7  

C R C  

@ 5 0 ° C  
7 9. 8 6 7 ±  0. 5 0 3  8 2. 2 0 0 ±  0. 2 0 0  2. 3 3 3 ±  0. 3 0 6  9 5 %  1 3. 2 3 0  0. 0 0 3  

Kl e e n -fl o @ 

2 3 ° C  
7 9. 0 6 7 ±  0. 6 4 3  8 4. 2 6 7 ±  0. 4 1 6  5. 2 0 0 ±  0. 7 2 1  9 5 %  1 2. 4 9 0  0. 0 0 3  

Kl e e n -fl o @ 

5 0 ° C  
7 9. 8 6 7 ±  0. 5 0 3  8 5. 7 3 3 ±  0. 2 3 1  5. 8 6 7 ±  0. 7 0 2  9 5 %  1 4. 4 7 0  0. 0 0 2  

P air e d T - T e st a n d CI: E P D M P o st H C R C @ 2 3° C, E P D M ...  H C R C @ 2 3° C  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

E P D M P o st H C R C @ 2 3° C  3  8 2. 0 0 0  0. 3 4 6  0. 2 0 0  

E P D M Pr e H C R C @ 2 3° C  3  7 8. 8 6 7  0. 3 0 6  0. 1 7 6  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

3. 1 3 3  0. 6 4 3  0. 3 7 1  2. 0 4 9  

µ _ diff er e n c e: m e a n of ( E P D M P o st H C R C @ 2 3° C -  E P D M Pr e H 

C R C @ 2 3° C)  

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

8. 4 4  0. 0 0 7  

 

P air e d T - T e st a n d CI: E P D M P o st H C R C @ 5 0° C, E P D M ...  H C R C @ 5 0° C  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

E P D M P o st H C R C @ 5 0° C  3  8 2. 2 0 0  0. 2 0 0  0. 1 1 5  

E P D M Pr e H C R C @ 5 0° C  3  7 9. 8 6 7  0. 5 0 3  0. 2 9 1  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

2. 3 3 3  0. 3 0 6  0. 1 7 6  1. 8 1 8  

µ _ diff er e n c e: m e a n of ( E P D M P o st H C R C @ 5 0° C -  E P D M Pr e H 

C R C @ 5 0° C)  

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

1 3. 2 3  0. 0 0 3  

 



1 0 1  
 

P air e d T - T e st a n d CI: E P D M P o st H Kl e e n - fl o @ 2 3° C, ... l e e n- fl o @ 2 3° C 

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

E P D M P o st H Kl e e n - fl o @ 2 3° C 3  8 4. 2 6 7  0. 4 1 6  0. 2 4 0  

E P D M Pr e H Kl e e n - fl o @ 2 3° C 3  7 9. 0 6 7  0. 6 4 3  0. 3 7 1  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

5. 2 0 0  0. 7 2 1  0. 4 1 6  3. 9 8 4  

µ _ diff er e n c e: m e a n of ( E P D M P o st H Kl e e n - fl o @ 2 3° C -  E P D M Pr e 

H Kl e e n - fl o @ 2 3° C) 

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

1 2. 4 9  0. 0 0 3  

 

P air e d T - T e st a n d CI: E P D M P o st H Kl e e n - fl o @ 5 0° C, ... l e e n- fl o @ 5 0° C 

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

E P D M P o st H Kl e e n - fl o @ 5 0° C 3  8 5. 7 3 3  0. 2 3 1  0. 1 3 3  

E P D M Pr e H Kl e e n - fl o @ 5 0° C 3  7 9. 8 6 7  0. 5 0 3  0. 2 9 1  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

5. 8 6 7  0. 7 0 2  0. 4 0 6  4. 6 8 3  

µ _ diff er e n c e: m e a n of ( E P D M P o st H Kl e e n - fl o @ 5 0° C -  E P D M Pr e 

H Kl e e n - fl o @ 5 0° C) 

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

1 4. 4 7  0. 0 0 2  

A p air e d -s a m pl es t -t est w as r u n o n a s a m pl e  of 3 g as k ets m a d e of C R t o d et er mi n e w h et h er t h er e 

w as st atisti c all y si g nifi c a nt m e a n diff er e n c e b et w e e n t h e S h or e A h ar d n ess Pr e a n d P ost i m m ersi o n 

i n t h e c h e mi c als at t h e s p e cifi e d c o n diti o ns. G as k et h ar d n ess w as hi g h er aft er i m m ersi o n i n all 

c a s es. B el o w is a t a bl e wit h all t h e r es ult s a n d aft er w ar ds t h e p air e d -s a m pl es t -t est Mi nit a b ™ 

o ut p ut:  

T a bl e 2 9  C h e mi c al c o m p ati bilit y t est r es ult s f or S h or e A h ar d n ess c h a n g e i n C R g as k ets  

C O N DI T I O N  
P r e -I m m e rsi o n 

M e a n  
P ost -I m m e rsi o n 

M e a n  
μ  diff e r e n c e  CI  

T -
v al u e  

p -
v al u e  

C R C  

@ 2 3 ° C  
7 3. 5 3 3 ± 0. 4 1 6  7 5. 3 3 3 ±  0. 1 1 5  1. 8 0 0 ± 0. 3 4 6  9 5 %  9. 0 0 0  0. 0 0 6  

C R C  

@ 5 0 ° C  
7 3. 0 0 0 ± 0. 5 2 9  7 6. 4 0 0 ± 0. 6 0 0  3. 4 0 0 ± 1. 0 5 8  9 5 %  5. 5 6 0  0. 0 1 5  

Kl e e n -fl o @ 

2 3 ° C  
7 2. 8 0 0 ± 1. 0 0 0  7 6. 5 3 3 ± 0. 3 0 6  3. 7 3 3 ± 1. 2 2 2  9 5 %  5. 2 9 0  0. 0 1 7  



1 0 2  
 

Kl e e n -fl o @ 

5 0 ° C  
7 4. 0 6 7 ± 0. 1 1 5  7 7. 5 3 3 ± 0. 3 0 6  3. 4 6 7 ± 0. 2 3 1  9 5 %  2 6. 0 0 0  0. 0 0 1  

 

P air e d T - T e st a n d CI: C R P o st H C R C @ 2 3° C, C R Pr e H C R C @ 2 3° C  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C R P o st H C R C @ 2 3° C  3  7 5. 3 3 3  0. 1 1 5  0. 0 6 7  

C R Pr e H C R C @ 2 3° C  3  7 3. 5 3 3  0. 4 1 6  0. 2 4 0  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

1. 8 0 0  0. 3 4 6  0. 2 0 0  1. 2 1 6  

µ _ diff er e n c e: m e a n of ( C R P o st H C R C @ 2 3° C -  C R Pr e H C R C 

@ 2 3° C)  

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e  = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

9. 0 0  0. 0 0 6  

 

P air e d T - T e st a n d CI: C R P o st H C R C @ 5 0° C, C R Pr e H C R C @ 5 0° C  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C R P o st H C R C @ 5 0° C  3  7 6. 4 0 0  0. 6 0 0  0. 3 4 6  

C R Pr e H C R C @ 5 0° C  3  7 3. 0 0 0  0. 5 2 9  0. 3 0 6  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

3. 4 0 0  1. 0 5 8  0. 6 1 1  1. 6 1 6  

µ _ diff er e n c e: m e a n of ( C R P o st H C R C @ 5 0° C -  C R Pr e H C R C 

@ 5 0° C)  

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

5. 5 6  0. 0 1 5  

 

P air e d T - T e st a n d CI: C R P o st H Kl e e n - fl o @ 2 3° C, C R Pr e ... - fl o @ 2 3° C 

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C R P o st H Kl e e n -fl o @ 2 3° C 3  7 6. 5 3 3  0. 3 0 6  0. 1 7 6  

C R Pr e H Kl e e n -fl o @ 2 3° C 3  7 2. 8 0 0  1. 0 0 0  0. 5 7 7  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

3. 7 3 3  1. 2 2 2  0. 7 0 6  1. 6 7 3  

µ _ diff er e n c e: m e a n of ( C R P o st H Kl e e n - fl o @ 2 3° C -  C R Pr e H 

Kl e e n - fl o @ 2 3° C) 

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

5. 2 9  0. 0 1 7  

 

  



1 0 3  
 

P air e d T - T e st a n d CI: C R P o st H Kl e e n -fl o @ 5 0° C, C R Pr e ... -fl o @ 5 0° C 

D e s cri pti v e St ati sti c s 

S a m pl e  N  M e a n  St D e v  S E M e a n  

C R P o st H Kl e e n -fl o @ 5 0° C 3  7 7. 5 3 3  0. 3 0 6  0. 1 7 6  

C R Pr e H Kl e e n -fl o @ 5 0° C 3  7 4. 0 6 7  0. 1 1 5  0. 0 6 7  

E sti m ati o n f or P air e d Diff er e n c e 

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

3. 4 6 7  0. 2 3 1  0. 1 3 3  3. 0 7 7  

µ _ diff er e n c e: m e a n of ( C R P o st H Kl e e n -fl o @ 5 0° C - C R Pr e H 

Kl e e n -fl o @ 5 0° C) 

 

 

T e st 

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

2 6. 0 0  0. 0 0 1  

 
 

Fi g ur e 7 3, Fi g ur e 7 4, a n d Fi g ur e 7 2 s h o w t h e r es ults f or t h e h ar d n ess c h a n g e c o m p aris o ns f or t h e 

c urr e nt m at eri al, E P D M, a n d C R.  

 

 
Fi g ur e 7 2 C urr e nt m at eri al g as k ets h ar d n ess c h a n g e hist o gr a ms f or b ot h c h e mi c als at 2 3 ° C a n d 

5 0 ° C 



1 0 4  
 

Fi g ur e 7 3 E P D M g as k ets h ar d n ess c h a n g e hist o gr a ms f or b ot h c h e mi c als at 2 3 ° C a n d 5 0 ° C 

 
Fi g ur e 7 4 C R g as k ets h ar d n ess c h a n g e hist o gr a ms f or b ot h c h e mi c als at 2 3 ° C a n d 5 0 ° C 



1 0 5  
 

4. 3. 2  M ass c h a n g e  

A p air e d -s a m pl es t -t est w as r u n o n a s a m pl e of 3 g as k ets m a d e of t h e c urr e nt m at eri al t o d et er mi n e 

w h et h er t h er e w as st ati sti c all y si g nifi c a nt m e a n diff er e n c e b et w e e n t h e m ass Pr e a n d P ost 

i m m ersi o n i n t h e c h e mi c als at t h e s p e cifi e d c o n diti o ns. G as k et m ass c h a n g e w as mi ni m al aft er 

i m m ersi o n a n d r e m ai n e d e q ui v al e nt i n all c as es. B el o w is a t a bl e wit h all t h e r es ult s a n d aft er w ar ds 

t h e p air e d -s a m pl es t -t est Mi nit a b ™ o ut p ut:  

T a bl e 3 0  C h e mi c al c o m p ati bilit y t est r es ult s f or m ass c h a n g e i n C urr e nt m at eri al g as k ets  

C O N DI T I O N  
P r e -I m m e rsi o n 

M e a n  
P ost -I m m e rsi o n 

M e a n  
μ  diff e r e n c e  CI  

T -
v al u e  

p -
v al u e  

C R C  

@ 2 3 ° C  
7. 7 9 2 ±  0. 0 4 4  7. 7 8 7 ±  0. 0 4 2  -0. 0 0 4 ±  0. 0 0 2  9 5 %  -3. 6 4  0. 9 6 6  

C R C  

@ 5 0 ° C  
7. 7 8 6 ±  0. 0 0 5  7. 7 7 6 ±  0. 0 0 4  -0. 0 1 0 ±  0. 0 0 1  9 5 %  -1 7. 2 0  0. 9 9 8  

Kl e e n -fl o @ 

2 3 ° C  
7. 7 9 3 ±  0. 0 6 5  7. 7 8 1 ±  0. 0 6 7  -0. 0 1 2 ±  0. 0 0 2  9 5 %  -7. 7 9  0. 9 9 2  

Kl e e n -fl o @ 

5 0 ° C  
7. 8 6 0 ±  0. 0 2 7  7. 8 1 1 ±  0. 0 2 0  -0. 0 4 9 ±  0. 0 0 7  9 5 %  -1 1. 9  0. 9 9 7  

 

P air e d T - T e st a n d CI: C U R R P o st M C R C @ 2 3° C, C U R R Pr e ...  R C @ 2 3° C  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C U R R P o st M C R C @ 2 3° C  3  7. 7 8 7 9  0. 0 4 2 5  0. 0 2 4 5  

C U R R Pr e M C R C @ 2 3° C  3  7. 7 9 2 1  0. 0 4 4 5  0. 0 2 5 7  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

- 0. 0 0 4 2 2  0. 0 0 2 0 1  0. 0 0 1 1 6  - 0. 0 0 7 6 1  

µ _ diff er e n c e: m e a n of ( C U R R P o st M C R C @ 2 3° C -  C U R R Pr e M 

C R C @ 2 3° C)  

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

- 3. 6 4  0. 9 6 6  

 

P air e d T - T e st a n d CI: C U R R P o st M C R C @ 5 0° C, C U R R Pr e ...  R C @ 5 0° C  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C U R R P o st M C R C @ 5 0° C  3  7. 7 7 6 1 1  0. 0 0 4 5 3  0. 0 0 2 6 1  

C U R R Pr e M C R C @ 5 0° C  3  7. 7 8 6 2 2  0. 0 0 5 3 2  0. 0 0 3 0 7  

 

 

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

- 0. 0 1 0 1 1 1  0. 0 0 1 0 1 8  0. 0 0 0 5 8 8  - 0. 0 1 1 8 2 8  

µ _ diff er e n c e: m e a n of ( C U R R P o st M C R C @ 5 0° C -  C U R R Pr e M 

C R C @ 5 0° C)  

 



1 0 6  
 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

- 1 7. 2 0  0. 9 9 8  

P air e d T - T e st a n d CI: C U R R P o st M Kl e e n - fl o @ 2 3° C, ... l e e n- fl o @ 2 3° C 

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C U R R P o st M Kl e e n - fl o @ 2 3° C 3  7. 7 8 1 2  0. 0 6 7 6  0. 0 3 9 0  

C U R R Pr e M Kl e e n - fl o @ 2 3° C 3  7. 7 9 3 2  0. 0 6 5 0  0. 0 3 7 5  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

- 0. 0 1 2 0 0  0. 0 0 2 6 7  0. 0 0 1 5 4  - 0. 0 1 6 5 0  

µ _ diff er e n c e: m e a n of ( C U R R P o st M Kl e e n - fl o @ 2 3° C -  C U R R Pr e 

M Kl e e n - fl o @ 2 3° C) 

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

- 7. 7 9  0. 9 9 2  

 

P air e d T - T e st a n d CI: C U R R P o st M Kl e e n - fl o @ 5 0° C, ... l e e n- fl o @ 5 0° C 

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C U R R P o st M Kl e e n - fl o @ 5 0° C 3  7. 8 1 1 3  0. 0 2 0 6  0. 0 1 1 9  

C U R R Pr e M Kl e e n - fl o @ 5 0° C 3  7. 8 6 0 6  0. 0 2 7 3  0. 0 1 5 7  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

- 0. 0 4 9 2 7  0. 0 0 7 1 7  0. 0 0 4 1 4  - 0. 0 6 1 3 5  

µ _ diff er e n c e: m e a n of ( C U R R P o st M Kl e e n - fl o @ 5 0° C -  C U R R Pr e 

M Kl e e n - fl o @ 5 0° C) 

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

- 1 1. 9 0  0. 9 9 7  

 

A p air e d -s a m pl es t -t est w as r u n o n a s a m pl e of 3 g as k ets m a d e of E P D M t o d et er mi n e w h et h er 

t h er e w as st atisti c all y si g nifi c a nt m e a n diff er e n c e b et w e e n t h e m ass Pr e a n d P ost i m m ersi o n i n t h e 

c h e mi c als at t h e s p e cifi e d c o n diti o ns. G as k et m ass c h a n g e w as mi ni m al aft er i m m ersi o n a n d 

r e m ai n e d e q uiv al e nt i n all c as es. B el o w is a t a bl e wit h all t h e r es ult s a n d aft er w ar ds t h e p air e d -

s a m pl es t -t est Mi nit a b ™ o ut p ut: 

  



1 0 7  
 

T a bl e 3 1  C h e mi c al c o m p ati bilit y t est r es ult s f or m ass c h a n g e i n C R g as k ets  

C O N DI T I O N  
P r e -I m m e rsi o n 

M e a n  
P ost -I m m ersi o n 

M e a n  
μ  diff e r e n c e  CI  

T -
v al u e  

p -
v al u e  

C R C  

@ 2 3 ° C  
6. 3 6 6 ±  0. 0 0 6  6. 3 5 4 ±  0. 0 0 6  -0. 0 1 2 ±  0. 0 0 2  9 5 %  -7. 8 6  0. 9 9 2  

C R C  

@ 5 0 ° C  
6. 3 6 6 ±  0. 0 5 1  6. 3 0 2 ±  0. 0 4 3  -0. 0 6 4 ±  0. 0 0 9  9 5 %  -1 1. 1 8  0. 9 9 6  

Kl e e n -fl o @ 

2 3 ° C  
6. 3 1 6 ±  0. 0 3 2  6. 2 8 4 ±  0. 0 3 2  -0. 0 3 2 ±  0. 0 0 1  9 5 %  -4 1. 2 9  1. 0 0 0  

Kl e e n -fl o @ 

5 0 ° C  
6. 4 1 5 ±  0. 0 6 1  6. 3 0 0 ±  0. 0 5 7  -0. 1 1 5 ±  0. 0 0 4  9 5 %  -4 9. 7 6  1. 0 0 0  

 

P air e d T - T e st a n d CI: E P D M P o st M C R C @ 2 3° C, E P D M ...  C R C @ 2 3° C  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

E P D M P o st M C R C @ 2 3° C  3  6. 3 5 4 3 3  0. 0 0 6 1 1  0. 0 0 3 5 3  

E P D M Pr e M C R C @ 2 3° C  3  6. 3 6 6 5 6  0. 0 0 6 1 9  0. 0 0 3 5 8  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

- 0. 0 1 2 2 2  0. 0 0 2 6 9  0. 0 0 1 5 6  - 0. 0 1 6 7 6  

µ _ diff er e n c e: m e a n of ( E P D M P o st M C R C @ 2 3° C -  E P D M Pr e M 

C R C @ 2 3° C)  

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

- 7. 8 6  0. 9 9 2  

 

P air e d T - T e st a n d CI: E P D M P o st M C R C @ 5 0° C, E P D M ...  C R C @ 5 0° C  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

E P D M P o st M C R C @ 5 0° C  3  6. 3 0 2 3  0. 0 4 3 8  0. 0 2 5 3  

E P D M Pr e M C R C @ 5 0° C  3  6. 3 6 6 6  0. 0 5 1 7  0. 0 2 9 8  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

- 0. 0 6 4 2 2  0. 0 0 9 9 5  0. 0 0 5 7 4  - 0. 0 8 0 9 9  

µ _ diff er e n c e: m e a n of ( E P D M P o st M C R C  @ 5 0° C -  E P D M Pr e M 

C R C @ 5 0° C)  

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

- 1 1. 1 8  0. 9 9 6  

 

 

  



1 0 8  
 

P air e d T - T e st a n d CI: E P D M P o st M Kl e e n - fl o @ 2 3° C, ... l e e n- fl o @ 2 3° C 

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

E P D M P o st M Kl e e n -fl o @ 2 3° C 3  6. 2 8 4 0  0. 0 3 2 9  0. 0 1 9 0  

E P D M Pr e M Kl e e n - fl o @ 2 3° C 3  6. 3 1 6 1  0. 0 3 2 8  0. 0 1 8 9  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

- 0. 0 3 2 1 1 1  0. 0 0 1 3 4 7  0. 0 0 0 7 7 8  - 0. 0 3 4 3 8 2  

µ _ diff er e n c e: m e a n of ( E P D M P o st M Kl e e n - fl o @ 2 3° C -  E P D M Pr e 

M Kl e e n - fl o @ 2 3° C) 

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

- 4 1. 2 9  1. 0 0 0  

 

P air e d T - T e st a n d CI: E P D M P o st M Kl e e n - fl o @ 5 0° C, ... l e e n- fl o @ 5 0° C 

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

E P D M P o st M Kl e e n -fl o @ 5 0° C 3  6. 3 0 0 3  0. 0 5 7 3  0. 0 3 3 1  

E P D M Pr e M Kl e e n - fl o @ 5 0° C 3  6. 4 1 5 8  0. 0 6 1 1  0. 0 3 5 3  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

- 0. 1 1 5 4 4  0. 0 0 4 0 2  0. 0 0 2 3 2  - 0. 1 2 2 2 2  

µ _ diff er e n c e: m e a n of ( E P D M P o st M Kl e e n - fl o @ 5 0° C -  E P D M Pr e 

M Kl e e n - fl o @ 5 0° C) 

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

- 4 9. 7 6  1. 0 0 0  

 

A p air e d -s a m pl es t -t est w as r u n o n a s a m pl e of 3 g as k ets m a d e of C R t o d et er mi n e w h et h er t h er e 

w as st atisti c all y si g nifi c a nt m e a n diff er e n c e b et w e e n t h e m ass Pr e a n d P ost i m m ersi o n i n t h e 

c h e mi c als at t h e s p e cifi e d c o n diti o ns. G as k et m ass  c h a n g e w as mi ni m a l aft er i m m ersi o n a n d 

r e m ai n e d e q ui v al e nt i n all c as es. B el o w is a t a bl e wit h all t h e r es ult s a n d aft er w ar ds t h e p air e d -

s a m pl es t -t est Mi nit a b ™ o ut p ut:  

  



1 0 9  
 

T a bl e 3 2  C h e mi c al c o m p ati bilit y t est r es ult s f or m ass c h a n g e i n C R  g as k ets  

C O N DI T I O N  
P r e -I m m e rsi o n 

M e a n  
P ost -I m m e rsi o n 

M e a n  
μ  diff e r e n c e  CI  

T -
v al u e  

p -
v al u e  

C R C  

@ 2 3 ° C  
6. 1 3 7 ±  0. 0 0 1  6. 1 0 0 ±  0. 0 0 2  -0. 0 3 7 ±  0. 0 0 1  9 5 %  -6 3. 1 2  1. 0 0 0  

C R C  

@ 5 0 ° C  
6. 1 5 2 ±  0. 0 5 7  6. 0 2 8 ±  0. 0 5 2  -0. 1 2 4 ±  0. 0 0 5  9 5 %  -3 8. 5 7  1. 0 0 0  

Kl e e n -fl o @ 

2 3 ° C  
6. 1 4 3 ±  0. 0 1 8  6. 0 7 8 ±  0. 0 1 7  -0. 0 6 5 ±  0. 0 0 1  9 5 %  -8 9. 9 7  1. 0 0 0  

Kl e e n -fl o @ 

5 0 ° C  
6. 1 1 0 ±  0. 0 2 6  5. 9 8 7 ±  0. 0 2 4  -0. 1 2 9 ±  0. 0 0 2  9 5 %  -9 7. 0 0  1. 0 0 0  

 

P air e d T - T e st a n d CI: C R P o st M C R C @ 2 3° C, C R Pr e M C R C @ 2 3° C  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C R P o st M C R C @ 2 3° C  3  6. 1 0 0 0 0  0. 0 0 2 0 0  0. 0 0 1 1 5  

C R Pr e M C R C @ 2 3° C  3  6. 1 3 7 1 1  0. 0 0 1 0 2  0. 0 0 0 5 9  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

- 0. 0 3 7 1 1 1  0. 0 0 1 0 1 8  0. 0 0 0 5 8 8  - 0. 0 3 8 8 2 8  

µ _ diff er e n c e: m e a n of ( C R P o st M C R C @ 2 3° C -  C R Pr e M C R C 

@ 2 3° C)  

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

- 6 3. 1 2  1. 0 0 0  

 

 

 

P air e d T - T e st a n d CI: C R P o st M C R C @ 5 0° C, C R Pr e M C R C @ 5 0° C  

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C R P o st M C R C @ 5 0° C  3  6. 0 2 8 0  0. 0 5 2 7  0. 0 3 0 4  

C R Pr e M C R C @ 5 0° C  3  6. 1 5 2 0  0. 0 5 7 7  0. 0 3 3 3  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

- 0. 1 2 4 0 0  0. 0 0 5 5 7  0. 0 0 3 2 1  - 0. 1 3 3 3 9  

µ _ diff er e n c e: m e a n of ( C R P o st M C R C @ 5 0° C -  C R Pr e M C R C 

@ 5 0° C)  

 

 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

- 3 8. 5 7  1. 0 0 0  

  



1 1 0  
 

P air e d T - T e st a n d CI: C R P o st M Kl e e n - fl o @ 2 3° C, C R Pr e ...  - fl o @ 2 3° C 

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C R P o st M Kl e e n - fl o @ 2 3° C 3  6. 0 7 8 3  0. 0 1 7 1  0. 0 0 9 9  

C R Pr e M Kl e e n - fl o @ 2 3° C 3  6. 1 4 3 9  0. 0 1 8 4  0. 0 1 0 6  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

- 0. 0 6 5 5 5 6  0. 0 0 1 2 6 2  0. 0 0 0 7 2 9  - 0. 0 6 7 6 8 3  

µ _ diff er e n c e: m e a n of ( C R P o st M Kl e e n - fl o @ 2 3° C -  C R Pr e M Kl e e n - fl o @ 2 3° C) 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

- 8 9. 9 7  1. 0 0 0  

 

 

P air e d T - T e st a n d CI: C R P o st M Kl e e n - fl o @ 5 0° C, C R Pr e ... - fl o @ 5 0° C 

D e s cri pti v e St ati sti c s  

S a m pl e  N  M e a n  St D e v  S E M e a n  

C R P o st M Kl e e n - fl o @ 5 0° C 3  5. 9 8 7 7  0. 0 2 4 2  0. 0 1 4 0  

C R Pr e M Kl e e n - fl o @ 5 0° C 3  6. 1 1 7 0  0. 0 2 6 1  0. 0 1 5 0  

E sti m ati o n f or P air e d Diff er e n c e  

M e a n  St D e v  S E M e a n  

9 5 %  L o w er  B o u n d  

f or μ _ diff er e n c e  

- 0. 1 2 9 3 3  0. 0 0 2 3 1  0. 0 0 1 3 3  - 0. 1 3 3 2 3  

µ _ diff er e n c e: m e a n of ( C R P o st M Kl e e n - fl o @ 5 0° C -  C R Pr e M Kl e e n - fl o @ 5 0° C) 

T e st  

N ull h y p ot h e si s  H₀: μ _ diff er e n c e = 0  

Alt er n ati v e h y p ot h e si s  H₁: μ _ diff er e n c e > 0  

T - V al u e  P -V al u e  

- 9 7. 0 0  1. 0 0 0  

 

 

Fi g ur e 7 5 , Fi g ur e 7 6 , a n d Fi g ur e 7 7  s h o w t h e r e s ult s f or t h e m ass c h a n g e c o m p aris o ns f or t h e 

c urr e nt m at eri al, E P D M, a n d C R.  



1 1 1  
 

 
Fi g ur e 7 5  C urr e nt m at eri al g as k ets m ass c h a n g e f or b ot h c h e mi c als at 2 3 ° C a n d 5 0 ° C  

 

 
Fi g ur e 7 6  E P D M g as k ets m ass c h a n g e f or b ot h c h e mi c als at 2 3 ° C a n d 5 0 ° C  



1 1 2  
 

 
Fi g ur e 7 7  E P D M g as k ets m ass c h a n g e f or b ot h c h e mi c als at 2 3 ° C a n d 5 0 ° C  

 

5  I n d ust r y A p pli c ati o n  

5. 1  I n-s e r vi c e t est p r ot o c ol f o r g as k et s  

T o pr o p erl y ass ess t h e p erf or m a n c e a n d r eli a bilit y of a c o m p o n e nt, i n t hi s c as e, r ail c ar air br a k e 

g as k ets, r e c or ds n e e d t o b e m ai nt ai n e d t o ass ess c o m p o n e nt f ail ur e fr e q u e n c y a n d r e pl a c e m e nt . 

T h e r e c or d e d  d at a c a n t h e n l at er b e us e d t o esti m at e t h e lif eti m e of a  c o m p o n e nt or t o a n al y z e a n d 

a dj ust t h e r e pl a c e m e nt p oli c y us e d . T o k e e p  r e c or d s of g as k et f ail ur es a n d r e pl a c e m e nt fr e q u e n c y, 

a  t e m pl at e t o p erf or m a n i n-s er vi c e t est pr ot o c ol f or r ail c ar air br a k e g as k ets is pr o p os e d. T h e 

pr ot o c ol f or t esti n g g as k ets  d uri n g o p er ati o n al s er vi c e is b as e d o n t h e h ar d n ess t est pr o c e d ur e  

p erf or m e d i n t hi s st u d y . T his pr ot o c ol  c o ul d b e us e d i n r ailr o a d i n d ustr y as t h e first st e p t o p erf or m 

pr e di cti v e a n al yti cs f or r ailr o a d air br a k e g as k ets. Pr e di cti v e a n al yti cs us e s st atisti c al m o d elli n g 

t e c h ni q u es t o pr o vi d e i nsi g ht a n d t a k e str at e gi c a cti o ns i n m ai nt e n a n c e( Ki n gsl e y 2 0 1 2) 

T h e pr o c e d ur e t o p erf or m t h e t est pr ot o c ol is t h e s a m e as i n t h e h ar d n e ss t est. Fi v e  h ar d n ess 

m e as ur e m e nts will b e t a k e n wit h a h a n d h el d S h or e A d ur o m et er , w h er e t he m e as ur e m e nts p oi nt s 

s h o ul d b e e v e nl y s pr e a d t hr o u g h o ut t h e g as k et f a c e, wit h at l e ast 5. 0 0 m m of s e p ar ati o n. T h e 



1 1 3  
 

h ar d n ess p oi nt s a v er a g e a n d st a n d ar d d e vi ati o n m ust b e r e c or d e d. T h e h ar d n ess  m e as ur e m e nts 

s h o ul d b e p erf or m e d  o n a n e w g as k et b ef or e it g o es i nsi d e  of a gl a d -h a n d  a n d r e c or d e d; t h e d at e 

a n d a m bi e nt t e m p er at ur e pri or t o r e pl a ci n g t h e g a s k et s h o ul d b e r e c or d e d as w ell. T h e h ar d n ess 

m e as ur e m e nts s h o ul d b e d o n e o n t h e g as k et f a c e t h at will cr e at e t h e air ti g ht s e al i. e. t h e g as k et 

f a c e t h at will g et i n c o nt a ct wit h t h e ot h er g a s k et. O n e k e y fa ct or  w as t o r e c or d h ar d n ess 

m e as ur e m e nts i n a r a n d o m f as hi o n t o di mi ni s h s yst e m ati c err ors. T h e d at a c a n t h e n b e us e d t o 

d et e ct a f a ult y b at c h of g as k ets a n d t o cr e at e a d at a b as e f or f urt h er a n al ysis, f or e x a m pl e,  it c o ul d 

b e us e d t o a p pl y r eli a bilit y c e n t er e d m ai nt e n a n c e t h e or y o n t h e g as k et r e pl a c e m e nt c y cl e t o 

o pti mi z e it, i nst e a d of usi n g t h e c urr e nt r u n -t o-f ail ur e a p pr o a c h. M e as ur e m e nts s h o ul d b e d o n e 

i nsi d e of t h e w ar e h o us e/ m e c h a ni c al s h o p, or w h er e t h e t esti n g c o n diti o ns ar e o pti m al ( R o o m 

T e m p er at ur e 2 0 t o 3 0 ° C a n d a r el ati v e h u mi dit y of 5 0 ± 1 0 % R H) ( A S T M 2 0 1 4 b). A pr o p os e d 

t e m pl at e t o g at h er t his i nf or m ati o n w as pr es e nt e d b el o w.  

T a bl e 3 3 : S a m pl e t a bl e t o g at h er g as k et h ar d n ess d a t a a n d r e pl a c e m e nt d at e 

I D 
D at e  

[ Y Y/ M M/ D D] 

A m bi e nt 
T e m p.  
[° C] 

H ar d n ess M e as ur e m e nt s 
[ S h or e A   0 –  1 0 0]  

 

1  2  3  4  5  
S u m  
( 1-5)  

A v g  
( 1-5)  

S T D 
D E V  

O bs er v ati o ns  

1             

2             

I n t h e O bs er v ati o ns  s e cti o n, t h e m ai nt e n a n c e st aff  c a n n ot e d o w n a n y f ail ur e c o n diti o n or disti n ct 

pr o bl e m e n c o u nt er e d w h e n s er vi ci n g or r e pl a ci n g a g as k et t h at w as i nsi d e of t h e gl a d -h a n d  i. e. 

s o m e o pti o ns t o p ut i n o bs er v ati o ns c a n b e: ni c k e d, cr a c k e d, or s w oll e n.  

Alt h o u g h t h e t y p e of e n d h os e arr a n g e m e nt, g as k et b at c h n u m b er, s u p pli er , a m o n g ot h er f a ct ors 

w er e  disr e g ar d e d, t hi s pr ot o c ol k e e ps t h e pr o c e d ur e si m pl e a n d str ai g htf or w ar d f or a s wift 

e x e c uti o n. M or e o v er, t hi s pr ot o c ol gi v es t h e b e n efit of pr o vi di n g  a r e c or d of c o m pli a n c e  wit h A A R 

S p e cifi c ati o n  M -6 0 2, as “ g as k ets s h all att ai n a d ur o m et er r e a di n g of 8 0 ± 5 or a n A A R a p pr o v e d 

alt er n ati v e ”.  O n c e t h e f or m is fill e d i n, t h e h ar d n ess v al u es pr o vi d e pr o of t h at t h e g as k ets b ei n g 

us e d c o m pl y wit h t his s p e cifi c ati o n a n d c a n als o al ert if t h er e i s a n y d ef e ct i n t h e g as k et q u alit y.  

T h e a m bi e nt t e m p er at ur e is als o r e c or d e d i n t hi s f or m, si n c e c ol d t e m p er at ur es c a n aff e ct 

el ast o m eri c m at eri als h ar d n ess, as w ell as t h eir m e c h a ni c al b e h a vi or. A pr o p er r e c or d of t h e 

a m bi e nt t e m p er at ur e c a n b e us e d l at e r t o fi n d a c orr el ati o n wit h f ail ur e fr e q u e n c y. 
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D at e a n n ot ati o ns i n t h e t e m pl at e w o ul d ai d i n k e e pi n g tr a c k of t h e ti m e of f ail ur e, as w ell as pr o vi d e 

i nf or m ati o n t o cr e at e a hist o gr a m of t h e g as k et f ail ur e fr e q u e n c y, w hi c h w o ul d b e t h e first st e p t o 

st art  usi n g pr e di cti v e a n al yti cs.  

I n t h e n e xt s e cti o n, it is ass u m e d t h at a c orr e ct s et of i nf or m ati o n f or g as k et r e pl a c e m e nt fr e q u e n c y 

w as r e c or d e d, t h er ef or e t h e g as k et f ail ur e fr e q u e n c y distri b uti o n c a n b e d eri v e d a n d t h e n us e d t o 

s ol v e a n u m eri c al e x a m pl e o f gr o u p r e pl a c e m e nt p oli c y f or r ail c ar air br a k e g as k ets.  

5. 2  G as k ets  g r o u p r e pl a c e m e nt  p oli c y  n u m e ri c al e x a m pl e  

I n t hi s s e cti o n, a h y p ot h eti c al n u m eri c al e x a m pl e wit h gr o u p r e pl a c e m e nt p oli c y w as s ol v e d. A 

gr o u p r e pl a c e m e nt p oli c y  w as b eli e v e d t o b e t h e b est pr e v e nti v e m ai nt e n a n c e p oli c y, c o nsi d eri n g 

e c o n o mi es of s c al e of t h e g as k ets , a n d ass u mi n g  t h at f ail ur e m o d es o c c ur st o c h asti c all y (l a m p 

r e pl a c e m e nt a p pr o a c h). 

It w as esti m at e d t h at 5 0  g as k ets w o ul d n e e d  t o b e r e pl a c e d  e a c h ti m e . T his c o m es fr o m t h e 

ass u m pti o n t h at 2 0 % of t h e t ot al n u m b er of  g as k ets us e d i n  a tr ai n wit h a n a v er a g e of 1 2 5  r ail c ars 

( D e v e a u 2 0 1 1), w o ul d b e r e pl a c e d d uri n g pr e v e nti v e gr o u p r e pl a c e m e nt s. T h e c al c ul ati o n  w as 

t h en:  

2
g a s k et s

r ail c a r
∗ 1 2 5

r ail c a r s

t r ai n
= 2 5 0

g a s k et s

t r ai n
∗ 2 0 %  tr ai n = 5 0  g as k ets.  

I n t hi s e x er cis e, t h e first a ss u m pti o n m a d e f or g as k et r e pl a c e m e nt w as  t h at t h e g as k et f ail ur es o c c ur 

a c c or di n g t o a n or m al d sitri b uti o n, wit h a m e a n of 8 w e e ks  of a v er a g e lif e e x p e ct a n c y a n d a 

st a n d ar d d e vi ati o n of 2 w e e ks ; i n ot h er w or ds, t h e pr o b a bilit y d e nsit y f u n cti o n of t h e f ail ur e ti m es 

of t h e g as k ets  w as 𝑇 ( 𝑔 ) = 𝜎 ( 8 ,2 ) . T h e n, it w as ass u m e d  t h at a c ost of a f ail ur e r e pl a c e m e nt w as  

C 𝐹 = $ 1 5, a n d a c ost of a r e pl a c e m e nt u n d er c o n diti o ns of gr o u p r e pl a c e m e nt w as  C g = $ 6 , wit h 5 0  

g as k ets  r e pl a c e d i n gr o u p. Usi n g  e q u ati o n (1 2 ) t h e o pti m al i nt er v al 𝐿 𝐿  b et w e e n gr o u p r e pl a c e m e nts  

w as esti m at e d .  

Wit h t h e a b o v e v al u es, a t a bl e wit h t h e t ot al r e pl a c e m e nt u nit c ost p er u nit ti m e 𝐿 ( 𝑅 𝑟 )  w as cr e at e d , 

h a vi n g a t ot al n u m b er of r e pl a c e m e nt u nit s N = 5 0 : 

N  C ( t p ) = N (
C g + C fH ( t p )

t p
) = 5 0 (

$ 6 + $ 1 5  H ( t p )

t p
)  
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Usi n g t h e g e n er al f ail ur e r at e e q u ati o n (1 3 ), a n d s ol vi n g f or 8 it er ati o ns, t h e c al c ul ati o ns w er e:  

𝑇 ( T ) = ∑ [1 + 𝑔 ( 𝜎 − 𝐹 − 1 ) ]

𝐿 − 1

𝐿 = 0

∫ 𝐿 ( 𝑅 ) 𝑟 𝜎
𝐹+ 1

𝐴

,𝐸 ≥ 1  

𝑆 ( 0 ) = 0  

𝑀 ( 1 ) = [1 + 𝑆 ( 0 ) ] ∫ 𝐵 ( 𝜖 ) 𝑉 𝑉
1

0

= [1 + 𝑉 ( 0 ) ][ϕ ( − 3 .5 )  −  ϕ ( − 4 .0 ) ] = 0 .0 0 0 1 7  

𝐶 ( 2 ) = [1 + 𝑆 ( 1 ) ] ∫ 𝑠 ( 𝑝 ) 𝐹 𝑒
1

0

+ [1 + 𝑡 ( 0 ) ] ∫ 𝑡 ( 𝑟 ) 𝑐 𝑒
2

1

 

… a n d s o o n …  

T h e  t ot al r e pl a c e m e nt c o st p er u nit ti m e f or all 5 0 g as k ets, N 𝑓 ( 𝑟 𝑒 ) , is s h o w n o n T a bl e 3 4 . T h e  

o pti m al p eri o d f or pr e v e nti v e gr o u p r e pl a c e m e nts 𝑒 𝑎  w as b et w e e n 5 a n d 6 w e e ks .  

T a bl e 3 4  Gr o u p r e pl a c e m e nt u nit c ost p er u nit ti m e m o c k e x a m pl e f or 5 0 r ail c ar a ir br a k e g as k ets  

𝑟 𝑒  0  1  2  3  4  5  6  7  8  

( 𝑎 𝜋 − 𝑅 )

𝑟
 -4  -3. 5  -3. 0  -2. 5  -2. 0  -1. 5  -1. 0  -0. 5  0. 0  

Φ (
𝜋 𝑅 − 𝜋

𝑟
)  0. 0 0 0 0 3  0. 0 0 0 2  0. 0 0 1 4  0. 0 0 6 2  0. 0 2 2 8  0. 0 6 6 8  0. 1 5 8 7  0. 3 0 8 5  0. 5 0 0 0  

∫ 𝑅 ( 𝑟 ) 𝑅 𝐹
𝐶 + 1

𝑒

 0. 0 0 0 0 3  0. 0 0 0 2  0. 0 0 1 1  0. 0 0 4 9  0. 0 1 6 5  0. 0 4 4 1  0. 0 9 1 9  0. 1 4 9 8  0. 1 9 1 5  

𝑥 ( t p )  0  0. 0 0 0 1 7  0. 0 0 1 3  0. 0 0 6 2  0. 0 2 2 7  0. 0 6 6 8  0. 1 5 8 8  0. 3 0 8 9  0. 5 0 1 3  

𝑝 ( 𝐹 𝐴 )  N/ A  $ 6. 0 0  $ 3. 0 1  $ 2. 0 3  $ 1. 5 9  $ 1. 4 0  $ 1. 4 0  $ 1. 5 2  $ 1. 6 9  

𝜀  𝐹 ( 𝐴 𝐩 )  N/ A  $ 3 0 0  $ 1 5 0  1 0 0  $ 8 0  $ 7 0  $ 7 0  $ 7 5  $ 8 5  

Pr e di cti v e a n al yti cs t e c h ni q u es, s u c h as a gr o u p r e pl a c e m e nt p oli c y, c a n h el p t o r e d u c e 

m ai nt e n a n c e c osts a n d t o m a n a g e ass ets b as e d o n r eli a bilit y. I n s u m m ar y, t h e b e n efit of a p pl yi n g 

t h e i n-s er vi c e pr ot o c ol is t w of ol d: First, it w o ul d cr e at e a r e c or d of c o m pli a n c e wit h A A R’s 

s p e cifi c ati o n 6 0 2 . S e c o n dl y, o n c e e n o u g h i nf or m ati o n is r e c or d e d, pr e di cti v e a n al yti cs c a n b e 

p erf or m e d t o o pti mi z e m ai nt e n a n c e c osts a n d m a n a g e ass ets m or e effi ci e ntl y.  
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6  C o n cl usi o ns a n d F ut u r e w o r k  

At t h e e n d of e a c h of t h e t ests, s e v er al c o n cl usi o ns c o ul d b e m a d e.  

  I n t h e h ar d n ess t est, all m at eri als i n cr e as e d t h eir S h or e A h ar d n ess w h e n t h e t e m p er at ur e 

dr o p p e d t o -4 0 ° C . I n t hi s t est, C hl or o pr e n e [ C R] pr es e nt e d t h e l o w est c h a n g e i n h ar d n ess, 

wit h a diff er e n c e of 9. 5 3 S h or e A u nit s b et w e e n r o o m a n d c ol d t e m p er at ur e h ar d n ess. I n 

a d diti o n, e v e n w h e n fr o z e n, C R still pr es e nt e d s u btl e n ess w h e n m a ni p ul at e d. Alt h o u g h t h e 

S h or e A m e a n h ar d n ess of C R ( 7 3) w as b el o w t h e A A R t hr es h ol d ( 7 5), C R m ai nt ai n e d a 

h ar d n ess l o w er t h a n t h at of t h e A A R u p p er li mit of 8 5 w h e n fr o z e n ( 8 3). T h es e r es ult s 

i n di c at e t h at C R is a g o o d c a n di d at e f or el a b or ati n g a “l o w-t e m p er at ur e ” r ail c ar air br a k e 

g as k et . 

  I n all c o m pr essi o n t ests, C R pr es e nt e d a b ett er p erf or m a n c e t h a n t h e ot h er m at eri als. I n t h e 

str ess -str ai n c o m pr essi o n t est, C R stiff n ess w as c o m p ar a bl e t o t h at of t h e c urr e nt m at eri al 

us e d, i n di c ati n g t h at it c o ul d b e a vi a bl e r e pl a c e m e nt t o t h e c urr e nt m at eri al, si n c e it w o ul d 

m ai nt ai n t h e s a m e c o m pr essi o n r es p o ns e i nsi d e of a gl a d -h a n d as t h at of t h e c urr e nt 

m at eri al. I n t h e c o m pr essi o n s et at l o w t e m p er at ur e t est, C R pr es e nt e d t h e l o w est 

c o m pr essi o n s et of all m at eri als, i n di c ati n g a hi g h r e c o v er y f a ct or, w hi c h w o ul d tr a nsl at e 

i n t h e a bilit y t o k e e p a pr o p er s e al e v e n i n c ol d c o n diti o ns. C o m pr essi o n a n d b ul k m o d ul us 

w er e i n c o n cl usi v e, b ut C R st ill pr es e nt e d b ett er p erf or m a n c e b y m ai nt ai ni n g an air ti g ht  

s e al e v e n w h e n t h e z er o -dis pl a c e m e nt p oi nt w as s ur p ass e d. C R s e al e d off t h e air , e v e n 

w h e n t h e fi xt ur es w er e s e p ar at e d b y 3. 0 0 m m.  

  D uri n g t h e c h e mi c al c o m p ati bilit y t est , o n e p oi nt t o n ot e, w as t h at inst e a d of s w elli n g, li k e 

t h e lit er at ur e m e nti o ns  t h at h a p p e ns wit h el ast o m ers i n c o nt a ct wit h f u els, t h e r es p o ns e of 

t h e t hr e e m at eri als t est e d wit h al c o h ols s h o w e d t he o p p osit e; a d e cr e as e i n m ass . T his 

b e h a vi or i n di c at es t h at s o m e c o m p o n e nt  “l e a c h -o ut ” of t h e g as k ets  c o m p o u n d . T his w as 

f urt h er v erifi e d, si n c e at t h e e n d of all i m m ersi o n t ests t h e t est fl ui d pr es e nt e d a c h a n g e i n 

c ol or  a n d “ m ur ki n ess ”. T his c o ul d  als o i n di c at e t h at  s o m e ot h er r e a cti o n t o o k pl a c e t h at 

m a d e t h e g as k ets t o l os e m ass , pro b a bl y el ast o m er m ol e c ul ar s cissi o n. N e v ert h el ess, C R 

still wit hst o o d t h e eff e cts of t h e m et h a n ol -b as e d a d diti v es.  
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  C o nsi d eri n g all t h e r es ult s gi v e n b y C R, it c a n b e c o n cl u d e d t h at C R t h e p erf e ct c a n di d at e 

t o us e w h e n f a bri c ati n g r ail c ar air br a k e g as k ets r e sili e nt t o c ol d t e m p er at ur e. T h e n e xt st e p 

w o ul d b e t o f urt h er v erif y t hi s h y p ot h esis o n fi el d  t esti n g. 

E l ast o m er t e c h n ol o g y is a c o m pl e x a n d br o a d s u bj e ct, wit h m a n y d e p e n d e nt v ari a bl es  i n v ol v e d 

a n d s o m eti m es h a vi n g s y n er gisti c eff e cts b et w e e n t h e m . B e c a us e of t hi s , el ast o m ers e n c o m p ass  

a n e xt e nsi v e r a n g e of ar e as of e x p ertis e, i n cl u di n g h y p er -el asti c a n d vis c o el asti c c o nstit uti v e 

m o d els , p ol y m er t e c h n ol o g y , or g a ni c c h e mi str y, c o nti n u u m m e c h a ni cs, a m o n g ot h ers. All t h es e 

f a ct ors ar e o nl y c o nsi d eri n g a st ati c or ps e u d o -st ati c c o n diti o n, if a d y n a mi c s c e n ari o  is e n visi o n e d, 

a d diti o n al k n o wl e d g e w o ul d n e e d t o b e c o v er e d, s u c h as c o m pl e x n u m b ers, F o uri er a n d T a yl or 

s eri es , et c.; t hi s w o ul d b e n e e d e d t o f ull y u n d erst a n d t h eir b e h a vi or. 

Asi d e fr o m t h e b a c k gr o u n d k n o wl e d g e n e e d e d t o u n d erst a n d el ast o m ers, ot h er c h all e n g es w er e 

e n c o u nt er e d d uri n g t hi s r es e ar c h pr oj e ct, es p e ci all y d uri n g t esti n g. O n e of t h e m aj or pr o bl e ms 

e n c o u nt er e d d uri n g t esti n g, w er e  i ns ul ati o n a n d e xtr e m e l o w t e m p er at ur e s  c o ntr ol . C o m m er ci al 

fr e e z ers h a v e a r a n g e u p t o -3 5 ° C a n d d o n ot m ai nt ai n t h at t e m p er at ur e c o nst a nt . T e m p er at ur es 

b el o w -3 5 ° C e nt er i n t h e r e al m of cr y o g e ni c t e m p er at ur es, a n d s p e ci ali z e d fr e e z ers or 

e n vir o n m e nt al c h a m b ers ar e n e e d e d. T his t y p e of e q ui p m e nt is e x p e nsi v e a n d if a c q uir e d, it w o ul d 

h a v e offs et t h e c ost of t h e r es e ar c h pr oj e ct  a n d s ur p ass e d t h e i niti al b u d g et . I n a d diti o n, el ast o m er 

f a bri c ati o n t hr o u g h a t hir d p art y is e x p e nsi v e  a n d t h er e ar e s o m e v ari ati o ns i n q u alit y. All t h es e 

f a ct ors pr o v e d t o b e c h all e n g es t o o v er c o m e al o n g t h e r es e ar c h pr oj e ct.  T h e t ests p erf or m e d i n t hi s 

st u d y w er e si m pl e i n pr a cti c e b ut n e e d e d a d et ail e d pl a n a n d pr o p er all o c ati o n of r es o ur c es t o 

eff e cti v el y a c hi e v e t h e o bj e cti v es i nt e n d e d.  

O n e  f ut ur e st u d y t h at  c o ul d  b e d o n e i n r ail c ar a ir br a k e g as k ets, is t o st u d y t h e d y n a mi c pr o p erti es 

of el ast o m ers . I n a  d y n a mi c s c e n ari o , el ast o m er f ati g u e, cr a c k pr o p a g ati o n,  a n d d y n a mi c pr o p erti es  

c o ul d  b e a n al y z e d a n d t est e d, b ot h at r o o m a n d c ol d t e m p er at ur e s. T h e o bj e cti v e i n d y n a mi c 

c o n diti o ns w o ul d b e t o esti m at e t h e air br a k e g as k ets a v er a g e lif eti m e or M T T F. T his d at a c o ul d 

b e  d et er mi n e d  e x p eri m e nt all y  of  b y r e c or di n g t h e fr e q u e n c y of g as k ets f ail ur e usi n g t h e pr o p os e d 

i n-s er vi c e t est pr ot o c ol. Wit h a r o b ust d at a b as e  of o n e or t w o y e ars of r e cor d e d i nf or m ati o n o n 

air br a k e gl a d -h a n d g as k et s fr e q u e n c y of f ail ur e, a n  esti m ati o n of t h e pr o b a bilit y d e nsit y f u n cti o n 

of t h e g as k ets f ail ur e r at e c o ul d b e c al c ul at e d . Wit h e n o u g h i nf or m ati o n, a n al g orit h m co ul d  b e 

us e d t o d et er mi n e t h e r eli a bilit y f u n cti o n of t h e g as k ets, a n d t h e n fi n d o ut t h e c ost of e x e c uti n g 
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r eli a bilit y c e nt er e d m ai nt e n a n c e ( V a g h ar A n z a bi 2 0 1 5), t hi s as a n alt er n ati v e of t h e c urr e nt r u n-

t o-f ail ur e a p pr o a c h t h e g as k ets h a v e t o d a y. T hi s st u d y  f o c us e d i n ps e u d o-st ati c c o n diti o ns i n 

c o m pr essi o n, m e a ni n g t h at l o a d a n d dis pl a c e m e nt w as li n e arl y a p pli e d a n d at v er y sl o w r at es. Si n e, 

c osi n e, or s a w -t o ot h pr ofil es f or l o a d a n d dis pl a c e m e nt i n t h e M T S m a c hi n e c o ul d b e p erf or m e d 

i n f ut ur e t o a n al y z e t he d y n a mi c b e h a vi or of t h e air br a k e g as k ets. Fr e q u e n c y a n d a m plit u d e c o ul d 

b e v ari e d t o v erif y t h e r es p o ns e of t h e el ast o m eri c g as k ets i n diff er e nt  c o n diti o ns. If d y n a mi c 

t esti n g w o ul d b e p erf or m e d, c o m pl e x n u m b ers t h e or y w o ul d n e e d t o b e st u di e d, si n c e t h e m o d ul us 

i n t hi s s c e n ari o w o ul d b e a c o m pl e x n u m b er, h a vi n g a r e al a n d i m a gi n ar y p art. T his is k n o w n as 

t h e c o m pl e x m o d ul us; w h er e t h e r e al p art is k n o w n as t h e st or a g e m o d ul us a n d t h e i m a gi n ar y p art 

t h e l oss m o d ul us. F urt h er m or e, vis c o el asti c m at eri al b e ha vi or w o ul d n e e d t o b e st u di e d i n d e pt h 

t o pr o p erl y u n d erst a n d a n d a n al y z e t h es e p h e n o m e n a. Als o, t e m p er at ur e m a ni p ul ati o n w o ul d n e e d 

t o b e c o nsi d er e d, si n c e it als o aff e cts t h e c o m pl e x m o d ul us of el ast o m ers. F ati g u e, as w ell as cr a c k 

i niti ati o n a n d pr o p a gati o n, c o ul d b e ot h er s u bj e ct s t o st u d y, si n c e it is i n d y n a mi c c o n diti o ns t h at 

a n y of t h es e p h e n o m e n a c o ul d a p p e ar.  

A n ot h er a p pr o a c h t o f urt h er d e v el o p air br a k e g a s k ets , w o ul d b e t o m o dif y e v e n f urt h er t h eir 

g e o m etr y , a n d c orr el at e s h a p e f a ct or wit h d ur a bilit y a n d s e ali n g pr o p erti es  i n c ol d w e at h er. It w as 

f o u n d i n t h e lit er at ur e, t h at c h a n gi n g t h e t hi c k n e ss of t h e g as k ets mi g ht all o w f or a b ett er  “ c ol d  

s e al ” , wit h t h e c a v e at t h at t h e d ef or m ati o n w o ul d b e l ar g er ( ≥  3 0 %  str ai n) a n d t h e m at eri al r es p o ns e 

w o ul d e nt er i n t h e r e al m of n o n -li n e ar h y p er -el asti c d ef or m ati o n . Wit h a t hi c k er wi d e li p i n t h e 

g as k et , t h e c o m pr essi o n f a ct or c o ul d b e i n cr e as e d, t h us all o wi n g f or a b ett er s e al b et w e e n t h e t w o 

g as k ets. T his n e w g e o m etr y w o ul d n e e d t o b e st u di e d wit h si mil ar t ests as i n t hi s st u d y: str ess -

str ai n c o m pr essi o n b e h a vi or, s e al a bilit y, a n d h ar d n ess. El asti c r es p o ns e d u e t o t h e s h a p e f a ct or 

v ari ati o ns w o ul d b e a n i nt er esti n g p oi nt t o st u d y. I n a d diti o n, i m pr o v e d s al a bilit y i n c ol d 

t e m p er at ur e c a n als o b e st u di e d wit h t hi s m o difi e d g as k et g e o m etr y. Als o, i n t h e s a m e li n e of t h e 

g as k et g e o m etr y, t h e a n gl e of t h e wi d e li p g as k et c o ul d b e m o difi e d . Inst e a d of h a vi n g a sl a nt e d 

e n d, t h e n e w g e o m etr y c o ul d h a v e a r o u n d e d b e z el t o i n cr e as e t h e s urf a c e c o nt a ct ar e a b et w e e n 

g as k ets, t h us i n cr e asi n g t h e s e p ar ati o n f or c e a n d e ns uri n g a b ett er s e al.  

O n e l ast f ut ur e st u d y o pti o n r e vi e w e d, w o ul d b e t o cr e at e a r e al o pti o ns v al u ati o n t o ass ess if t h e 

“ e x p e nsi v e ” el ast o m ers  ar e w ort h r e vi e wi n g a n d s e e if t h os e c o ul d b e a vi a bl e o pti o n  t o e ns ur e 

s e al a bilit y. T o d e v el o p t hi s a p pr o a c h, first a pri c e li st of s p e ci alt y el ast o m ers a n d r ail c ars 

m ai nt e n a n c e c ost s w o ul d b e n e e d e d. A PI st a n d ar ds a n d c o m p o u n ds us e d i n t h e Oil a n d G as 
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i n d ustr y, s u c h as fl u or oc ar b o n -b as e d s y nt h eti c r u b b er s, s h o ul d b e r e vi e w e d. O n c e a n esti m at e d 

pri c e a n d a v ail a bilit y ar e  o bt ai n e d, a h y p ot h eti c al i niti al pr oj e ct c a pit al w o ul d b e esti m at e d,  a n d a 

f or e c ast a n al y z e d. O pti o ns t o e x p a n d, c o ntr a ct, or a b a n d o n t h e pr oj e ct w o ul d t h e n b e  a n al y z e d 

al o n gsi d e t h e f or e c ast. Als o, c o nsi d eri n g m at eri al pri c e a n d pr o d u cti o n r es o ur c es, a c ost -b e n efit 

st u d y c o ul d b e m a d e, r el ati n g t h e e c o n o mi es of t h e c o m p o u n d , it s m ar k et pri c e, a n d e v al u at e t h e 

b e n efits t h at t h e i m pr o v e m e nt w o ul d m a k e , if a n y. C o st iss u es wit h r es p e ct t o c urr e nt b as e c ost of 

e xisti n g gl a d -h a n d g as k ets i n cl u d e c ost of el a st o m eri c m at eri al a n d a d diti v es ( e. g., o z o n e 

i n hi bit ors, fill ers, a n d pl a stifi ers), fi x e d c ost f or t h e m ol ds, v ari a bl e c osts of m a n uf a ct uri n g m et h o d, 

i n v e nt or y c o ntr ol, a n d s hi p pi n g. Alt er n ati v es s h o ul d b e ass ess e d n ot o nl y f or u nit c ost, b ut als o f or 

us e i n s er vi c e, f or e x a m pl e, n ot f alli n g o ut of t h e gl a d h a n d w h e n i ns ert e d.  

Wit h all a b o v e c o nsi d er e d, el ast o m er r es e ar c h, a n d r ail c ar air br a k e g as k et r es e ar c h i n s p e cifi c, still 

h as s e v er al ar e as of o p p ort u nit y t h at c a n b e f urt h er e x pl or e d.   
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— — — . 2 0 1 0 b. I S O 7 6 1 9-1 - R u b b er, V ul c a ni z e d Or T h er m o pl asti c —  D et er mi n ati o n of I n d e nt ati o n 
H ar d n e ss —  P art 1: D ur o m et er M et h o d ( S h or e H ar d n es s) - S e c o n d E diti o n . 

http://www.gnehm-haertepruefer.ch/#screen3
http://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?stnID=5415&lang=e&StationName=Montreal&SearchType=Contains&stnNameSubmit=go&dCode=1
http://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?stnID=5415&lang=e&StationName=Montreal&SearchType=Contains&stnNameSubmit=go&dCode=1
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— — — . 2 0 1 0 c. I S O 7 6 1 9-2  R u b b er, V ul c a niz e d Or T h er m o pl asti c —  D et er mi n ati o n of I n d e nt ati o n 
H ar d n e ss —  P art 2: I R H D P o c k et M et er M et h o d  I S O - I nt er n ati o n al Or g a ni z ati o n f or 
St a n d ar di z ati o n.  

— — — . 2 0 1 7. I S O 7 7 4 3 R u b b er, V ul c a ni z e d Or T h er m o pl asti c —  D et er mi n ati o n of C o m pr essi o n St r ess -
St r ai n Pr o p erti es . 

— — — . 2 0 1 4. Is o 8 1 5-2 . R u b b er, V ul c a ni z e d Or T h er m o pl asti c -- D et er mi n ati o n of C o m pr es si o n S et -- 
P art 2: At L o w T e m p er at ur es.  

J ar di n e, A. K. S. a n d Al b ert H. C. T s a n g. 2 0 1 3.  M ai nt e n a n c e, R e pl a c e m e nt, a n d R eli a bilit y : T h e or y a n d 
A p pli c ati o ns . D e k k er M e c h a ni c al E n gi n e eri n g. Se c o n d e d. B o c a R at o n: C R C Pr ess, T a yl or & 
Fr a n ci s.  

J a u ni c h, M att hi as, W olf g a n g St ar k, a n d Di et m ar W olff. 2 0 1 0.  A N e w M et h o d t o E v al u at e t h e L o w 
T e m p er at ur e F u n cti o n of R u b b er S e ali n g M at eri als . V ol. 2 9. 

Ji m e n e z, E., M u n n, C. a n d H u a, L. " Gl a d H a n d Fitti n g a n d G as k et f or R ailr o a d C ar Br a k e H os e. " G o o gl e 
P at e nt s, l ast m o difi e d 1 1/ 2 2, a c c es s e d 0 4/ 1 7, 2 0 1 7, 
htt ps:// w w w. g o o gl e. c o m/ p at e nt s / U S 2 0 1 0 0 2 3 7 5 6 9. 

Ji m e n e z, E d g ar d o, Li n H u a, Mi c h ell e M o n e ar, a n d K e vi n Nil s o n. 2 0 1 0. " R o ot C a us e of U n d esir e d H os e 
S e p ar ati o ns a n d a S ol uti o n. " A m eri c a n S o ci et y of M e c h a ni c al E n gi n e er s, 2 0 0 9.  

J o h ns o n, T. C. " G as k et f or us e wit h a n Air Br a k e H os e C o u pli n g M e m b er. " G o o gl e P at e nts, l ast m o difi e d 
0 9/ 1 8, a c c es s e d 0 4/ 2 3, 2 0 1 7, htt ps:// w w w. g o o gl e. c a/ p at e nt s/ U S 6 2 9 0 2 3 8 . 

Ki m, J a e h o o n, H y u n -Y o n g J e o n g, J u n -S e o P ar k, a n d D o n g -W o o k C h a. 2 0 0 9. " T h e St u d y o n t h e 
E v al u ati o n of F ail ur e C o ns e q u e n c e a n d t h e A d e q u a c y Of m ai nt e n a n c e T as k f or t h e Air Br a k e S yst e m 
of a R ailr o a d V e hi cl e. "I E E E C o m p ut er S o ci et y, 2 0 0 9.  

Ki n gsl e y, Eli ot. 2 0 1 2.  Pr e di cti v e Ass et M a n a g e m e nt  S o ci et y of P etr ol e u m E n gi n e er s.  

Kl e e n -fl o. " S af e-T -B r a k e ™ Air Br a k e A nti-Fr e e z e. ", l ast m o difi e d J a n u ar y 2, 2 0 1 5, a c c ess e d 0 5/ 2 0, 
2 0 1 6, htt p:// w w w. kl e e nfl o. c o m/ pr o d u ct s/ 5 0 9 -5 1 0 -5 1 1 -5 1 3. ht ml . 

K u e hl, R. O. 2 0 0 0.  D esi g n of E x p eri m e nts : St ati sti c al Pri n ci pl es of R es e ar c h D esi g n a n d A n al ysi s . 
P a cifi c Gr o v e, C A: D u x b ur y/ T h o ms o n L e ar ni n g.  

K u n z, J. a n d M. St u d er. 2 0 0 6. " D et er mi ni n g t h e M o d ul us of El asti cit y i n C o m pr essi o n Vi a S h or e -a 
H ar d n ess. " K u nst st off e I nt er n ati o n al  9 6 ( 6): 9 2 -9 4.  

Li ps ett, M. G. 2 0 1 1. " R eli a bilit y a n d M ai nt e n a n c e of Bit u m e n Pr o d u cti o n O p er ati o ns. " C h a p. 1 3, I n 
H a n d b o o k o n T h e or y a n d Pr a cti c e of Bit u m e n R e c o v er y f r o m At h a b as c a Oil S a n ds , e dit e d b y J a c o b 
H. M a sli y a h, Z. X u, J a n A. C z ar n e c ki a n d M art a D a br os, 1 3 0 1 -1 3 5 8: C o c hr a n e, Alt a. : Ki n gsl e y 
K n o wl e d g e P u b., c 2 0 1 1 -2 0 1 3.  

https://www.google.com/patents/US20100237569
https://www.google.ca/patents/US6290238
http://www.kleenflo.com/products/509-510-511-513.html
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M ar g h o u b S h a d k ar, A., M. T. H e n dr y, a n d M. G. Li ps ett. 2 0 1 5. " W a ysi d e W h e el T e m p er at ur e D et e ct or 
D at a Mi ni n g t o Pr e di ct P ot e nti al S e ns or a n d R ail c ar C o m p o n e nt F ail ur es. " S o ci et y f or M a c hi n er y 
F ail ur e  Pr e v e nti o n T e c h n ol o g y, 2 0 1 5.  

M ar g h o u b S h a d k ar, A z a d e h. 2 0 1 6. " R eli a bilit y St u d y a n d M ai nt e n a n c e D e cisi o n M a ki n g of W h e el 
T e m p er at ur e D et e ct ors. " U ni v er sit y of Al b ert a.  

M ar k, J a m es E., B ur a k Er m a n, a n d F. R. Eiri c h. 1 9 9 4.  S ci e n c e a n d T e c h n ol o g y of R u b b er . Sa n Di e g o: 
A c a d e mi c Pr ess.  

M c D o n al d, All a n J. a n d J a m es R. H a ns e n. 2 0 0 9.  Tr ut h, Li es, a n d O -Ri n gs : I nsi d e t h e S p a c e S h uttl e 
C h all e n g er Dis ast er . G ai n es vill e: U ni v ersit y Pr e ss of Fl ori d a. 

M c K e e n, L a ur e n c e W. 2 0 1 4.  Eff e ct of T e m p er at ur e a n d Ot h er F a ct ors o n Pl asti cs a n d El ast o m ers ( 3r d 
E diti o n)  Els e vi er.  

Mi x, A. W. a n d A. J. Gi a c o mi n. 2 0 1 1. " St a n d ar di z e d P ol y m er D ur o m etr y. " J o ur n al of T esti n g a n d 
E v al u ati o n  3 9 ( 4).  

M y ki n I n c. " R u b b er Pr o p erti es. ", l ast m o difi e d 2 0 1 7, a c c ess e d 0 9/ 3 0, 2 0 1 7, htt p:// m y ki n. c o m/r u b b er -
pr o p erti es . 

N a bil, H., H. Is m ail, a n d A. R. A z ur a. 2 0 1 3.  C o m p o u n di n g, M e c h a ni c al a n d M or p h ol o gi c al Pr o p erti es of 
C ar b o n -Bl a c k -Fill e d N at ur al R u b b er/ R e c y cl e d Et h yl e n e -Pr o p yl e n e -Di e n e -M o n o m er  ( N R/ R-E P D M) 
Bl e n ds . V ol. 3 2. 

N ati o n al A er o n a uti cs a n d S p a c e A d mi ni str ati o n. " R e p ort of t h e P R E SI D E N TI A L C O M MI S SI O N  o n t h e 
S p a c e S h uttl e C h all e n g er A c ci d e nt. ", l ast m o difi e d 2 0 1 0 -1 2 -0 8.  

N e w Y or k Air Br a k e. " T G -0 2 0 C ol d L o c Wi d e Li p Gl a d -H a n d G as k et T e c h ni c al G ui d e. ", l ast m o difi e d 
2 0 1 7 2 0 1 7.  

Ni es s e, J. E. 1 9 9 4.  A N e w C h e mi c al T est M et h o d f or Pl asti cs a n d El ast o m ers; . U nit e d St at es: N A C E 
I nt er n ati o n al, H o ust o n, T X ( U nit e d St at es). 

Ni es s e, J o h n E. 1 9 9 5. " N e w C h e mi c al T est M et h o d f or Pl asti cs a n d El ast o m er s. " M at eri al s P erf or m a n c e  
3 4 ( 3): 2 4 -2 9.  

O a n e a F e di u c, D a ni el a, Mi h ai B u d es c u, Vl a d F e di u c, a n d V asil e -Mir c e a V e n g hi a c. 2 0 1 3. " C o m pr es si o n 
M o d ul us of El ast o m er s. " B ull eti n of t h e P ol yt e c h ni c I nstit ut e of I asi - C o nst r u cti o n & Ar c hit e ct ur e 
S e cti o n  6 3 ( 2): 1 5 7 -1 6 6.  

Pl u m m er, C. J. G. 2 0 1 4. " 1. 0 3 - T esti n g of P ol y m eri c M at eri als. " I n C o m pr e h e nsi v e M at eri al s 
Pr o c essi n g , e dit e d b y S al e e m H as h mi, Gil m ar F err eir a B at al h a, C h est er J. V a n T y n e a n d B e kir 
Yil b as, 3 5 -7 0. O xf or d: Els e vi er.  

P o d d ar, V. 2 0 1 4. " R eli a bilit y C e nt er e d M ai nt e n a n c e ( R C M) a n d Ultr as o ni c L e a k a g e D et e cti o n ( U L D) as 
a M ai nt e n a n c e a n d C o n diti o n M o nit ori n g T e c h ni q u e f or Fr ei g ht R ail Air br a k es i n C ol d W e at h er 
C o n diti o ns. ". U ni v er sit y of Al b ert a.  

http://mykin.com/rubber-properties
http://mykin.com/rubber-properties
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P o p a, G a bri el A. 2 0 1 1.  R u b b er : T y p es, Pr o p erti es, a n d Us e s . N e w Y or k: N o v a S ci e n c e P u blis h er s, I n c.  

Pr z b yl o, P. A. a n d E. M. Arr u d a. 1 9 9 8. " E x p eri m e nt al I n v esti g ati o ns a n d N u m eri c al M o d eli n g of 
I n c o m pr es si bl e El ast o m er s d uri n g N o n-H o m o g e n e o us D ef or m ati o ns. " R u b b er C h e mistr y a n d 
T e c h n ol o g y  7 1 ( 4): 7 3 0.  

S a m m o n, D e vi n a n d G er al d A n d er s o n. 2 0 1 5. " T esti n g t o C orr el at e G as k et Stiff n ess a n d S e p ar ati o n 
F or c e. " Tr a ns p ort ati o n T e c h n ol o g y C e nt er, I n c. T e c h n ol o g y Di g est  1 5 ( T D -1 5 -0 1 6).  

S c h n a b el, W. 1 9 8 1.  P ol y m er D e gr a d ati o n : Pri n ci pl es a n d Pr a cti c al A p pli c ati o ns . M u ni c h, W est 
G er m a n y: H a ns er ; N e w Y or k, N. Y.  

S h a o, Y. a n d R. K a n g. 2 0 1 4. " A Lif e Pr e di cti o n M et h o d f or O -Ri n g St ati c S e al Str u ct ur e B as e d o n 
P h ysi cs of F ail ur e. ". d oi: 1 0. 1 1 0 9/ P H M. 2 0 1 4. 6 9 8 8 1 2 4.  

S h u, H. P., C. T a k a o, a n d N. A k b ar. 1 9 9 4. " M e as ur e m e nt of El ast o m er s B ul k M o d ul us b y M e a ns of a 
C o nfi n e d C o m pr es si o n T est. " R u b b er C h e mist r y a n d T e c h n ol o g y  6 7 ( 5): 8 7 1 -8 7 9.  

S mit h, E d w ar d H. 1 9 9 8. " 7. M at eri al s, Pr o p erti es a n d S el e cti o n. " C h a p. 7, I n M e c h a ni c al E n gi n e er's 
R ef er e n c e B o o k ( 1 2t h E diti o n) , 7/ 3: El s e vi er. 

S o m m er, J o h n G. 2 0 0 9.  E n gi n e er e d R u b b er Pr o d u cts : I ntr o d u cti o n t o D esi g n, M a n uf a ct ur e a n d T esti n g . 
M u ni c h ; Ci n ci n n ati: H a ns er.  

Str o bl, G ert R. 2 0 0 7.  T h e P h ysi cs of P ol y m ers : C o n c e pt s f or U n d er st a n di n g t h ei r St r u ct ur e s a n d 
B e h a vi or . r e v a n d e x p a n d e d. B erli n ; N e w Y or k: S pri n g er. 

Tr a ns p ort C a n a d a. " R ail w a y Fr ei g ht a n d P as s e n g er Tr ai n Br a k e I ns p e cti o n a n d S af et y R ul es. ", l ast 
m o difi e d 2 0 1 7 -1 2 -0 5, a c c ess e d 1 2 -1 0, 2 0 1 7, htt ps:// w w w.t c. g c. c a/ e n g/r ails af et y/r ul es -t c o 0 1 8 4-
1 3 7. ht m . 

Tr a ns p ort ati o n S af et y B o ar d of C a n a d a. " Tr a ns p ort ati o n S af et y B o ar d of C a n a d a - R ail. ", l ast m o difi e d 
2 0 1 6 -0 9 -0 9, a c c ess e d 0 7/ 1 0, 2 0 1 7, htt p:// w w w.t s b. g c. c a/ e n g/r ail/i n d e x. as p . 

Tr el o ar, L. R. G. 2 0 0 5.  T h e P h ysi cs of R u b b er El asti cit y . O xf or d Cl assi c T e xt s i n t h e P h ysi c al S ci e n c es. 

V a g h ar A n z a bi, R o y a. 2 0 1 5. " H a ul Tr u c k Tir e R eli a bilit y a n d C o n diti o n M o nit ori n g. " U ni v er sit y of 
Al b ert a.  

W arr e n, P. 2 0 1 2. " E xtr usi o n R esist a n c e of El ast o m er s: A St u d y of F a ct or s t h at Aff e ct P erf or m a n c e. " 
C o pt h or n e H ot el A b er d e e n, U L, S mit h er s R a pr a, 1 7 -1 8 A pril.  

W eis e, H -P, H. K o w al e ws k y, a n d R. W e n z. 1 9 9 2.  B e h a vi o ur of El ast o m eri c S e al s at L o w T e m p er at ur e . 
V ol. 4 3.  

W o o, C. S ., S. S. C h oi, S. B. L e e, a n d H. S. Ki m. 2 0 1 0. " Us ef ul Lif eti m e Pr e di cti o n of R u b b er 
C o m p o n e nt s usi n g A c c el er at e d T esti n g. " I E E E Tr a ns a cti o ns o n R eli a bilit y 5 9 ( 1): 1 1 -1 7. 
d oi: 1 0. 1 1 0 9/ T R. 2 0 1 0. 2 0 4 2 1 0 3.  

https://www.tc.gc.ca/eng/railsafety/rules-tco0184-137.htm
https://www.tc.gc.ca/eng/railsafety/rules-tco0184-137.htm
http://www.tsb.gc.ca/eng/rail/index.asp
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Y e o h, O. H. 2 0 0 6. " C h a pt er 6 - Str ai n E n er g y R el e as e R a t es f or s o m e Cl a ssi c al R u b b er T est Pi e c es b y 
Fi nit e El e m e nt A n al ysi s. " I n El ast o m ers a n d C o m p o n e nt s , e dit e d b y V. A. C o v e n e y, 7 5-8 9: 
W o o d h e a d P u blis hi n g.  

— — — . 1 9 8 7. A M et h o d f or t h e R o uti n e D et er mi n ati o n of C o m pr es si o n M o d ul us of R u b b er V ul c a ni z at es . 
V ol. 7.  

Y o u n g -D o o, K w o n, R o h K w o n -T a e k, Ki m S u n g -S o o, a n d D o h J a e -H y e o k. 2 0 1 4. " R e gr es si o n of t h e 
R e c o v er y R at e of A C M R u b b er G as k et f or L o n g -T er m P erf or m a n c es. " J o ur n al of T esti n g a n d 
E v al u ati o n  4 2 ( 3).  

Z e n g, Z. G., Y. X. C h e n, a n d R. K a n g. 2 0 1 3.  T h e Eff e ct s o f M at eri al D e gr a d ati o n o n S e ali n g 
P erf or m a n c es of O -Ri n gs . A p pli e d M e c h a ni cs a n d M at eri al s. V ol. 3 2 8. 
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A p p e n di c es  

H er e is i n cl u d e  t h e c ur v e fit a n d g o o d n ess -of -fit r es ult s i n M A T L A B f or G a u ssi a n 1 c ur v e ( N or m al 

distri b uti o n). T h e m e a n ( b 1) , st a n d ar d d e vi ati o n ( c 1), a n d t h e c o effi ci e nt of d et er mi n ati o n (rs q u ar e) 

w er e t h e r es ult s of i nt er e st.  

M A T L A B C u r r e nt m at e ri al, E P D M, a n d C R H a r d n e ss d at a g o o d n ess -of -fit t est 
f o r a G a u ssi a n 1 ( N o r m al Dist ri b uti o n) fitt e d c u r v e r es ults  

 
C urr e nt m at eri al H ar d n ess @ R o o m T e m p er at ur e  
 
     G e n er al m o d el G a uss 1:  
     c ur v efit 1( x) =  a 1 * e x p( -(( x-b 1)/ c 1) ^ 2)  
     C o effi ci e nt s ( wit h 9 5 % c o nfi d e n c e b o u n ds):  
       a 1 =       6 5. 2 5  ( 4 3. 0 4, 8 7. 4 6)  
       b 1 =        8 2. 3  ( 8 1. 9 3, 8 2. 6 6)  
       c 1 =       1. 3 1 7  ( 0. 7 9 4, 1. 8 4)  
 
g of 1 =  
 
  str u ct wit h fi el ds:  
 
           ss e: 5 8. 0 5 1 1 
       r s q u ar e: 0. 9 7 7 5 
           df e: 2  
    a djr s q u ar e: 0. 9 5 5 1  
          r ms e: 5. 3 8 7 5 
 
C urr e nt m at eri al H ar d n ess @ C ol d T e m p er at ur e  
 
     G e n er al m o d el G a uss 1:  
     c ur v efit 2( x) =  a 1 * e x p( -(( x-b 1)/ c 1) ^ 2)  
     C o effi ci e nt s ( wit h 9 5 % c o nfi d e n c e b o u n ds):  
       a 1 =       6 9. 7 7  ( 6 2. 4 4, 7 7. 0 9)  
       b 1 =       9 3. 9 1  ( 9 3. 8, 9 4. 0 1)  
       c 1 =       1. 1 9 7  ( 1. 0 5 6, 1. 3 3 9)  
 
g of 2 =  
 
  str u ct wit h fi el ds:  
 
           ss e: 1 6. 6 2 8 8 
       r s q u ar e: 0. 9 9 5 4 
           df e: 3  
    a djr s q u ar e: 0. 9 9 2 3  
          r ms e: 2. 3 5 4 3 
 
E P D M H ar d n es s @ R o o m T e m p er at ur e  
 



1 2 8  
 

     G e n er al m o d el G a uss 1:  
     c ur v efit 3( x) =  a 1 * e x p( -(( x-b 1)/ c 1) ^ 2)  
     C o effi ci e nt s ( wit h 9 5 % c o nfi d e n c e b o u n ds):  
       a 1 =        8 0. 5  ( 6 7. 0 8, 9 3. 9 1)  
       b 1 =       7 9. 4 3  ( 7 9. 3 1, 7 9. 5 5)  
       c 1 =       1. 0 4 7  ( 0. 8 2 8 8, 1. 2 6 5)  
 
g of 3 =  
 
  str u ct wit h fi el ds:  
 
           ss e: 1 3. 5 6 8 1 
       r s q u ar e: 0. 9 9 6 6 
           df e: 2  
    a djr s q u ar e: 0. 9 9 3 1  
          r ms e: 2. 6 0 4 6 
 
E P D M H ar d n es s @ C ol d T e m p er at ur e  
 
     G e n er al m o d el G a uss 1:  
     c ur v efit 4( x) =  a 1 * e x p( -(( x-b 1)/ c 1) ^ 2)  
     C o effi ci e nt s ( wit h 9 5 % c o nfi d e n c e b o u n ds):  
       a 1 =       6 6. 5 1  ( 6 0. 2 5, 7 2. 7 6)  
       b 1 =       9 3. 9 9  ( 9 3. 8 9, 9 4. 0 9)  
       c 1 =       1. 2 8 7  ( 1. 1 5, 1. 4 2 5)  
 
g of 4 =  
 
  str u ct wit h fi el ds:  
 
           ss e: 4. 6 5 4 6 
       r s q u ar e: 0. 9 9 8 2 
           df e: 2  
    a djr s q u ar e: 0. 9 9 6 5  
          r ms e: 1. 5 2 5 6 
 
C R H ar d n ess @ R o o m T e m p er at ur e  
 
     G e n er al m o d el G a uss 1:  
     c ur v efit 5 ( x) =  a 1 * e x p(-(( x-b 1)/ c 1) ^ 2)  
     C o effi ci e nt s ( wit h 9 5 % c o nfi d e n c e b o u n ds):  
       a 1 =       5 5. 5 8  ( 3 4. 6 1, 7 6. 5 4)  
       b 1 =       7 3. 4 3  ( 7 2. 9 9, 7 3. 8 7)  
       c 1 =       1. 4 4 3  ( 0. 7 9 5, 2. 0 9)  
 
g of 5 =  
 
  str u ct wit h fi el ds:  
 
           ss e: 1 5 3. 5 5 8 6  
       r s q u ar e: 0. 9 2 2 5 
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           df e: 3  
    a djr s q u ar e: 0. 8 7 0 9  
          r ms e: 7. 1 5 4 5 
 
C R H ar d n ess @ C ol d T e m p er at ur e  

 
     G e n er al m o d el G a uss 1:  
     c ur v efit 6( x) =  a 1 * e x p( -(( x-b 1)/ c 1) ^ 2)  
     C o effi ci e nt s ( wit h 9 5 % c o nfi d e n c e b o u n ds):  
       a 1 =       4 5. 6 2  ( 3 0. 2 4, 6 1)  
       b 1 =       8 3. 0 6  ( 8 2. 5 4, 8 3. 5 8)  
       c 1 =       1. 8 9 2  ( 1. 1 0 8, 2. 6 7 7)  
 
g of 6 =  
 
  str u ct wit h fi el ds:  
 
           ss e: 1 0 7. 0 0 8 8  
       r s q u ar e: 0. 9 1 6 1 
           df e: 3  
    a djr s q u ar e: 0. 8 6 0 2  
          r ms e: 5. 9 7 2 4 
 



D at e of T est: 2 0-J u n- 1 7 S a m pl e Ti m e [ s]

R el ati v e H u mi dit y [ %]: 5 0 I D N o h 1 h 2 h 3 σ h M E DI A N H 1 H 2 H 3 H 4 H 5 σ H μ H t

T est T e m p er at ur e [° C]: 2 3 1 0. 3 4 8 0. 3 4 8 0. 3 4 7 0. 0 0 0 6 0. 3 4 8 8 1 8 1 8 2 8 2 8 2 0. 5 5 8 1. 6 3 A / 8 1 / 3

2 0. 3 4 4 0. 3 4 5 0. 3 4 4 0. 0 0 0 6 0. 3 4 4 8 2 8 2 8 2 8 1 8 3 0. 7 1 8 2. 0 3 A / 8 2 / 3

3 0. 3 4 3 0. 3 4 2 0. 3 4 3 0. 0 0 0 6 0. 3 4 3 8 2 8 2 8 3 8 4 8 3 0. 8 4 8 2. 8 3 A / 8 2 / 3

4 0. 3 4 2 0. 3 4 2 0. 3 4 2 0. 0 0 0 0 0. 3 4 2 8 3 8 2 8 3 8 3 8 3 0. 4 5 8 2. 8 3 A / 8 2 / 3

5 0. 3 4 3 0. 3 4 4 0. 3 4 2 0. 0 0 1 0 0. 3 4 3 8 1 8 3 8 1 8 2 8 2 0. 8 4 8 1. 8 3 A / 8 1 / 3

6 0. 3 4 3 0. 3 4 3 0. 3 4 4 0. 0 0 0 6 0. 3 4 3 8 1 8 1 8 1 8 2 8 3 0. 8 9 8 1. 6 3 A / 8 1 / 3

7 0. 3 4 4 0. 3 4 5 0. 3 4 4 0. 0 0 0 6 0. 3 4 4 8 3 8 2 8 3 8 3 8 4 0. 7 1 8 3. 0 3 A / 8 3 / 3

8 0. 3 4 1 0. 3 4 0 0. 3 4 0 0. 0 0 0 6 0. 3 4 0 8 1 8 1 8 2 8 3 8 2 0. 8 4 8 1. 8 3 A / 8 1 / 3

M a n uf a ct ur er: G n e h m H ärt e pr üf er 9 0. 3 5 0 0. 3 4 9 0. 3 4 8 0. 0 0 1 0 0. 3 4 9 8 3 8 2 8 3 8 2 8 3 0. 5 5 8 2. 6 3 A / 8 2 / 3

T y p e: S h or e A 1 0 0. 3 4 5 0. 3 4 5 0. 3 4 4 0. 0 0 0 6 0. 3 4 5 8 2 8 2 8 3 8 2 8 3 0. 5 5 8 2. 4 3 A / 8 2 / 3

S eri al N u m b er: 2 4 0 8 8 1 1 0. 3 4 7 0. 3 4 7 0. 3 4 7 0. 0 0 0 0 0. 3 4 7 8 3 8 2 8 1 8 3 8 2 0. 8 4 8 2. 2 3 A / 8 2 / 3

D at e of l a st c ali br ati o n: 3 1- D e c- 1 6 1 2 0. 3 4 2 0. 3 4 3 0. 3 4 2 0. 0 0 0 6 0. 3 4 2 8 2 8 1 8 1 8 1 8 0 0. 7 1 8 1. 0 3 A / 8 1 / 3

C al br ati o n d u e d at e: 3 1- D e c- 1 7 1 3 0. 3 4 4 0. 3 4 4 0. 3 4 5 0. 0 0 0 6 0. 3 4 4 8 2 8 0 8 2 8 2 8 2 0. 8 9 8 1. 6 3 A / 8 1 / 3

M e a n s of t esti n g: H a n d h el d 1 4 0. 3 4 6 0. 3 4 5 0. 3 4 5 0. 0 0 0 6 0. 3 4 5 8 3 8 1 8 1 8 2 8 1 0. 8 9 8 1. 6 3 A / 8 1 / 3

T est m et h o d: A S T M D 2 2 4 0 1 5 0. 3 4 5 0. 3 4 4 0. 3 4 4 0. 0 0 0 6 0. 3 4 4 8 3 8 3 8 3 8 3 8 4 0. 4 5 8 3. 2 3 A / 8 3 / 3

1 6 0. 3 4 4 0. 3 4 3 0. 3 4 5 0. 0 0 1 0 0. 3 4 4 8 2 8 2 8 3 8 3 8 2 0. 5 5 8 2. 4 3 A / 8 2 / 3

N o of p cs pli e d : 1 1 7 0.. 3 4 8 0. 3 4 9 0. 3 4 7 0. 0 0 1 4 0. 3 4 8 8 3 8 2 8 3 8 2 8 3 0. 5 5 8 2. 6 3 A / 8 2 / 3

V ul c a ni z ati o n d at e: U n k n o w n 1 8 0. 3 4 2 0. 3 4 3 0. 3 4 3 0. 0 0 0 6 0. 3 4 3 8 3 8 2 8 3 8 2 8 3 0. 5 5 8 2. 6 3 A / 8 2 / 3

M et eri al t est e d: El ast o m er 1 9 0. 3 4 2 0. 3 4 2 0. 3 4 2 0. 0 0 0 0 0. 3 4 2 8 1 8 2 8 1 8 3 8 2 0. 8 4 8 1. 8 3 A / 8 1 / 3

Ori gi n: C P E d m o nt o n S h o p 2 0 0. 3 4 4 0. 3 4 2 0. 3 4 3 0. 0 0 1 0 0. 3 4 3 8 3 8 3 8 1 8 3 8 2 0. 8 9 8 2. 4 3 A / 8 2 / 3

2 1 0. 3 4 3 0. 3 4 4 0. 3 4 3 0. 0 0 0 6 0. 3 4 3 8 2 8 2 8 1 8 1 8 0 0. 8 4 8 1. 2 3 A / 8 1 / 3

2 2 0. 3 5 0 0. 3 5 0 0. 3 4 9 0. 0 0 0 6 0. 3 5 0 8 4 8 2 8 2 8 2 8 2 0. 8 9 8 2. 4 3 A / 8 2 / 3

2 3 0. 3 4 5 0. 3 4 5 0. 3 4 5 0. 0 0 0 0 0. 3 4 5 8 3 8 2 8 1 8 2 8 1 0. 8 4 8 1. 8 3 A / 8 1 / 3

2 4 0. 3 4 7 0. 3 4 7 0. 3 4 7 0. 0 0 0 0 0. 3 4 7 8 3 8 3 8 3 8 3 8 4 0. 4 5 8 3. 2 3 A / 8 3 / 3

2 5 0. 3 4 2 0. 3 4 2 0. 3 4 3 0. 0 0 0 6 0. 3 4 2 8 2 8 2 8 3 8 3 8 2 0. 5 5 8 2. 4 3 A / 8 2 / 3

2 6 0. 3 4 4 0. 3 4 5 0. 3 4 4 0. 0 0 0 6 0. 3 4 4 8 3 8 2 8 4 8 2 8 3 0. 8 4 8 2. 8 3 A / 8 2 / 3

2 7 0. 3 4 5 0. 3 4 5 0. 3 4 4 0. 0 0 0 6 0. 3 4 5 8 2 8 0 8 2 8 2 8 2 0. 8 9 8 1. 6 3 A / 8 1 / 3

2 8 0. 3 4 4 0. 3 4 4 0. 3 4 3 0. 0 0 0 6 0. 3 4 4 8 3 8 1 8 1 8 2 8 1 0. 8 9 8 1. 6 3 A / 8 1 / 3

2 9 0. 3 4 3 0. 3 4 5 0. 3 4 4 0. 0 0 1 0 0. 3 4 4 8 3 8 3 8 3 8 3 8 4 0. 4 5 8 3. 2 3 A / 8 3 / 3

3 0 0. 3 4 9 0. 3 4 7 0. 3 4 8 0. 0 0 1 0 0. 3 4 8 8 2 8 2 8 3 8 3 8 2 0. 5 5 8 2. 4 3 A / 8 2 / 3

F ull d es cri pti o n:

D e vi ati o n s:

G as k et pr o d u ct s p e ci m e n. T h e l at er al 

di m e nsi o ns of all s p e ci m e ns w er e n ot 

e n o u g h t o att ai n t h e mi ni m u m 1 2. 0 m m fr o m 

a n y e d g e as p er A S T M D 2 2 4 0.

St a n d ar d g as k et g e o mtr y, A A R S p e cifi c ati o n 

M 6 0 2 di m m e nsi o ns all o wi n g m or e t h a n 6. 0 0 

m m of m e as ur e m e nt p oi nt r a di us ( A S T M 

D 2 2 4 0 r e q uir e m e nt). T h e g as k et w as pl a c e d 

o n a fl at s urf a c e as s h o w n b el o w; t h e arr o w 

m ar ks a m e as ur e m e nt p oi nt e x a m pl e:

Air br a k e El a st o m eri c G a s k et - D ur o m et er H ar d n e ss R e p ort

R e a di n g

T e st pi e c e s d et ail s

T e st r e s ult sT e st D et ail s

D ur o m et er D et ail s

T hi c k n e ss [i n] - A S T M D 3 7 6 7 H ar d n e ss [ S h or e A]

1 3 0



D at e of T est: 2 0-J u n- 1 7 S a m pl e Ti m e [ s]

R el ati v e H u mi dit y [ %]: 5 0 I D N o h 1 h 2 h 3 σ h M E DI A N H 1 H 2 H 3 H 4 H 5 σ H μ H t

T est T e m p er at ur e [° C]: - 4 0 1 0. 3 4 8 0. 3 4 8 0. 3 4 7 0. 0 0 0 6 0. 3 4 8 9 2 9 3 9 4 9 4 9 3 0. 8 4 9 3. 2 3 A / 9 3 / 3

2 0. 3 4 4 0. 3 4 5 0. 3 4 4 0. 0 0 0 6 0. 3 4 4 9 4 9 3 9 3 9 3 9 5 0. 8 9 9 3. 6 3 A / 9 3 / 3

3 0. 3 4 3 0. 3 4 2 0. 3 4 3 0. 0 0 0 6 0. 3 4 3 9 4 9 4 9 4 9 6 9 5 0. 8 9 9 4. 6 3 A / 9 4 / 3

4 0. 3 4 2 0. 3 4 2 0. 3 4 2 0. 0 0 0 0 0. 3 4 2 9 4 9 4 9 4 9 4 9 3 0. 4 5 9 3. 8 3 A / 9 3 / 3

5 0. 3 4 3 0. 3 4 4 0. 3 4 2 0. 0 0 1 0 0. 3 4 3 9 3 9 4 9 2 9 4 9 4 0. 8 9 9 3. 4 3 A / 9 3 / 3

6 0. 3 4 3 0. 3 4 3 0. 3 4 4 0. 0 0 0 6 0. 3 4 3 9 3 9 3 9 3 9 3 9 4 0. 4 5 9 3. 2 3 A / 9 3 / 3

7 0. 3 4 4 0. 3 4 5 0. 3 4 4 0. 0 0 0 6 0. 3 4 4 9 5 9 3 9 5 9 4 9 5 0. 8 9 9 4. 4 3 A / 9 4 / 3

8 0. 3 4 1 0. 3 4 0 0. 3 4 0 0. 0 0 0 6 0. 3 4 0 9 2 9 3 9 4 9 4 9 4 0. 8 9 9 3. 4 3 A / 9 3 / 3

M a n uf a ct ur er: G n e h m H ärt e pr üf er 9 0. 3 5 0 0. 3 4 9 0. 3 4 8 0. 0 0 1 0 0. 3 4 9 9 4 9 3 9 5 9 3 9 4 0. 8 4 9 3. 8 3 A / 9 3 / 3

T y p e: S h or e A 1 0 0. 3 4 5 0. 3 4 5 0. 3 4 4 0. 0 0 0 6 0. 3 4 5 9 4 9 4 9 5 9 3 9 5 0. 8 4 9 4. 2 3 A / 9 4 / 3

S eri al N u m b er: 2 4 0 8 8 1 1 0. 3 4 7 0. 3 4 7 0. 3 4 7 0. 0 0 0 0 0. 3 4 7 9 5 9 4 9 3 9 4 9 4 0. 7 1 9 4. 0 3 A / 9 4 / 3

D at e of l a st c ali br ati o n: 3 1- D e c- 1 6 1 2 0. 3 4 2 0. 3 4 3 0. 3 4 2 0. 0 0 0 6 0. 3 4 2 9 4 9 2 9 3 9 3 9 2 0. 8 4 9 2. 8 3 A / 9 2 / 3

C al br ati o n d u e d at e: 3 1- D e c- 1 7 1 3 0. 3 4 4 0. 3 4 4 0. 3 4 5 0. 0 0 0 6 0. 3 4 4 9 3 9 3 9 4 9 3 9 4 0. 5 5 9 3. 4 3 A / 9 3 / 3

M e a n s of t esti n g: H a n d h el d 1 4 0. 3 4 6 0. 3 4 5 0. 3 4 5 0. 0 0 0 6 0. 3 4 5 9 5 9 4 9 3 9 4 9 4 0. 7 1 9 4. 0 3 A / 9 4 / 3

T est m et h o d: A S T M D 2 2 4 0 1 5 0. 3 4 5 0. 3 4 4 0. 3 4 4 0. 0 0 0 6 0. 3 4 4 9 5 9 4 9 5 9 4 9 5 0. 5 5 9 4. 6 3 A / 9 4 / 3

1 6 0. 3 4 4 0. 3 4 3 0. 3 4 5 0. 0 0 1 0 0. 3 4 4 9 4 9 3 9 4 9 5 9 4 0. 7 1 9 4. 0 3 A / 9 4 / 3

N o of p cs pli e d : 1 1 7 0.. 3 4 8 0. 3 4 9 0. 3 4 7 0. 0 0 1 4 0. 3 4 8 9 4 9 4 9 5 9 4 9 5 0. 5 5 9 4. 4 3 A / 9 4 / 3

V ul c a ni z ati o n d at e: U n k n o w n 1 8 0. 3 4 2 0. 3 4 3 0. 3 4 3 0. 0 0 0 6 0. 3 4 3 9 5 9 4 9 4 9 4 9 5 0. 5 5 9 4. 4 3 A / 9 4 / 3

M et eri al t est e d: El ast o m er 1 9 0. 3 4 2 0. 3 4 2 0. 3 4 2 0. 0 0 0 0 0. 3 4 2 9 2 9 4 9 3 9 4 9 4 0. 8 9 9 3. 4 3 A / 9 3 / 3

Ori gi n: C P E d m o nt o n S h o p 2 0 0. 3 4 4 0. 3 4 2 0. 3 4 3 0. 0 0 1 0 0. 3 4 3 9 4 9 4 9 3 9 4 9 4 0. 4 5 9 3. 8 3 A / 9 3 / 3

2 1 0. 3 4 3 0. 3 4 4 0. 3 4 3 0. 0 0 0 6 0. 3 4 3 9 3 9 3 9 2 9 2 9 1 0. 8 4 9 2. 2 3 A / 9 2 / 3

2 2 0. 3 5 0 0. 3 5 0 0. 3 4 9 0. 0 0 0 6 0. 3 5 0 9 5 9 4 9 4 9 4 9 4 0. 4 5 9 4. 2 3 A / 9 4 / 3

2 3 0. 3 4 5 0. 3 4 5 0. 3 4 5 0. 0 0 0 0 0. 3 4 5 9 5 9 4 9 4 9 3 9 3 0. 8 4 9 3. 8 3 A / 9 3 / 3

2 4 0. 3 4 7 0. 3 4 7 0. 3 4 7 0. 0 0 0 0 0. 3 4 7 9 4 9 5 9 4 9 4 9 6 0. 8 9 9 4. 6 3 A / 9 4 / 3

2 5 0. 3 4 2 0. 3 4 2 0. 3 4 3 0. 0 0 0 6 0. 3 4 2 9 3 9 3 9 4 9 5 9 3 0. 8 9 9 3. 6 3 A / 9 3 / 3

2 6 0. 3 4 4 0. 3 4 5 0. 3 4 4 0. 0 0 0 6 0. 3 4 4 9 5 9 3 9 5 9 4 9 5 0. 8 9 9 4. 4 3 A / 9 4 / 3

2 7 0. 3 4 5 0. 3 4 5 0. 3 4 4 0. 0 0 0 6 0. 3 4 5 9 3 9 2 9 4 9 4 9 4 0. 8 9 9 3. 4 3 A / 9 3 / 3

2 8 0. 3 4 4 0. 3 4 4 0. 3 4 3 0. 0 0 0 6 0. 3 4 4 9 5 9 3 9 4 9 4 9 3 0. 8 4 9 3. 8 3 A / 9 3 / 3

2 9 0. 3 4 3 0. 3 4 5 0. 3 4 4 0. 0 0 1 0 0. 3 4 4 9 4 9 5 9 4 9 5 9 5 0. 5 5 9 4. 6 3 A / 9 4 / 3

3 0 0. 3 4 9 0. 3 4 7 0. 3 4 8 0. 0 0 1 0 0. 3 4 8 9 4 9 3 9 5 9 4 9 4 0. 7 1 9 4. 0 3 A / 9 4 / 3

St a n d ar d g as k et g e o mtr y, A A R S p e cifi c ati o n 

M 6 0 2 di m m e nsi o ns all o wi n g m or e t h a n 6. 0 0 

m m of m e as ur e m e nt p oi nt r a di us ( A S T M 

D 2 2 4 0 r e q uir e m e nt). T h e g as k et w as pl a c e d 

o n a fl at s urf a c e as s h o w n b el o w; t h e arr o w 

m ar ks a m e as ur e m e nt p oi nt e x a m pl e:

Air br a k e El a st o m eri c G a s k et - D ur o m et er H ar d n e ss R e p ort

T e st D et ail s T e st r e s ult s

T hi c k n e ss [i n] - A S T M D 3 7 6 7 H ar d n e ss [ S h or e A]
R e a di n g

D e vi ati o n s:

G as k et pr o d u ct s p e ci m e n. T h e l at er al 

di m e nsi o ns of all s p e ci m e ns w er e n ot 

e n o u g h t o att ai n t h e mi ni m u m 1 2. 0 m m fr o m 

a n y e d g e as p er A S T M D 2 2 4 0.

D ur o m et er D et ail s

T e st pi e c e s d et ail s

F ull d es cri pti o n:

1 3 1



D at e of T est: 2 0-J u n- 1 7 S a m pl e Ti m e [ s]

R el ati v e H u mi dit y [ %]: 5 0 I D N o h 1 h 2 h 3 σ h M E DI A N H 1 H 2 H 3 H 4 H 5 σ H μ H t

T est T e m p er at ur e [° C]: 2 3 1 0. 3 3 0 0. 3 2 8 0. 3 3 2 0. 0 0 2 0 0. 3 3 0 8 0 8 0 8 0 7 9 8 0 0. 4 5 7 9. 8 3 A / 7 9 / 3

2 0. 3 3 0 0. 3 3 1 0. 3 3 2 0. 0 0 1 0 0. 3 3 1 8 1 8 0 8 1 8 0 8 0 0. 5 5 8 0. 4 3 A / 8 0 / 3

3 0. 3 3 1 0. 3 3 3 0. 3 2 9 0. 0 0 2 0 0. 3 3 1 8 0 7 9 7 9 8 0 8 0 0. 5 5 7 9. 6 3 A / 7 9 / 3

4 0. 3 3 0 0. 3 3 1 0. 3 3 3 0. 0 0 1 5 0. 3 3 1 7 9 8 0 8 0 8 0 7 9 0. 5 5 7 9. 6 3 A / 7 9 / 3

5 0. 3 2 9 0. 3 2 8 0. 3 3 2 0. 0 0 2 1 0. 3 2 9 8 0 8 0 7 9 8 0 8 0 0. 4 5 7 9. 8 3 A / 7 9 / 3

6 0. 3 3 0 0. 3 3 1 0. 3 2 9 0. 0 0 1 0 0. 3 3 0 8 0 8 0 8 0 8 0 7 9 0. 4 5 7 9. 8 3 A / 7 9 / 3

7 0. 3 3 0 0. 3 2 9 0. 3 3 3 0. 0 0 2 1 0. 3 3 0 8 1 8 0 8 0 8 0 8 1 0. 5 5 8 0. 4 3 A / 8 0 / 3

8 0. 3 2 8 0. 3 3 1 0. 3 3 1 0. 0 0 1 7 0. 3 3 1 8 0 8 0 8 0 8 1 8 0 0. 4 5 8 0. 2 3 A / 8 0 / 3

M a n uf a ct ur er: G n e h m H ärt e pr üf er 9 0. 3 3 0 0. 3 3 4 0. 3 3 5 0. 0 0 2 6 0. 3 3 4 8 0 8 0 8 0 8 1 8 0 0. 4 5 8 0. 2 3 A / 8 0 / 3

T y p e: S h or e A 1 0 0. 3 3 0 0. 3 2 7 0. 3 3 0 0. 0 0 1 7 0. 3 3 0 7 9 8 0 8 0 8 0 8 0 0. 4 5 7 9. 8 3 A / 7 9 / 3

S eri al N u m b er: 2 4 0 8 8 1 1 0. 3 2 6 0. 3 3 2 0. 3 3 0 0. 0 0 3 1 0. 3 3 0 8 0 8 0 7 9 8 0 8 0 0. 4 5 7 9. 8 3 A / 7 9 / 3

D at e of l a st c ali br ati o n: 3 1- D e c- 1 6 1 2 0. 3 3 0 0. 3 2 9 0. 3 2 9 0. 0 0 0 6 0. 3 2 9 8 0 8 0 8 0 8 0 7 8 0. 8 9 7 9. 6 3 A / 7 9 / 3

C al br ati o n d u e d at e: 3 1- D e c- 1 7 1 3 0. 3 3 0 0. 3 3 0 0. 3 3 1 0. 0 0 0 6 0. 3 3 0 8 0 8 0 8 0 7 9 8 0 0. 4 5 7 9. 8 3 A / 7 9 / 3

M e a n s of t esti n g: H a n d h el d 1 4 0. 3 1 8 0. 3 2 5 0. 3 2 0 0. 0 0 3 6 0. 3 2 0 7 8 8 0 7 9 8 0 8 0 0. 8 9 7 9. 4 3 A / 7 9 / 3

T est m et h o d: A S T M D 2 2 4 0 1 5 0. 3 2 6 0. 3 3 1 0. 3 2 9 0. 0 0 2 5 0. 3 2 9 7 9 8 0 8 0 8 0 8 0 0. 4 5 7 9. 8 3 A / 7 9 / 3

1 6 0. 3 2 6 0. 3 2 9 0. 3 3 2 0. 0 0 3 0 0. 3 2 9 7 9 7 9 7 9 7 8 7 9 0. 4 5 7 8. 8 3 A / 7 8 / 3

N o of p cs pli e d : 1 1 7 0. 3 3 1 0. 3 2 8 0. 3 3 0 0. 0 0 1 5 0. 3 3 0 8 0 7 9 8 0 7 9 7 9 0. 5 5 7 9. 4 3 A / 7 9 / 3

V ul c a ni z ati o n d at e: 0 1-J u n- 1 7 1 8 0. 3 2 5 0. 3 2 6 0. 3 2 5 0. 0 0 0 6 0. 3 2 5 7 9 7 8 7 8 7 9 7 9 0. 5 5 7 8. 6 3 A / 7 8 / 3

M et eri al t est e d: E P D M 1 9 0. 3 3 1 0. 3 2 8 0. 3 3 1 0. 0 0 1 7 0. 3 3 1 7 8 7 9 7 9 7 9 7 8 0. 5 5 7 8. 6 3 A / 7 8 / 3

Ori gi n: G E M M A pl asti cs 2 0 0. 3 3 1 0. 3 3 2 0. 3 3 2 0. 0 0 0 6 0. 3 3 2 7 9 7 9 7 8 7 9 7 9 0. 4 5 7 8. 8 3 A / 7 8 / 3

2 1 0. 3 3 1 0. 3 3 2 0. 3 2 8 0. 0 0 2 1 0. 3 3 1 7 9 7 9 7 9 7 9 7 8 0. 4 5 7 8. 8 3 A / 7 8 / 3

2 2 0. 3 2 9 0. 3 3 2 0. 3 3 4 0. 0 0 2 5 0. 3 3 2 8 0 7 9 7 9 7 9 8 0 0. 5 5 7 9. 4 3 A / 7 9 / 3

2 3 0. 3 3 0 0. 3 2 7 0. 3 3 1 0. 0 0 2 1 0. 3 3 0 7 9 7 9 7 9 8 0 7 9 0. 4 5 7 9. 2 3 A / 7 9 / 3

2 4 0. 3 3 0 0. 3 3 1 0. 3 2 8 0. 0 0 1 5 0. 3 3 0 7 9 7 9 7 9 8 0 7 9 0. 4 5 7 9. 2 3 A / 7 9 / 3

2 5 0. 3 3 1 0. 3 3 0 0. 3 3 4 0. 0 0 2 1 0. 3 3 1 7 8 7 9 7 9 7 9 7 9 0. 4 5 7 8. 8 3 A / 7 8 / 3

2 6 0. 3 2 7 0. 3 3 2 0. 3 3 1 0. 0 0 2 6 0. 3 3 1 7 9 7 9 7 8 7 9 7 9 0. 4 5 7 8. 8 3 A / 7 8 / 3

2 7 0. 3 2 9 0. 3 3 4 0. 3 3 5 0. 0 0 3 2 0. 3 3 4 7 9 7 9 7 9 7 9 7 7 0. 8 9 7 8. 6 3 A / 7 8 / 3

2 8 0. 3 3 1 0. 3 2 6 0. 3 2 9 0. 0 0 2 5 0. 3 2 9 7 9 7 9 7 9 7 8 7 9 0. 4 5 7 8. 8 3 A / 7 8 / 3

2 9 0. 3 2 5 0. 3 3 3 0. 3 3 0 0. 0 0 4 0 0. 3 3 0 7 7 7 9 7 8 7 9 7 9 0. 8 9 7 8. 4 3 A / 7 8 / 3

3 0 0. 3 3 1 0. 3 3 0 0. 3 2 9 0. 0 0 1 0 0. 3 3 0 7 8 7 9 7 9 7 9 7 9 0. 4 5 7 8. 8 3 A / 7 8 / 3

Si m plifi e d St a n d ar d g as k et g e o m etr y, 

di m m e nsi o ns all o w e d m or e t h a n 6. 0 0 m m of 

m e as ur e m e nt p oi nt r a di us ( A S T M D 2 2 4 0 

r e q uir e m e nt). T h e g as k et w as pl a c e d o n a 

fl at s urf a c e as s h o w n b el o w; t h e arr o w m ar ks 

a m e as ur e m e nt p oi nt e x a m pl e:

Air br a k e El a st o m eri c G a s k et - D ur o m et er H ar d n e ss R e p ort

T e st D et ail s T e st r e s ult s

T hi c k n e ss [i n] - A S T M D 3 7 6 7 H ar d n e ss [ S h or e A]
R e a di n g

D e vi ati o n s:

G as k et pr o d u ct s p e ci m e n. T h e l at er al 

di m e nsi o ns of all s p e ci m e ns w er e n ot 

e n o u g h t o att ai n t h e mi ni m u m 1 2. 0 m m fr o m 

a n y e d g e as p er A S T M D 2 2 4 0.

D ur o m et er D et ail s

T e st pi e c e s d et ail s

F ull d es cri pti o n:

1 3 2



D at e of T est: 2 0-J u n- 1 7 S a m pl e Ti m e [ s]

R el ati v e H u mi dit y [ %]: 5 0 I D N o h 1 h 2 h 3 σ h M E DI A N H 1 H 2 H 3 H 4 H 5 σ H μ H t

T est T e m p er at ur e [° C]: - 4 0 1 0. 3 3 0 0. 3 2 8 0. 3 3 2 0. 0 0 2 0 0. 3 3 0 9 5 9 5 9 5 9 4 9 4 0. 5 5 9 4. 6 3 A / 9 4 / 3

2 0. 3 3 0 0. 3 3 1 0. 3 3 2 0. 0 0 1 0 0. 3 3 1 9 5 9 4 9 6 9 5 9 5 0. 7 1 9 5. 0 3 A / 9 5 / 3

3 0. 3 3 1 0. 3 3 3 0. 3 2 9 0. 0 0 2 0 0. 3 3 1 9 5 9 3 9 4 9 4 9 5 0. 8 4 9 4. 2 3 A / 9 4 / 3

4 0. 3 3 0 0. 3 3 1 0. 3 3 3 0. 0 0 1 5 0. 3 3 1 9 4 9 5 9 4 9 5 9 4 0. 5 5 9 4. 4 3 A / 9 4 / 3

5 0. 3 2 9 0. 3 2 8 0. 3 3 2 0. 0 0 2 1 0. 3 2 9 9 4 9 5 9 4 9 4 9 4 0. 4 5 9 4. 2 3 A / 9 4 / 3

6 0. 3 3 0 0. 3 3 1 0. 3 2 9 0. 0 0 1 0 0. 3 3 0 9 5 9 5 9 4 9 5 9 3 0. 8 9 9 4. 4 3 A / 9 4 / 3

7 0. 3 3 0 0. 3 2 9 0. 3 3 3 0. 0 0 2 1 0. 3 3 0 9 6 9 4 9 5 9 5 9 5 0. 7 1 9 5. 0 3 A / 9 5 / 3

8 0. 3 2 8 0. 3 3 1 0. 3 3 1 0. 0 0 1 7 0. 3 3 1 9 5 9 4 9 4 9 6 9 5 0. 8 4 9 4. 8 3 A / 9 4 / 3

M a n uf a ct ur er: G n e h m H ärt e pr üf er 9 0. 3 3 0 0. 3 3 4 0. 3 3 5 0. 0 0 2 6 0. 3 3 4 9 5 9 5 9 5 9 6 9 4 0. 7 1 9 5. 0 3 A / 9 5 / 3

T y p e: S h or e A 1 0 0. 3 3 0 0. 3 2 7 0. 3 3 0 0. 0 0 1 7 0. 3 3 0 9 4 9 4 9 5 9 5 9 5 0. 5 5 9 4. 6 3 A / 9 4 / 3

S eri al N u m b er: 2 4 0 8 8 1 1 0. 3 2 6 0. 3 3 2 0. 3 3 0 0. 0 0 3 1 0. 3 3 0 9 5 9 5 9 4 9 4 9 5 0. 5 5 9 4. 6 3 A / 9 4 / 3

D at e of l a st c ali br ati o n: 3 1- D e c- 1 6 1 2 0. 3 3 0 0. 3 2 9 0. 3 2 9 0. 0 0 0 6 0. 3 2 9 9 5 9 5 9 4 9 4 9 4 0. 5 5 9 4. 4 3 A / 9 4 / 3

C al br ati o n d u e d at e: 3 1- D e c- 1 7 1 3 0. 3 3 0 0. 3 3 0 0. 3 3 1 0. 0 0 0 6 0. 3 3 0 9 4 9 5 9 5 9 3 9 4 0. 8 4 9 4. 2 3 A / 9 4 / 3

M e a n s of t esti n g: H a n d h el d 1 4 0. 3 1 8 0. 3 2 5 0. 3 2 0 0. 0 0 3 6 0. 3 2 0 9 4 9 4 9 4 9 5 9 5 0. 5 5 9 4. 4 3 A / 9 4 / 3

T est m et h o d: A S T M D 2 2 4 0 1 5 0. 3 2 6 0. 3 3 1 0. 3 2 9 0. 0 0 2 5 0. 3 2 9 9 3 9 4 9 4 9 4 9 4 0. 4 5 9 3. 8 3 A / 9 3 / 3

1 6 0. 3 2 6 0. 3 2 9 0. 3 3 2 0. 0 0 3 0 0. 3 2 9 9 4 9 3 9 4 9 2 9 3 0. 8 4 9 3. 2 3 A / 9 3 / 3

N o of p cs pli e d : 1 1 7 0. 3 3 1 0. 3 2 8 0. 3 3 0 0. 0 0 1 5 0. 3 3 0 9 5 9 3 9 4 9 4 9 4 0. 7 1 9 4. 0 3 A / 9 4 / 3

V ul c a ni z ati o n d at e: 0 1-J u n- 1 7 1 8 0. 3 2 5 0. 3 2 6 0. 3 2 5 0. 0 0 0 6 0. 3 2 5 9 4 9 3 9 3 9 4 9 4 0. 5 5 9 3. 6 3 A / 9 3 / 3

M et eri al t est e d: E P D M 1 9 0. 3 3 1 0. 3 2 8 0. 3 3 1 0. 0 0 1 7 0. 3 3 1 9 2 9 3 9 4 9 4 9 3 0. 8 4 9 3. 2 3 A / 9 3 / 3

Ori gi n: G E M M A pl asti cs 2 0 0. 3 3 1 0. 3 3 2 0. 3 3 2 0. 0 0 0 6 0. 3 3 2 9 3 9 4 9 3 9 3 9 3 0. 4 5 9 3. 2 3 A / 9 3 / 3

2 1 0. 3 3 1 0. 3 3 2 0. 3 2 8 0. 0 0 2 1 0. 3 3 1 9 4 9 3 9 4 9 3 9 3 0. 5 5 9 3. 4 3 A / 9 3 / 3

2 2 0. 3 2 9 0. 3 3 2 0. 3 3 4 0. 0 0 2 5 0. 3 3 2 9 5 9 3 9 4 9 4 9 4 0. 7 1 9 4. 0 3 A / 9 4 / 3

2 3 0. 3 3 0 0. 3 2 7 0. 3 3 1 0. 0 0 2 1 0. 3 3 0 9 4 9 3 9 4 9 4 9 4 0. 4 5 9 3. 8 3 A / 9 3 / 3

2 4 0. 3 3 0 0. 3 3 1 0. 3 2 8 0. 0 0 1 5 0. 3 3 0 9 4 9 3 9 3 9 5 9 4 0. 8 4 9 3. 8 3 A / 9 3 / 3

2 5 0. 3 3 1 0. 3 3 0 0. 3 3 4 0. 0 0 2 1 0. 3 3 1 9 2 9 3 9 3 9 4 9 3 0. 7 1 9 3. 0 3 A / 9 3 / 3

2 6 0. 3 2 7 0. 3 3 2 0. 3 3 1 0. 0 0 2 6 0. 3 3 1 9 4 9 3 9 3 9 3 9 4 0. 5 5 9 3. 4 3 A / 9 3 / 3

2 7 0. 3 2 9 0. 3 3 4 0. 3 3 5 0. 0 0 3 2 0. 3 3 4 9 4 9 3 9 3 9 4 9 3 0. 5 5 9 3. 4 3 A / 9 3 / 3

2 8 0. 3 3 1 0. 3 2 6 0. 3 2 9 0. 0 0 2 5 0. 3 2 9 9 4 9 4 9 3 9 2 9 3 0. 8 4 9 3. 2 3 A / 9 3 / 3

2 9 0. 3 2 5 0. 3 3 3 0. 3 3 0 0. 0 0 4 0 0. 3 3 0 9 2 9 4 9 3 9 4 9 4 0. 8 9 9 3. 4 3 A / 9 3 / 3

3 0 0. 3 3 1 0. 3 3 0 0. 3 2 9 0. 0 0 1 0 0. 3 3 0 9 2 9 3 9 4 9 3 9 3 0. 7 1 9 3. 0 3 A / 9 3 / 3

Si m plifi e d St a n d ar d g as k et g e o m etr y, 

di m m e nsi o ns all o w e d m or e t h a n 6. 0 0 m m of 

m e as ur e m e nt p oi nt r a di us ( A S T M D 2 2 4 0 

r e q uir e m e nt). T h e g as k et w as pl a c e d o n a 

fl at s urf a c e as s h o w n b el o w; t h e arr o w m ar ks 

a m e as ur e m e nt p oi nt e x a m pl e:

Air br a k e El a st o m eri c G a s k et - D ur o m et er H ar d n e ss R e p ort

T e st D et ail s T e st r e s ult s

T hi c k n e ss [i n] - A S T M D 3 7 6 7 H ar d n e ss [ S h or e A]
R e a di n g

D e vi ati o n s:

G as k et pr o d u ct s p e ci m e n. T h e l at er al 

di m e nsi o ns of all s p e ci m e ns w er e n ot 

e n o u g h t o att ai n t h e mi ni m u m 1 2. 0 m m fr o m 

a n y e d g e as p er A S T M D 2 2 4 0.

D ur o m et er D et ail s

T e st pi e c e s d et ail s

F ull d es cri pti o n:

1 3 3



D at e of T est: 2 0-J u n- 1 7 S a m pl e Ti m e [ s]

R el ati v e H u mi dit y [ %]: 5 0 I D N o h 1 h 2 h 3 σ h M E DI A N H 1 H 2 H 3 H 4 H 5 σ H μ H t

T est T e m p er at ur e [° C]: 2 3 1 0. 3 0 7 0. 3 0 1 0. 3 1 4 0. 0 0 6 5 0. 3 0 7 7 4 7 3 7 3 7 3 7 3 0. 4 5 7 3. 2 3 A / 7 3 / 3

2 0. 3 0 6 0. 3 1 0 0. 3 1 1 0. 0 0 2 6 0. 3 1 0 7 5 7 4 7 5 7 4 7 4 0. 5 5 7 4. 4 3 A / 7 4 / 3

3 0. 3 0 5 0. 3 0 7 0. 3 1 2 0. 0 0 3 6 0. 3 0 7 7 4 7 4 7 4 7 4 7 5 0. 4 5 7 4. 2 3 A / 7 4 / 3

4 0. 3 1 1 0. 3 0 8 0. 3 1 0 0. 0 0 1 5 0. 3 1 0 7 3 7 4 7 4 7 3 7 3 0. 5 5 7 3. 4 3 A / 7 3 / 3

5 0. 3 1 1 0. 3 0 8 0. 3 1 2 0. 0 0 2 1 0. 3 1 1 7 4 7 4 7 5 7 4 7 4 0. 4 5 7 4. 2 3 A / 7 4 / 3

6 0. 3 0 6 0. 3 0 7 0. 3 1 1 0. 0 0 2 6 0. 3 0 7 7 4 7 4 7 5 7 4 7 3 0. 7 1 7 4. 0 3 A / 7 4 / 3

7 0. 3 1 1 0. 3 1 4 0. 3 0 9 0. 0 0 2 5 0. 3 1 1 7 4 7 3 7 4 7 3 7 3 0. 5 5 7 3. 4 3 A / 7 3 / 3

8 0. 3 1 5 0. 3 1 8 0. 3 2 2 0. 0 0 3 5 0. 3 1 8 7 5 7 3 7 4 7 3 7 4 0. 8 4 7 3. 8 3 A / 7 3 / 3

M a n uf a ct ur er: G n e h m H ärt e pr üf er 9 0. 3 0 7 0. 3 0 8 0. 3 0 8 0. 0 0 0 6 0. 3 0 8 7 4 7 5 7 4 7 3 7 4 0. 7 1 7 4. 0 3 A / 7 4 / 3

T y p e: S h or e A 1 0 0. 3 1 0 0. 3 0 8 0. 3 1 0 0. 0 0 1 2 0. 3 1 0 7 4 7 5 7 5 7 4 7 4 0. 5 5 7 4. 4 3 A / 7 4 / 3

S eri al N u m b er: 2 4 0 8 8 1 1 0. 3 1 1 0. 3 1 0 0. 3 0 9 0. 0 0 1 0 0. 3 1 0 7 4 7 4 7 4 7 3 7 4 0. 4 5 7 3. 8 3 A / 7 3 / 3

D at e of l a st c ali br ati o n: 3 1- D e c- 1 6 1 2 0. 3 1 3 0. 3 1 1 0. 3 0 8 0. 0 0 2 5 0. 3 1 1 7 4 7 4 7 5 7 4 7 4 0. 4 5 7 4. 2 3 A / 7 4 / 3

C al br ati o n d u e d at e: 3 1- D e c- 1 7 1 3 0. 3 1 1 0. 3 1 2 0. 3 1 3 0. 0 0 1 0 0. 3 1 2 7 3 7 2 7 2 7 3 7 4 0. 8 4 7 2. 8 3 A / 7 2 / 3

M e a n s of t esti n g: H a n d h el d 1 4 0. 3 1 0 0. 3 0 7 0. 3 0 8 0. 0 0 1 5 0. 3 0 8 7 1 7 1 7 2 7 0 7 0 0. 8 4 7 0. 8 3 A / 7 0 / 3

T est m et h o d: A S T M D 2 2 4 0 1 5 0. 3 0 8 0. 3 1 1 0. 3 1 2 0. 0 0 2 1 0. 3 1 1 7 3 7 3 7 3 7 3 7 4 0. 4 5 7 3. 2 3 A / 7 3 / 3

1 6 0. 3 1 0 0. 3 1 1 0. 3 1 2 0. 0 0 1 0 0. 3 1 1 7 1 7 2 7 3 7 3 7 3 0. 8 9 7 2. 4 3 A / 7 2 / 3

N o of p cs pli e d : 1 1 7 0. 3 0 6 0. 3 0 0 0. 3 1 4 0. 0 0 7 0 0. 3 0 6 7 4 7 4 7 3 7 3 7 2 0. 8 4 7 3. 2 3 A / 7 3 / 3

V ul c a ni z ati o n d at e: 0 1-J u n- 1 7 1 8 0. 3 0 7 0. 3 1 0 0. 3 1 0 0. 0 0 1 7 0. 3 1 0 7 4 7 3 7 3 7 3 7 3 0. 4 5 7 3. 2 3 A / 7 3 / 3

M et eri al t est e d: C hl or o pr e n e ( C R) 1 9 0. 3 0 4 0. 3 0 6 0. 3 1 3 0. 0 0 4 7 0. 3 0 6 7 3 7 1 7 1 7 2 7 1 0. 8 9 7 1. 6 3 A / 7 1 / 3

Ori gi n: G E M M A pl asti cs 2 0 0. 3 1 0 0. 3 0 7 0. 3 0 9 0. 0 0 1 5 0. 3 0 9 7 2 7 2 7 2 7 1 7 1 0. 5 5 7 1. 6 3 A / 7 1 / 3

2 1 0. 3 1 2 0. 3 0 8 0. 3 1 2 0. 0 0 2 3 0. 3 1 2 7 1 7 2 7 3 7 3 7 3 0. 8 9 7 2. 4 3 A / 7 2 / 3

2 2 0. 3 0 5 0. 3 0 6 0. 3 1 2 0. 0 0 3 8 0. 3 0 6 7 4 7 4 7 5 7 4 7 3 0. 7 1 7 4. 0 3 A / 7 4 / 3

2 3 0. 3 1 1 0. 3 1 4 0. 3 0 9 0. 0 0 2 5 0. 3 1 1 7 3 7 3 7 3 7 5 7 4 0. 8 9 7 3. 6 3 A / 7 3 / 3

2 4 0. 3 1 6 0. 3 1 9 0. 3 2 1 0. 0 0 2 5 0. 3 1 9 7 4 7 3 7 2 7 2 7 3 0. 8 4 7 2. 8 3 A / 7 2 / 3

2 5 0. 3 0 7 0. 3 0 7 0. 3 0 7 0. 0 0 0 0 0. 3 0 7 7 0 7 1 7 1 7 2 7 0 0. 8 4 7 0. 8 3 A / 7 0 / 3

2 6 0. 3 1 1 0. 3 0 7 0. 3 1 0 0. 0 0 2 1 0. 3 1 0 7 2 7 3 7 3 7 3 7 2 0. 5 5 7 2. 6 3 A / 7 2 / 3

2 7 0. 3 1 0 0. 3 1 1 0. 3 1 0 0. 0 0 0 6 0. 3 1 0 7 3 7 1 7 2 7 3 7 3 0. 8 9 7 2. 4 3 A / 7 2 / 3

2 8 0. 3 1 4 0. 3 1 0 0. 3 0 8 0. 0 0 3 1 0. 3 1 0 7 5 7 4 7 4 7 3 7 3 0. 8 4 7 3. 8 3 A / 7 3 / 3

2 9 0. 3 1 2 0. 3 1 3 0. 3 1 2 0. 0 0 0 6 0. 3 1 2 7 5 7 4 7 3 7 4 7 4 0. 7 1 7 4. 0 3 A / 7 4 / 3

3 0 0. 3 1 2 0. 3 1 1 0. 3 1 3 0. 0 0 1 0 0. 3 1 2 7 2 7 3 7 1 7 1 7 2 0. 8 4 7 1. 8 3 A / 7 1 / 3

Si m plifi e d St a n d ar d g as k et g e o m etr y, 

di m m e nsi o ns all o w e d m or e t h a n 6. 0 0 m m of 

m e as ur e m e nt p oi nt r a di us ( A S T M D 2 2 4 0 

r e q uir e m e nt). T h e g as k et w as pl a c e d o n a 

fl at s urf a c e as s h o w n b el o w; t h e arr o w m ar ks 

a m e as ur e m e nt p oi nt e x a m pl e:

Air br a k e El a st o m eri c G a s k et - D ur o m et er H ar d n e ss R e p ort

T e st D et ail s T e st r e s ult s

T hi c k n e ss [i n] - A S T M D 3 7 6 7 H ar d n e ss [ S h or e A]
R e a di n g

D e vi ati o n s:

G as k et pr o d u ct s p e ci m e n. T h e l at er al 

di m e nsi o ns of all s p e ci m e ns w er e n ot 

e n o u g h t o att ai n t h e mi ni m u m 1 2. 0 m m fr o m 

a n y e d g e as p er A S T M D 2 2 4 0.

D ur o m et er D et ail s

T e st pi e c e s d et ail s

F ull d es cri pti o n:

1 3 4



D at e of T est: 2 0-J u n- 1 7 S a m pl e Ti m e [ s]

R el ati v e H u mi dit y [ %]: 5 0 I D N o h 1 h 2 h 3 σ h M E DI A N H 1 H 2 H 3 H 4 H 5 σ H μ H t

T est T e m p er at ur e [° C]: - 4 0 1 0. 3 0 7 0. 3 0 1 0. 3 1 4 0. 0 0 6 5 0. 3 0 7 8 5 8 4 8 5 8 4 8 3 0. 8 4 8 4. 2 3 A / 8 4 / 3

2 0. 3 0 6 0. 3 1 0 0. 3 1 1 0. 0 0 2 6 0. 3 1 0 8 5 8 4 8 5 8 4 8 3 0. 8 4 8 4. 2 3 A / 8 4 / 3

3 0. 3 0 5 0. 3 0 7 0. 3 1 2 0. 0 0 3 6 0. 3 0 7 8 4 8 4 8 3 8 4 8 5 0. 7 1 8 4. 0 3 A / 8 4 / 3

4 0. 3 1 1 0. 3 0 8 0. 3 1 0 0. 0 0 1 5 0. 3 1 0 8 4 8 4 8 3 8 3 8 2 0. 8 4 8 3. 2 3 A / 8 3 / 3

5 0. 3 1 1 0. 3 0 8 0. 3 1 2 0. 0 0 2 1 0. 3 1 1 8 4 8 4 8 4 8 4 8 2 0. 8 9 8 3. 6 3 A / 8 3 / 3

6 0. 3 0 6 0. 3 0 7 0. 3 1 1 0. 0 0 2 6 0. 3 0 7 8 3 8 4 8 5 8 3 8 3 0. 8 9 8 3. 6 3 A / 8 3 / 3

7 0. 3 1 1 0. 3 1 4 0. 3 0 9 0. 0 0 2 5 0. 3 1 1 8 3 8 3 8 3 8 2 8 2 0. 5 5 8 2. 6 3 A / 8 2 / 3

8 0. 3 1 5 0. 3 1 8 0. 3 2 2 0. 0 0 3 5 0. 3 1 8 8 4 8 2 8 3 8 2 8 3 0. 8 4 8 2. 8 3 A / 8 2 / 3

M a n uf a ct ur er: G n e h m H ärt e pr üf er 9 0. 3 0 7 0. 3 0 8 0. 3 0 8 0. 0 0 0 6 0. 3 0 8 8 4 8 4 8 4 8 3 8 4 0. 4 5 8 3. 8 3 A / 8 3 / 3

T y p e: S h or e A 1 0 0. 3 1 0 0. 3 0 8 0. 3 1 0 0. 0 0 1 2 0. 3 1 0 8 4 8 4 8 4 8 3 8 4 0. 4 5 8 3. 8 3 A / 8 3 / 3

S eri al N u m b er: 2 4 0 8 8 1 1 0. 3 1 1 0. 3 1 0 0. 3 0 9 0. 0 0 1 0 0. 3 1 0 8 4 8 4 8 3 8 2 8 3 0. 8 4 8 3. 2 3 A / 8 3 / 3

D at e of l a st c ali br ati o n: 3 1- D e c- 1 6 1 2 0. 3 1 3 0. 3 1 1 0. 3 0 8 0. 0 0 2 5 0. 3 1 1 8 3 8 4 8 5 8 4 8 4 0. 7 1 8 4. 0 3 A / 8 4 / 3

C al br ati o n d u e d at e: 3 1- D e c- 1 7 1 3 0. 3 1 1 0. 3 1 2 0. 3 1 3 0. 0 0 1 0 0. 3 1 2 8 2 8 1 8 1 8 2 8 3 0. 8 4 8 1. 8 3 A / 8 1 / 3

M e a n s of t esti n g: H a n d h el d 1 4 0. 3 1 0 0. 3 0 7 0. 3 0 8 0. 0 0 1 5 0. 3 0 8 8 1 8 1 8 2 8 0 8 0 0. 8 4 8 0. 8 3 A / 8 0 / 3

T est m et h o d: A S T M D 2 2 4 0 1 5 0. 3 0 8 0. 3 1 1 0. 3 1 2 0. 0 0 2 1 0. 3 1 1 8 3 8 4 8 3 8 2 8 3 0. 7 1 8 3. 0 3 A / 8 3 / 3

1 6 0. 3 1 0 0. 3 1 1 0. 3 1 2 0. 0 0 1 0 0. 3 1 1 8 1 8 3 8 2 8 3 8 3 0. 8 9 8 2. 4 3 A / 8 2 / 3

N o of p cs pli e d : 1 1 7 0. 3 0 6 0. 3 0 0 0. 3 1 4 0. 0 0 7 0 0. 3 0 6 8 3 8 4 8 2 8 3 8 2 0. 8 4 8 2. 8 3 A / 8 2 / 3

V ul c a ni z ati o n d at e: 0 1-J u n- 1 7 1 8 0. 3 0 7 0. 3 1 0 0. 3 1 0 0. 0 0 1 7 0. 3 1 0 8 3 8 3 8 4 8 4 8 3 0. 5 5 8 3. 4 3 A / 8 3 / 3

M et eri al t est e d: C hl or o pr e n e ( C R) 1 9 0. 3 0 4 0. 3 0 6 0. 3 1 3 0. 0 0 4 7 0. 3 0 6 8 2 8 1 8 1 8 2 8 0 0. 8 4 8 1. 2 3 A / 8 1 / 3

Ori gi n: G E M M A pl asti cs 2 0 0. 3 1 0 0. 3 0 7 0. 3 0 9 0. 0 0 1 5 0. 3 0 9 8 2 8 1 8 1 8 0 8 1 0. 7 1 8 1. 0 3 A / 8 1 / 3

2 1 0. 3 1 2 0. 3 0 8 0. 3 1 2 0. 0 0 2 3 0. 3 1 2 8 1 8 2 8 3 8 3 8 3 0. 8 9 8 2. 4 3 A / 8 2 / 3

2 2 0. 3 0 5 0. 3 0 6 0. 3 1 2 0. 0 0 3 8 0. 3 0 6 8 4 8 4 8 4 8 3 8 2 0. 8 9 8 3. 4 3 A / 8 3 / 3

2 3 0. 3 1 1 0. 3 1 4 0. 3 0 9 0. 0 0 2 5 0. 3 1 1 8 5 8 4 8 4 8 5 8 3 0. 8 4 8 4. 2 3 A / 8 4 / 3

2 4 0. 3 1 6 0. 3 1 9 0. 3 2 1 0. 0 0 2 5 0. 3 1 9 8 4 8 2 8 2 8 2 8 2 0. 8 9 8 2. 4 3 A / 8 2 / 3

2 5 0. 3 0 7 0. 3 0 7 0. 3 0 7 0. 0 0 0 0 0. 3 0 7 8 0 8 0 8 1 8 1 8 0 0. 5 5 8 0. 4 3 A / 8 0 / 3

2 6 0. 3 1 1 0. 3 0 7 0. 3 1 0 0. 0 0 2 1 0. 3 1 0 8 2 8 3 8 4 8 3 8 2 0. 8 4 8 2. 8 3 A / 8 2 / 3

2 7 0. 3 1 0 0. 3 1 1 0. 3 1 0 0. 0 0 0 6 0. 3 1 0 8 3 8 2 8 2 8 2 8 2 0. 4 5 8 2. 2 3 A / 8 2 / 3

2 8 0. 3 1 4 0. 3 1 0 0. 3 0 8 0. 0 0 3 1 0. 3 1 0 8 5 8 3 8 4 8 3 8 3 0. 8 9 8 3. 6 3 A / 8 3 / 3

2 9 0. 3 1 2 0. 3 1 3 0. 3 1 2 0. 0 0 0 6 0. 3 1 2 8 4 8 3 8 2 8 4 8 3 0. 8 4 8 3. 2 3 A / 8 3 / 3

3 0 0. 3 1 2 0. 3 1 1 0. 3 1 3 0. 0 0 1 0 0. 3 1 2 8 2 8 2 8 1 8 0 8 1 0. 8 4 8 1. 2 3 A / 8 1 / 3

Si m plifi e d St a n d ar d g as k et g e o m etr y, 

di m m e nsi o ns all o w e d m or e t h a n 6. 0 0 m m of 

m e as ur e m e nt p oi nt r a di us ( A S T M D 2 2 4 0 

r e q uir e m e nt). T h e g as k et w as pl a c e d o n a 

fl at s urf a c e as s h o w n b el o w; t h e arr o w m ar ks 

a m e as ur e m e nt p oi nt e x a m pl e:

Air br a k e El a st o m eri c G a s k et - D ur o m et er H ar d n e ss R e p ort

T e st D et ail s T e st r e s ult s

T hi c k n e ss [i n] - A S T M D 3 7 6 7 H ar d n e ss [ S h or e A]
R e a di n g

D e vi ati o n s:

G as k et pr o d u ct s p e ci m e n. T h e l at er al 

di m e nsi o ns of all s p e ci m e ns w er e n ot 

e n o u g h t o att ai n t h e mi ni m u m 1 2. 0 m m fr o m 

a n y e d g e as p er A S T M D 2 2 4 0.

D ur o m et er D et ail s

T e st pi e c e s d et ail s

F ull d es cri pti o n:

1 3 5



M T S 7 9 3

D at a A c q uisiti o n Ti m e: 1 0 2. 4 2 8 S e c 2 3-J u n- 1 7 1 1: 3 5: 4 2 A M

A xi al L o a d A xi al Str o k e Ti m e Str ai n A xi al L o a d Ori gi n al t hi c k n e ss h 0  [ m m] Δ L  @  ε ≈ 2 5 % [ m m]

N m m S e c ε N, n o si g n 4. 7 5 8 - 1. 1 9 0

- 1 7 9. 0 5 6 - 0. 0 1 4 0. 2 0 3 0. 0 0 3 1 7 9. 0 5 6 F N @ 2 5 %  = SC @ 2 5 % [ N]

- 2 4 1. 8 2 5 - 0. 0 3 0 0. 3 0 3 0. 0 0 6 2 4 1. 8 2 5 2 4 6 7

- 3 0 6. 2 8 5 - 0. 0 4 7 0. 4 0 3 0. 0 1 0 3 0 6. 2 8 5

- 3 6 8. 3 4 7 - 0. 0 6 3 0. 5 0 3 0. 0 1 3 3 6 8. 3 4 7

- 4 2 7. 3 7 5 - 0. 0 8 0 0. 6 0 3 0. 0 1 7 4 2 7. 3 7 5

- 4 8 5. 4 7 9 - 0. 0 9 7 0. 7 0 3 0. 0 2 0 4 8 5. 4 7 9

- 5 3 7. 0 5 2 - 0. 1 1 3 0. 8 0 3 0. 0 2 4 5 3 7. 0 5 2

- 5 8 9. 7 0 8 - 0. 1 3 1 0. 9 0 3 0. 0 2 8 5 8 9. 7 0 8

- 6 4 4. 9 6 1 - 0. 1 4 6 1. 0 0 2 0. 0 3 1 6 4 4. 9 6 1

- 7 0 4. 7 4 4 - 0. 1 6 4 1. 1 0 2 0. 0 3 4 7 0 4. 7 4 4

- 7 5 9. 2 7 4 - 0. 1 8 0 1. 2 0 2 0. 0 3 8 7 5 9. 2 7 4

- 8 0 5. 6 3 0 - 0. 1 9 7 1. 3 0 2 0. 0 4 1 8 0 5. 6 3 0

- 8 4 7. 2 8 4 - 0. 2 1 4 1. 4 0 2 0. 0 4 5 8 4 7. 2 8 4

- 8 9 0. 2 8 8 - 0. 2 3 0 1. 5 0 2 0. 0 4 8 8 9 0. 2 8 8

- 9 2 3. 8 1 3 - 0. 2 4 6 1. 6 0 2 0. 0 5 2 9 2 3. 8 1 3

- 9 6 7. 7 5 7 - 0. 2 6 4 1. 7 0 2 0. 0 5 6 9 6 7. 7 5 7

- 9 9 8. 2 6 3 - 0. 2 8 0 1. 8 0 2 0. 0 5 9 9 9 8. 2 6 3

- 1 0 2 9. 2 6 8 - 0. 2 9 6 1. 9 0 2 0. 0 6 2 1 0 2 9. 2 6 8

- 1 0 6 3. 7 3 3 - 0. 3 1 3 2. 0 0 2 0. 0 6 6 1 0 6 3. 7 3 3

- 1 0 9 4. 7 8 0 - 0. 3 2 9 2. 1 0 2 0. 0 6 9 1 0 9 4. 7 8 0

- 1 1 2 8. 1 7 6 - 0. 3 4 7 2. 2 0 2 0. 0 7 3 1 1 2 8. 1 7 6

- 1 1 6 1. 2 6 5 - 0. 3 6 4 2. 3 0 2 0. 0 7 6 1 1 6 1. 2 6 5

- 1 1 9 0. 9 9 5 - 0. 3 8 0 2. 4 0 2 0. 0 8 0 1 1 9 0. 9 9 5

- 1 2 2 2. 6 4 8 - 0. 3 9 6 2. 5 0 1 0. 0 8 3 1 2 2 2. 6 4 8

- 1 2 5 3. 7 4 0 - 0. 4 1 3 2. 6 0 1 0. 0 8 7 1 2 5 3. 7 4 0

- 1 2 8 3. 9 0 2 - 0. 4 3 0 2. 7 0 1 0. 0 9 0 1 2 8 3. 9 0 2

- 1 3 1 3. 1 7 3 - 0. 4 4 8 2. 8 0 1 0. 0 9 4 1 3 1 3. 1 7 3

- 1 3 4 0. 8 8 6 - 0. 4 6 3 2. 9 0 1 0. 0 9 7 1 3 4 0. 8 8 6

- 1 3 7 0. 5 9 0 - 0. 4 8 0 3. 0 0 1 0. 1 0 1 1 3 7 0. 5 9 0

- 1 3 9 6. 0 5 3 - 0. 4 9 6 3. 1 0 1 0. 1 0 4 1 3 9 6. 0 5 3

- 1 4 2 3. 6 0 9 - 0. 5 1 4 3. 2 0 1 0. 1 0 8 1 4 2 3. 6 0 9

- 1 4 5 1. 7 2 6 - 0. 5 3 1 3. 3 0 1 0. 1 1 2 1 4 5 1. 7 2 6

- 1 4 7 7. 6 0 5 - 0. 5 4 7 3. 4 0 1 0. 1 1 5 1 4 7 7. 6 0 5

- 1 5 0 6. 2 9 3 - 0. 5 6 4 3. 5 0 1 0. 1 1 8 1 5 0 6. 2 9 3

- 1 5 3 6. 7 0 3 - 0. 5 8 0 3. 6 0 1 0. 1 2 2 1 5 3 6. 7 0 3

- 1 5 6 3. 1 0 7 - 0. 5 9 6 3. 7 0 1 0. 1 2 5 1 5 6 3. 1 0 7

- 1 5 8 7. 0 9 1 - 0. 6 1 2 3. 8 0 1 0. 1 2 9 1 5 8 7. 0 9 1

- 1 6 1 3. 8 3 4 - 0. 6 3 0 3. 9 0 1 0. 1 3 2 1 6 1 3. 8 3 4

- 1 6 3 7. 1 5 2 - 0. 6 4 6 4. 0 0 0 0. 1 3 6 1 6 3 7. 1 5 2

- 1 6 6 2. 7 3 5 - 0. 6 6 3 4. 1 0 0 0. 1 3 9 1 6 6 2. 7 3 5

- 1 6 8 7. 9 6 1 - 0. 6 8 0 4. 2 0 0 0. 1 4 3 1 6 8 7. 9 6 1

- 1 7 1 3. 8 7 3 - 0. 6 9 7 4. 3 0 0 0. 1 4 6 1 7 1 3. 8 7 3

- 1 7 3 7. 8 9 8 - 0. 7 1 2 4. 4 0 0 0. 1 5 0 1 7 3 7. 8 9 8

- 1 7 6 4. 3 6 4 - 0. 7 2 9 4. 5 0 0 0. 1 5 3 1 7 6 4. 3 6 4

- 1 7 8 2. 6 5 5 - 0. 7 4 6 4. 6 0 0 0. 1 5 7 1 7 8 2. 6 5 5

- 1 8 0 9. 9 0 3 - 0. 7 6 4 4. 7 0 0 0. 1 6 1 1 8 0 9. 9 0 3

- 1 8 3 8. 0 6 8 - 0. 7 7 9 4. 8 0 0 0. 1 6 4 1 8 3 8. 0 6 8

1 3 6



- 1 8 6 2. 9 2 2 - 0. 7 9 5 4. 9 0 0 0. 1 6 7 1 8 6 2. 9 2 2

- 1 8 8 8. 9 7 5 - 0. 8 1 3 5. 0 0 0 0. 1 7 1 1 8 8 8. 9 7 5

- 1 9 1 4. 0 4 7 - 0. 8 2 8 5. 1 0 0 0. 1 7 4 1 9 1 4. 0 4 7

- 1 9 4 4. 4 8 3 - 0. 8 4 6 5. 2 0 0 0. 1 7 8 1 9 4 4. 4 8 3

- 1 9 6 9. 1 9 6 - 0. 8 6 3 5. 3 0 0 0. 1 8 1 1 9 6 9. 1 9 6

- 1 9 9 8. 3 8 2 - 0. 8 7 9 5. 4 0 0 0. 1 8 5 1 9 9 8. 3 8 2

- 2 0 1 9. 4 9 2 - 0. 8 9 6 5. 5 0 0 0. 1 8 8 2 0 1 9. 4 9 2

- 2 0 4 7. 4 4 0 - 0. 9 1 3 5. 5 9 9 0. 1 9 2 2 0 4 7. 4 4 0

- 2 0 7 3. 8 8 3 - 0. 9 2 9 5. 6 9 9 0. 1 9 5 2 0 7 3. 8 8 3

- 2 0 9 9. 0 6 9 - 0. 9 4 6 5. 7 9 9 0. 1 9 9 2 0 9 9. 0 6 9

- 2 1 2 1. 1 8 2 - 0. 9 6 3 5. 8 9 9 0. 2 0 2 2 1 2 1. 1 8 2

- 2 1 4 6. 3 0 2 - 0. 9 7 9 5. 9 9 9 0. 2 0 6 2 1 4 6. 3 0 2

- 2 1 7 5. 1 1 4 - 0. 9 9 6 6. 0 9 9 0. 2 0 9 2 1 7 5. 1 1 4

- 2 2 0 0. 4 7 7 - 1. 0 1 2 6. 1 9 9 0. 2 1 3 2 2 0 0. 4 7 7

- 2 2 2 3. 9 0 2 - 1. 0 2 7 6. 2 9 9 0. 2 1 6 2 2 2 3. 9 0 2

- 2 2 5 4. 4 1 7 - 1. 0 4 6 6. 3 9 9 0. 2 2 0 2 2 5 4. 4 1 7

- 2 2 7 8. 6 8 1 - 1. 0 6 2 6. 4 9 9 0. 2 2 3 2 2 7 8. 6 8 1

- 2 3 0 8. 9 2 3 - 1. 0 8 0 6. 5 9 9 0. 2 2 7 2 3 0 8. 9 2 3

- 2 3 3 8. 9 1 3 - 1. 0 9 6 6. 6 9 9 0. 2 3 0 2 3 3 8. 9 1 3

- 2 3 6 8. 0 6 1 - 1. 1 1 3 6. 7 9 9 0. 2 3 4 2 3 6 8. 0 6 1

- 2 3 9 3. 9 0 6 - 1. 1 2 9 6. 8 9 9 0. 2 3 7 2 3 9 3. 9 0 6

- 2 4 2 1. 4 2 4 - 1. 1 4 5 6. 9 9 9 0. 2 4 1 2 4 2 1. 4 2 4

- 2 4 4 1. 7 8 2 - 1. 1 6 2 7. 0 9 8 0. 2 4 4 2 4 4 1. 7 8 2

- 2 4 6 6. 5 2 2 - 1. 1 8 0 7. 1 9 8 0. 2 4 8 2 4 6 6. 5 2 2

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

0 % 5 % 1 0 % 1 5 % 2 0 % 2 5 % 3 0 %

F, 
Fr

oc
e [

N]

ε , Str ai n

1 3 7



M T S 7 9 3

D at a A c q uisiti o n Ti m e: 7 7. 0 8 8 S e c 2 3-J u n- 1 7 2: 3 2: 4 7 P M

A xi al L o a d A xi al Str o k e Ti m e Str ai n A xi al L o a d Ori gi n al t hi c k n e s s h 0  [ m m] Δ L  @  ε ≈ 2 5 % [ m m]

N m m S e c ε N, n o si g n 4. 6 9 9 - 1. 1 7 5

- 4 4. 2 5 1 - 0. 0 1 1 0. 1 4 2 0. 0 0 2 4 4. 2 5 1 F N @ 2 5 %  = SC @ 2 5 % [ N]

- 6 9. 9 5 8 - 0. 0 2 9 0. 2 4 2 0. 0 0 6 6 9. 9 5 8 2 4 0 3

- 9 1. 5 9 6 - 0. 0 4 5 0. 3 4 2 0. 0 1 0 9 1. 5 9 6

- 1 1 6. 7 8 3 - 0. 0 6 3 0. 4 4 2 0. 0 1 3 1 1 6. 7 8 3

- 1 4 5. 2 2 2 - 0. 0 7 9 0. 5 4 2 0. 0 1 7 1 4 5. 2 2 2

- 1 7 2. 9 3 8 - 0. 0 9 6 0. 6 4 2 0. 0 2 0 1 7 2. 9 3 8

- 2 0 6. 8 6 0 - 0. 1 1 2 0. 7 4 2 0. 0 2 4 2 0 6. 8 6 0

- 2 3 7. 1 6 9 - 0. 1 2 9 0. 8 4 2 0. 0 2 7 2 3 7. 1 6 9

- 2 7 1. 1 5 5 - 0. 1 4 6 0. 9 4 2 0. 0 3 1 2 7 1. 1 5 5

- 3 1 4. 9 8 5 - 0. 1 6 3 1. 0 4 2 0. 0 3 5 3 1 4. 9 8 5

- 3 5 4. 1 3 5 - 0. 1 7 9 1. 1 4 2 0. 0 3 8 3 5 4. 1 3 5

- 3 9 7. 5 5 7 - 0. 1 9 6 1. 2 4 2 0. 0 4 2 3 9 7. 5 5 7

- 4 4 1. 7 6 7 - 0. 2 1 2 1. 3 4 1 0. 0 4 5 4 4 1. 7 6 7

- 4 9 0. 7 4 6 - 0. 2 2 9 1. 4 4 1 0. 0 4 9 4 9 0. 7 4 6

- 5 3 1. 6 0 3 - 0. 2 4 5 1. 5 4 1 0. 0 5 2 5 3 1. 6 0 3

- 5 7 7. 1 3 1 - 0. 2 6 2 1. 6 4 1 0. 0 5 6 5 7 7. 1 3 1

- 6 2 8. 7 8 3 - 0. 2 7 8 1. 7 4 1 0. 0 5 9 6 2 8. 7 8 3

- 6 7 6. 3 5 0 - 0. 2 9 5 1. 8 4 1 0. 0 6 3 6 7 6. 3 5 0

- 7 2 8. 5 6 5 - 0. 3 1 2 1. 9 4 1 0. 0 6 6 7 2 8. 5 6 5

- 7 7 0. 1 4 1 - 0. 3 2 9 2. 0 4 1 0. 0 7 0 7 7 0. 1 4 1

- 8 1 7. 4 9 8 - 0. 3 4 5 2. 1 4 1 0. 0 7 3 8 1 7. 4 9 8

- 8 6 1. 6 0 7 - 0. 3 6 2 2. 2 4 1 0. 0 7 7 8 6 1. 6 0 7

- 9 0 5. 9 5 5 - 0. 3 7 9 2. 3 4 1 0. 0 8 1 9 0 5. 9 5 5

- 9 5 1. 8 6 2 - 0. 3 9 5 2. 4 4 1 0. 0 8 4 9 5 1. 8 6 2

- 9 9 1. 5 0 3 - 0. 4 1 2 2. 5 4 1 0. 0 8 8 9 9 1. 5 0 3

- 1 0 2 5. 1 6 5 - 0. 4 2 8 2. 6 4 1 0. 0 9 1 1 0 2 5. 1 6 5

- 1 0 6 4. 7 4 6 - 0. 4 4 7 2. 7 4 1 0. 0 9 5 1 0 6 4. 7 4 6

- 1 1 0 0. 3 1 9 - 0. 4 6 2 2. 8 4 0 0. 0 9 8 1 1 0 0. 3 1 9

- 1 1 4 0. 1 8 0 - 0. 4 7 9 2. 9 4 0 0. 1 0 2 1 1 4 0. 1 8 0

- 1 1 7 5. 8 6 3 - 0. 4 9 7 3. 0 4 0 0. 1 0 6 1 1 7 5. 8 6 3

- 1 1 9 9. 6 6 4 - 0. 5 1 3 3. 1 4 0 0. 1 0 9 1 1 9 9. 6 6 4

- 1 2 4 4. 3 0 7 - 0. 5 2 8 3. 2 4 0 0. 1 1 2 1 2 4 4. 3 0 7

- 1 2 7 6. 7 1 8 - 0. 5 4 6 3. 3 4 0 0. 1 1 6 1 2 7 6. 7 1 8

- 1 3 0 9. 0 9 4 - 0. 5 6 2 3. 4 4 0 0. 1 2 0 1 3 0 9. 0 9 4

- 1 3 4 7. 9 9 2 - 0. 5 7 8 3. 5 4 0 0. 1 2 3 1 3 4 7. 9 9 2

- 1 3 7 6. 9 8 4 - 0. 5 9 5 3. 6 4 0 0. 1 2 7 1 3 7 6. 9 8 4

- 1 4 1 0. 2 2 0 - 0. 6 1 3 3. 7 4 0 0. 1 3 0 1 4 1 0. 2 2 0

- 1 4 4 4. 9 3 6 - 0. 6 2 8 3. 8 4 0 0. 1 3 4 1 4 4 4. 9 3 6

- 1 4 7 3. 9 3 3 - 0. 6 4 5 3. 9 4 0 0. 1 3 7 1 4 7 3. 9 3 3

- 1 5 0 3. 7 6 3 - 0. 6 6 2 4. 0 4 0 0. 1 4 1 1 5 0 3. 7 6 3

- 1 5 3 9. 2 3 0 - 0. 6 7 8 4. 1 4 0 0. 1 4 4 1 5 3 9. 2 3 0

- 1 5 6 9. 2 5 3 - 0. 6 9 5 4. 2 4 0 0. 1 4 8 1 5 6 9. 2 5 3

- 1 5 9 9. 2 9 3 - 0. 7 1 2 4. 3 4 0 0. 1 5 2 1 5 9 9. 2 9 3

- 1 6 2 9. 1 2 4 - 0. 7 2 9 4. 4 3 9 0. 1 5 5 1 6 2 9. 1 2 4

1 3 8



- 1 6 6 1. 4 6 2 - 0. 7 4 6 4. 5 3 9 0. 1 5 9 1 6 6 1. 4 6 2

- 1 6 8 8. 6 6 0 - 0. 7 6 2 4. 6 3 9 0. 1 6 2 1 6 8 8. 6 6 0

- 1 7 2 1. 5 0 9 - 0. 7 7 9 4. 7 3 9 0. 1 6 6 1 7 2 1. 5 0 9

- 1 7 5 4. 2 7 6 - 0. 7 9 5 4. 8 3 9 0. 1 6 9 1 7 5 4. 2 7 6

- 1 7 8 5. 8 5 2 - 0. 8 1 3 4. 9 3 9 0. 1 7 3 1 7 8 5. 8 5 2

- 1 8 1 1. 7 1 2 - 0. 8 2 9 5. 0 3 9 0. 1 7 6 1 8 1 1. 7 1 2

- 1 8 4 3. 8 6 3 - 0. 8 4 5 5. 1 3 9 0. 1 8 0 1 8 4 3. 8 6 3

- 1 8 6 9. 5 9 9 - 0. 8 6 1 5. 2 3 9 0. 1 8 3 1 8 6 9. 5 9 9

- 1 9 0 1. 1 3 3 - 0. 8 7 8 5. 3 3 9 0. 1 8 7 1 9 0 1. 1 3 3

- 1 9 2 9. 6 7 8 - 0. 8 9 5 5. 4 3 9 0. 1 9 0 1 9 2 9. 6 7 8

- 1 9 5 7. 3 3 9 - 0. 9 1 1 5. 5 3 9 0. 1 9 4 1 9 5 7. 3 3 9

- 1 9 8 2. 4 2 1 - 0. 9 2 9 5. 6 3 9 0. 1 9 8 1 9 8 2. 4 2 1

- 2 0 1 2. 9 9 8 - 0. 9 4 5 5. 7 3 9 0. 2 0 1 2 0 1 2. 9 9 8

- 2 0 3 5. 3 0 2 - 0. 9 6 1 5. 8 3 9 0. 2 0 5 2 0 3 5. 3 0 2

- 2 0 6 5. 1 3 8 - 0. 9 7 9 5. 9 3 8 0. 2 0 8 2 0 6 5. 1 3 8

- 2 0 9 9. 3 6 6 - 0. 9 9 5 6. 0 3 8 0. 2 1 2 2 0 9 9. 3 6 6

- 2 1 3 0. 1 1 4 - 1. 0 1 1 6. 1 3 8 0. 2 1 5 2 1 3 0. 1 1 4

- 2 1 6 4. 3 6 3 - 1. 0 2 8 6. 2 3 8 0. 2 1 9 2 1 6 4. 3 6 3

- 2 1 8 7. 3 1 2 - 1. 0 4 4 6. 3 3 8 0. 2 2 2 2 1 8 7. 3 1 2

- 2 2 1 7. 8 6 3 - 1. 0 6 1 6. 4 3 8 0. 2 2 6 2 2 1 7. 8 6 3

- 2 2 5 5. 0 0 0 - 1. 0 7 8 6. 5 3 8 0. 2 2 9 2 2 5 5. 0 0 0

- 2 2 7 9. 2 7 2 - 1. 0 9 5 6. 6 3 8 0. 2 3 3 2 2 7 9. 2 7 2

- 2 3 1 0. 4 9 6 - 1. 1 1 1 6. 7 3 8 0. 2 3 6 2 3 1 0. 4 9 6

- 2 3 4 1. 4 6 5 - 1. 1 2 8 6. 8 3 8 0. 2 4 0 2 3 4 1. 4 6 5

- 2 3 7 3. 0 9 4 - 1. 1 4 4 6. 9 3 8 0. 2 4 3 2 3 7 3. 0 9 4

- 2 4 0 2. 8 7 8 - 1. 1 6 1 7. 0 3 8 0. 2 4 7 2 4 0 2. 8 7 8

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

0 % 5 % 1 0 % 1 5 % 2 0 % 2 5 % 3 0 %

F, 
Fr

oc
e [

N]

ε , Str ai n

1 3 9



M T S 7 9 3

D at a A c q uisiti o n Ti m e: 1 0 2. 4 2 8 S e c 2 3-J u n- 1 7 1 0: 2 1: 4 9 A M

A xi al L o a d A xi al Str o k e Ti m e Str ai n A xi al L o a d Ori gi n al t hi c k n e s s h 0  [ m m] Δ L  @  ε ≈ 2 5 % [ m m]

N m m S e c ε N, n o si g n 4. 7 9 2 - 1. 1 9 8

- 1 2 4. 7 8 5 - 0. 0 1 5 0. 1 7 0 0. 0 0 3 1 2 4. 7 8 5 F N @ 2 5 %  = SC @ 2 5 % [ N]

- 1 7 9. 4 4 7 - 0. 0 3 1 0. 2 7 0 0. 0 0 6 1 7 9. 4 4 7 2 6 0 7

- 2 2 8. 7 7 9 - 0. 0 4 7 0. 3 7 0 0. 0 1 0 2 2 8. 7 7 9

- 2 8 0. 9 3 6 - 0. 0 6 3 0. 4 7 0 0. 0 1 3 2 8 0. 9 3 6

- 3 2 7. 1 0 6 - 0. 0 8 1 0. 5 7 0 0. 0 1 7 3 2 7. 1 0 6

- 3 7 0. 6 0 9 - 0. 0 9 8 0. 6 7 0 0. 0 2 0 3 7 0. 6 0 9

- 4 1 3. 7 6 7 - 0. 1 1 4 0. 7 7 0 0. 0 2 4 4 1 3. 7 6 7

- 4 5 5. 9 8 9 - 0. 1 2 9 0. 8 6 9 0. 0 2 7 4 5 5. 9 8 9

- 5 0 0. 2 1 6 - 0. 1 4 7 0. 9 6 9 0. 0 3 1 5 0 0. 2 1 6

- 5 4 8. 3 0 5 - 0. 1 6 3 1. 0 6 9 0. 0 3 4 5 4 8. 3 0 5

- 5 9 6. 7 3 5 - 0. 1 8 1 1. 1 6 9 0. 0 3 8 5 9 6. 7 3 5

- 6 4 6. 8 7 4 - 0. 1 9 8 1. 2 6 9 0. 0 4 1 6 4 6. 8 7 4

- 7 0 1. 3 0 9 - 0. 2 1 4 1. 3 6 9 0. 0 4 5 7 0 1. 3 0 9

- 7 4 8. 1 9 0 - 0. 2 2 9 1. 4 6 9 0. 0 4 8 7 4 8. 1 9 0

- 8 0 2. 2 7 8 - 0. 2 4 7 1. 5 6 9 0. 0 5 2 8 0 2. 2 7 8

- 8 4 4. 0 2 0 - 0. 2 6 4 1. 6 6 9 0. 0 5 5 8 4 4. 0 2 0

- 8 8 4. 1 3 1 - 0. 2 8 0 1. 7 6 9 0. 0 5 8 8 8 4. 1 3 1

- 9 2 9. 8 1 7 - 0. 2 9 7 1. 8 6 9 0. 0 6 2 9 2 9. 8 1 7

- 9 6 6. 7 2 3 - 0. 3 1 4 1. 9 6 9 0. 0 6 6 9 6 6. 7 2 3

- 1 0 0 0. 7 8 6 - 0. 3 3 0 2. 0 6 9 0. 0 6 9 1 0 0 0. 7 8 6

- 1 0 4 2. 6 2 5 - 0. 3 4 7 2. 1 6 9 0. 0 7 2 1 0 4 2. 6 2 5

- 1 0 7 6. 0 3 3 - 0. 3 6 3 2. 2 6 9 0. 0 7 6 1 0 7 6. 0 3 3

- 1 1 1 5. 0 9 8 - 0. 3 8 0 2. 3 6 8 0. 0 7 9 1 1 1 5. 0 9 8

- 1 1 5 4. 7 1 3 - 0. 3 9 7 2. 4 6 8 0. 0 8 3 1 1 5 4. 7 1 3

- 1 1 9 0. 5 8 8 - 0. 4 1 3 2. 5 6 8 0. 0 8 6 1 1 9 0. 5 8 8

- 1 2 1 4. 4 9 5 - 0. 4 3 1 2. 6 6 8 0. 0 9 0 1 2 1 4. 4 9 5

- 1 2 4 8. 6 7 9 - 0. 4 4 7 2. 7 6 8 0. 0 9 3 1 2 4 8. 6 7 9

- 1 2 8 1. 9 6 0 - 0. 4 6 3 2. 8 6 8 0. 0 9 7 1 2 8 1. 9 6 0

- 1 3 2 0. 5 9 1 - 0. 4 8 0 2. 9 6 8 0. 1 0 0 1 3 2 0. 5 9 1

- 1 3 4 9. 5 5 6 - 0. 4 9 7 3. 0 6 8 0. 1 0 4 1 3 4 9. 5 5 6

- 1 3 7 6. 7 9 0 - 0. 5 1 3 3. 1 6 8 0. 1 0 7 1 3 7 6. 7 9 0

- 1 4 1 0. 8 4 2 - 0. 5 3 0 3. 2 6 8 0. 1 1 1 1 4 1 0. 8 4 2

- 1 4 4 1. 8 4 1 - 0. 5 4 8 3. 3 6 8 0. 1 1 4 1 4 4 1. 8 4 1

- 1 4 7 2. 5 0 1 - 0. 5 6 4 3. 4 6 8 0. 1 1 8 1 4 7 2. 5 0 1

- 1 5 0 9. 8 4 6 - 0. 5 8 0 3. 5 6 8 0. 1 2 1 1 5 0 9. 8 4 6

- 1 5 3 6. 6 1 3 - 0. 5 9 7 3. 6 6 8 0. 1 2 4 1 5 3 6. 6 1 3

- 1 5 6 9. 0 0 9 - 0. 6 1 3 3. 7 6 8 0. 1 2 8 1 5 6 9. 0 0 9

- 1 5 9 9. 8 8 9 - 0. 6 3 0 3. 8 6 8 0. 1 3 1 1 5 9 9. 8 8 9

- 1 6 3 0. 3 8 8 - 0. 6 4 6 3. 9 6 7 0. 1 3 5 1 6 3 0. 3 8 8

- 1 6 5 9. 5 9 8 - 0. 6 6 4 4. 0 6 7 0. 1 3 9 1 6 5 9. 5 9 8

- 1 6 8 8. 1 0 3 - 0. 6 7 9 4. 1 6 7 0. 1 4 2 1 6 8 8. 1 0 3

- 1 7 1 6. 0 8 7 - 0. 6 9 7 4. 2 6 7 0. 1 4 5 1 7 1 6. 0 8 7

- 1 7 4 8. 9 2 9 - 0. 7 1 2 4. 3 6 7 0. 1 4 9 1 7 4 8. 9 2 9

- 1 7 7 8. 4 4 6 - 0. 7 2 9 4. 4 6 7 0. 1 5 2 1 7 7 8. 4 4 6

1 4 0



- 1 8 0 3. 3 9 6 - 0. 7 4 7 4. 5 6 7 0. 1 5 6 1 8 0 3. 3 9 6

- 1 8 3 7. 5 4 9 - 0. 7 6 2 4. 6 6 7 0. 1 5 9 1 8 3 7. 5 4 9

- 1 8 6 6. 2 2 9 - 0. 7 8 0 4. 7 6 7 0. 1 6 3 1 8 6 6. 2 2 9

- 1 8 9 5. 8 5 1 - 0. 7 9 7 4. 8 6 7 0. 1 6 6 1 8 9 5. 8 5 1

- 1 9 2 4. 8 1 7 - 0. 8 1 3 4. 9 6 7 0. 1 7 0 1 9 2 4. 8 1 7

- 1 9 5 4. 2 2 9 - 0. 8 3 0 5. 0 6 7 0. 1 7 3 1 9 5 4. 2 2 9

- 1 9 8 1. 1 3 6 - 0. 8 4 7 5. 1 6 7 0. 1 7 7 1 9 8 1. 1 3 6

- 2 0 1 1. 5 4 7 - 0. 8 6 4 5. 2 6 7 0. 1 8 0 2 0 1 1. 5 4 7

- 2 0 4 2. 0 8 8 - 0. 8 8 0 5. 3 6 7 0. 1 8 4 2 0 4 2. 0 8 8

- 2 0 6 9. 9 4 4 - 0. 8 9 7 5. 4 6 6 0. 1 8 7 2 0 6 9. 9 4 4

- 2 0 9 5. 1 1 0 - 0. 9 1 3 5. 5 6 6 0. 1 9 0 2 0 9 5. 1 1 0

- 2 1 2 8. 0 3 8 - 0. 9 3 0 5. 6 6 6 0. 1 9 4 2 1 2 8. 0 3 8

- 2 1 5 1. 0 9 5 - 0. 9 4 8 5. 7 6 6 0. 1 9 8 2 1 5 1. 0 9 5

- 2 1 7 7. 8 9 2 - 0. 9 6 3 5. 8 6 6 0. 2 0 1 2 1 7 7. 8 9 2

- 2 2 0 3. 4 3 6 - 0. 9 7 9 5. 9 6 6 0. 2 0 4 2 2 0 3. 4 3 6

- 2 2 3 7. 2 4 3 - 0. 9 9 6 6. 0 6 6 0. 2 0 8 2 2 3 7. 2 4 3

- 2 2 6 9. 1 4 3 - 1. 0 1 3 6. 1 6 6 0. 2 1 1 2 2 6 9. 1 4 3

- 2 2 9 7. 0 6 3 - 1. 0 3 0 6. 2 6 6 0. 2 1 5 2 2 9 7. 0 6 3

- 2 3 3 0. 5 5 1 - 1. 0 4 6 6. 3 6 6 0. 2 1 8 2 3 3 0. 5 5 1

- 2 3 6 4. 5 6 2 - 1. 0 6 3 6. 4 6 6 0. 2 2 2 2 3 6 4. 5 6 2

- 2 3 9 7. 5 0 9 - 1. 0 7 9 6. 5 6 6 0. 2 2 5 2 3 9 7. 5 0 9

- 2 4 2 1. 9 4 9 - 1. 0 9 8 6. 6 6 6 0. 2 2 9 2 4 2 1. 9 4 9

- 2 4 5 5. 9 2 9 - 1. 1 1 3 6. 7 6 6 0. 2 3 2 2 4 5 5. 9 2 9

- 2 4 9 0. 0 5 4 - 1. 1 2 9 6. 8 6 6 0. 2 3 6 2 4 9 0. 0 5 4

- 2 5 2 2. 5 8 2 - 1. 1 4 7 6. 9 6 5 0. 2 3 9 2 5 2 2. 5 8 2

- 2 5 4 6. 3 2 3 - 1. 1 6 3 7. 0 6 5 0. 2 4 3 2 5 4 6. 3 2 3

- 2 5 7 8. 5 9 7 - 1. 1 7 9 7. 1 6 5 0. 2 4 6 2 5 7 8. 5 9 7

- 2 6 0 7. 1 2 9 - 1. 1 9 5 7. 2 6 5 0. 2 4 9 2 6 0 7. 1 2 9

- 2 6 3 5. 6 2 3 - 1. 2 1 3 7. 3 6 5 0. 2 5 3 2 6 3 5. 6 2 3

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

0 % 5 % 1 0 % 1 5 % 2 0 % 2 5 % 3 0 %

F, 
Fr

oc
e [

N]

ε , Str ai n

1 4 1



M T S 7 9 3

D at a A c q uisiti o n Ti m e: 1 0 2. 4 2 8 S e c 2 4-J u n- 1 7 1 1: 3 5: 4 2 A M

A xi al L o a d A xi al Str o k e Ti m e Str ai n A xi al L o a d Ori gi n al t hi c k n e ss h 0  [ m m] Δ L  @  ε ≈ 2 5 % [ m m]

N m m S e c ε N, n o si g n 5. 2 3 2 - 1. 3 0 8

- 6 8. 2 0 6 - 0. 0 1 2 0. 1 5 5 0. 0 0 2 6 8. 2 0 6 F N @ 2 5 %  = SC @ 2 5 % [ N]

- 8 4. 9 8 6 - 0. 0 2 8 0. 2 5 5 0. 0 0 5 8 4. 9 8 6 7 9 0

- 9 1. 4 2 0 - 0. 0 4 4 0. 3 5 5 0. 0 0 8 9 1. 4 2 0

- 1 0 9. 6 6 6 - 0. 0 6 1 0. 4 5 5 0. 0 1 2 1 0 9. 6 6 6

- 1 2 1. 4 1 6 - 0. 0 7 7 0. 5 5 5 0. 0 1 5 1 2 1. 4 1 6

- 1 3 0. 3 0 1 - 0. 0 9 4 0. 6 5 5 0. 0 1 8 1 3 0. 3 0 1

- 1 4 4. 0 9 4 - 0. 1 1 1 0. 7 5 5 0. 0 2 1 1 4 4. 0 9 4

- 1 5 3. 9 4 5 - 0. 1 2 8 0. 8 5 5 0. 0 2 4 1 5 3. 9 4 5

- 1 6 5. 0 0 4 - 0. 1 4 5 0. 9 5 5 0. 0 2 8 1 6 5. 0 0 4

- 1 7 9. 7 7 4 - 0. 1 6 0 1. 0 5 5 0. 0 3 1 1 7 9. 7 7 4

- 1 9 1. 3 4 5 - 0. 1 7 7 1. 1 5 4 0. 0 3 4 1 9 1. 3 4 5

- 2 0 1. 5 6 6 - 0. 1 9 4 1. 2 5 4 0. 0 3 7 2 0 1. 5 6 6

- 2 1 3. 2 5 8 - 0. 2 1 1 1. 3 5 4 0. 0 4 0 2 1 3. 2 5 8

- 2 2 2. 4 3 2 - 0. 2 2 8 1. 4 5 4 0. 0 4 4 2 2 2. 4 3 2

- 2 3 0. 8 4 9 - 0. 2 4 5 1. 5 5 4 0. 0 4 7 2 3 0. 8 4 9

- 2 4 3. 7 2 6 - 0. 2 6 2 1. 6 5 4 0. 0 5 0 2 4 3. 7 2 6

- 2 5 5. 3 8 0 - 0. 2 7 7 1. 7 5 4 0. 0 5 3 2 5 5. 3 8 0

- 2 6 5. 5 4 7 - 0. 2 9 4 1. 8 5 4 0. 0 5 6 2 6 5. 5 4 7

- 2 7 7. 0 6 8 - 0. 3 1 2 1. 9 5 4 0. 0 6 0 2 7 7. 0 6 8

- 2 9 4. 3 6 6 - 0. 3 2 7 2. 0 5 4 0. 0 6 3 2 9 4. 3 6 6

- 3 0 7. 0 1 9 - 0. 3 4 3 2. 1 5 4 0. 0 6 6 3 0 7. 0 1 9

- 3 1 5. 9 0 4 - 0. 3 6 1 2. 2 5 4 0. 0 6 9 3 1 5. 9 0 4

- 3 2 7. 2 1 8 - 0. 3 7 7 2. 3 5 4 0. 0 7 2 3 2 7. 2 1 8

- 3 4 0. 0 0 2 - 0. 3 9 4 2. 4 5 4 0. 0 7 5 3 4 0. 0 0 2

- 3 5 3. 1 7 8 - 0. 4 1 1 2. 5 5 4 0. 0 7 9 3 5 3. 1 7 8

- 3 6 4. 5 3 0 - 0. 4 2 7 2. 6 5 3 0. 0 8 2 3 6 4. 5 3 0

- 3 7 2. 2 7 2 - 0. 4 4 4 2. 7 5 3 0. 0 8 5 3 7 2. 2 7 2

- 3 8 6. 9 3 7 - 0. 4 6 1 2. 8 5 3 0. 0 8 8 3 8 6. 9 3 7

- 3 9 5. 7 7 8 - 0. 4 7 9 2. 9 5 3 0. 0 9 1 3 9 5. 7 7 8

- 4 0 8. 4 9 5 - 0. 4 9 3 3. 0 5 3 0. 0 9 4 4 0 8. 4 9 5

- 4 1 9. 2 5 3 - 0. 5 1 1 3. 1 5 3 0. 0 9 8 4 1 9. 2 5 3

- 4 2 3. 7 4 0 - 0. 5 2 7 3. 2 5 3 0. 1 0 1 4 2 3. 7 4 0

- 4 3 4. 2 1 7 - 0. 5 4 4 3. 3 5 3 0. 1 0 4 4 3 4. 2 1 7

- 4 4 4. 8 4 4 - 0. 5 6 1 3. 4 5 3 0. 1 0 7 4 4 4. 8 4 4

- 4 5 7. 0 6 3 - 0. 5 7 8 3. 5 5 3 0. 1 1 1 4 5 7. 0 6 3

- 4 6 2. 9 9 8 - 0. 5 9 4 3. 6 5 3 0. 1 1 3 4 6 2. 9 9 8

- 4 7 5. 9 9 1 - 0. 6 1 1 3. 7 5 3 0. 1 1 7 4 7 5. 9 9 1

- 4 8 1. 7 6 4 - 0. 6 2 7 3. 8 5 3 0. 1 2 0 4 8 1. 7 6 4

- 4 9 0. 3 6 0 - 0. 6 4 4 3. 9 5 3 0. 1 2 3 4 9 0. 3 6 0

- 5 0 2. 7 5 6 - 0. 6 6 2 4. 0 5 3 0. 1 2 6 5 0 2. 7 5 6

- 5 0 9. 0 8 3 - 0. 6 7 7 4. 1 5 3 0. 1 2 9 5 0 9. 0 8 3

- 5 1 6. 9 2 1 - 0. 6 9 6 4. 2 5 2 0. 1 3 3 5 1 6. 9 2 1

- 5 2 4. 7 8 0 - 0. 7 1 1 4. 3 5 2 0. 1 3 6 5 2 4. 7 8 0

- 5 3 2. 8 0 4 - 0. 7 2 7 4. 4 5 2 0. 1 3 9 5 3 2. 8 0 4

- 5 4 2. 4 3 5 - 0. 7 4 6 4. 5 5 2 0. 1 4 3 5 4 2. 4 3 5

- 5 5 0. 0 5 7 - 0. 7 6 1 4. 6 5 2 0. 1 4 5 5 5 0. 0 5 7

- 5 5 9. 6 9 6 - 0. 7 7 7 4. 7 5 2 0. 1 4 9 5 5 9. 6 9 6

1 4 2



- 5 6 6. 7 3 0 - 0. 7 9 5 4. 8 5 2 0. 1 5 2 5 6 6. 7 3 0

- 5 7 6. 1 5 2 - 0. 8 1 0 4. 9 5 2 0. 1 5 5 5 7 6. 1 5 2

- 5 8 3. 0 7 0 - 0. 8 2 8 5. 0 5 2 0. 1 5 8 5 8 3. 0 7 0

- 5 9 0. 1 0 8 - 0. 8 4 4 5. 1 5 2 0. 1 6 1 5 9 0. 1 0 8

- 5 9 6. 7 9 9 - 0. 8 6 1 5. 2 5 2 0. 1 6 5 5 9 6. 7 9 9

- 6 0 6. 9 3 2 - 0. 8 7 8 5. 3 5 2 0. 1 6 8 6 0 6. 9 3 2

- 6 1 3. 8 0 3 - 0. 8 9 4 5. 4 5 2 0. 1 7 1 6 1 3. 8 0 3

- 6 2 1. 1 7 3 - 0. 9 1 1 5. 5 5 2 0. 1 7 4 6 2 1. 1 7 3

- 6 3 0. 9 5 7 - 0. 9 2 6 5. 6 5 2 0. 1 7 7 6 3 0. 9 5 7

- 6 3 8. 7 9 6 - 0. 9 4 4 5. 7 5 1 0. 1 8 0 6 3 8. 7 9 6

- 6 4 1. 4 9 7 - 0. 9 6 1 5. 8 5 1 0. 1 8 4 6 4 1. 4 9 7

- 6 5 1. 9 4 1 - 0. 9 7 7 5. 9 5 1 0. 1 8 7 6 5 1. 9 4 1

- 6 5 8. 5 9 1 - 0. 9 9 5 6. 0 5 1 0. 1 9 0 6 5 8. 5 9 1

- 6 6 3. 1 2 5 - 1. 0 1 1 6. 1 5 1 0. 1 9 3 6 6 3. 1 2 5

- 6 7 3. 3 0 7 - 1. 0 2 7 6. 2 5 1 0. 1 9 6 6 7 3. 3 0 7

- 6 8 2. 9 0 0 - 1. 0 4 3 6. 3 5 1 0. 1 9 9 6 8 2. 9 0 0

- 6 8 7. 4 3 0 - 1. 0 6 1 6. 4 5 1 0. 2 0 3 6 8 7. 4 3 0

- 6 9 7. 9 2 4 - 1. 0 7 8 6. 5 5 1 0. 2 0 6 6 9 7. 9 2 4

- 7 0 2. 8 6 0 - 1. 0 9 3 6. 6 5 1 0. 2 0 9 7 0 2. 8 6 0

- 7 1 0. 5 5 6 - 1. 1 1 0 6. 7 5 1 0. 2 1 2 7 1 0. 5 5 6

- 7 1 8. 2 2 5 - 1. 1 2 7 6. 8 5 1 0. 2 1 5 7 1 8. 2 2 5

- 7 2 5. 6 7 0 - 1. 1 4 5 6. 9 5 1 0. 2 1 9 7 2 5. 6 7 0

- 7 3 0. 7 6 6 - 1. 1 6 1 7. 0 5 1 0. 2 2 2 7 3 0. 7 6 6

- 7 4 0. 0 7 5 - 1. 1 7 7 7. 1 5 1 0. 2 2 5 7 4 0. 0 7 5

- 7 4 4. 9 2 0 - 1. 1 9 4 7. 2 5 0 0. 2 2 8 7 4 4. 9 2 0

- 7 5 2. 3 9 7 - 1. 2 1 1 7. 3 5 0 0. 2 3 1 7 5 2. 3 9 7

- 7 5 4. 7 0 8 - 1. 2 2 9 7. 4 5 0 0. 2 3 5 7 5 4. 7 0 8

- 7 6 7. 0 9 3 - 1. 2 4 4 7. 5 5 0 0. 2 3 8 7 6 7. 0 9 3

- 7 7 2. 8 2 6 - 1. 2 6 1 7. 6 5 0 0. 2 4 1 7 7 2. 8 2 6

- 7 7 8. 8 1 3 - 1. 2 7 7 7. 7 5 0 0. 2 4 4 7 7 8. 8 1 3

- 7 8 6. 6 7 2 - 1. 2 9 4 7. 8 5 0 0. 2 4 7 7 8 6. 6 7 2

- 7 9 0. 5 0 0 - 1. 3 0 9 7. 9 5 0 0. 2 5 0 7 9 0. 5 0 0

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

0 % 5 % 1 0 % 1 5 % 2 0 % 2 5 % 3 0 %

F, 
Fr

oc
e [

N]

ε , Str ai n

1 4 3



M T S 7 9 3

D at a A c q uisiti o n Ti m e: 7 7. 0 8 8 S e c 2 4-J u n- 1 7 2: 3 2: 4 7 P M

A xi al L o a d A xi al Str o k e Ti m e Str ai n A xi al L o a d Ori gi n al t hi c k n e s s h 0  [ m m] Δ L  @  ε ≈ 2 5 % [ m m]

N m m S e c ε N, n o si g n 5. 0 3 8 - 1. 2 5 9

- 9 6. 3 9 1 - 0. 0 0 8 0. 1 2 8 0. 0 0 2 9 6. 3 9 1 F N @ 2 5 %  = SC @ 2 5 % [ N]

- 1 1 7. 0 6 7 - 0. 0 2 5 0. 2 2 8 0. 0 0 5 1 1 7. 0 6 7 8 0 9

- 1 3 5. 0 5 3 - 0. 0 4 2 0. 3 2 8 0. 0 0 8 1 3 5. 0 5 3

- 1 4 7. 5 9 7 - 0. 0 5 8 0. 4 2 8 0. 0 1 2 1 4 7. 5 9 7

- 1 5 9. 0 3 2 - 0. 0 7 5 0. 5 2 8 0. 0 1 5 1 5 9. 0 3 2

- 1 7 1. 6 9 4 - 0. 0 9 2 0. 6 2 7 0. 0 1 8 1 7 1. 6 9 4

- 1 8 2. 8 6 7 - 0. 1 0 9 0. 7 2 7 0. 0 2 2 1 8 2. 8 6 7

- 1 9 5. 3 2 6 - 0. 1 2 5 0. 8 2 7 0. 0 2 5 1 9 5. 3 2 6

- 2 0 5. 9 0 0 - 0. 1 4 3 0. 9 2 7 0. 0 2 8 2 0 5. 9 0 0

- 2 1 4. 7 4 0 - 0. 1 5 8 1. 0 2 7 0. 0 3 1 2 1 4. 7 4 0

- 2 2 6. 0 2 6 - 0. 1 7 5 1. 1 2 7 0. 0 3 5 2 2 6. 0 2 6

- 2 3 6. 4 7 4 - 0. 1 9 1 1. 2 2 7 0. 0 3 8 2 3 6. 4 7 4

- 2 4 8. 1 4 2 - 0. 2 0 9 1. 3 2 7 0. 0 4 1 2 4 8. 1 4 2

- 2 5 8. 8 0 6 - 0. 2 2 5 1. 4 2 7 0. 0 4 5 2 5 8. 8 0 6

- 2 7 1. 1 0 2 - 0. 2 4 2 1. 5 2 7 0. 0 4 8 2 7 1. 1 0 2

- 2 8 2. 7 4 9 - 0. 2 5 8 1. 6 2 7 0. 0 5 1 2 8 2. 7 4 9

- 2 9 1. 9 2 5 - 0. 2 7 5 1. 7 2 7 0. 0 5 5 2 9 1. 9 2 5

- 3 0 5. 9 2 7 - 0. 2 9 2 1. 8 2 7 0. 0 5 8 3 0 5. 9 2 7

- 3 1 6. 3 6 2 - 0. 3 0 8 1. 9 2 7 0. 0 6 1 3 1 6. 3 6 2

- 3 2 3. 3 6 8 - 0. 3 2 5 2. 0 2 7 0. 0 6 5 3 2 3. 3 6 8

- 3 3 4. 0 1 5 - 0. 3 4 1 2. 1 2 6 0. 0 6 8 3 3 4. 0 1 5

- 3 4 5. 0 1 0 - 0. 3 5 8 2. 2 2 6 0. 0 7 1 3 4 5. 0 1 0

- 3 5 2. 3 6 6 - 0. 3 7 6 2. 3 2 6 0. 0 7 5 3 5 2. 3 6 6

- 3 6 3. 9 6 9 - 0. 3 9 2 2. 4 2 6 0. 0 7 8 3 6 3. 9 6 9

- 3 7 2. 5 5 7 - 0. 4 0 9 2. 5 2 6 0. 0 8 1 3 7 2. 5 5 7

- 3 8 3. 4 5 5 - 0. 4 2 5 2. 6 2 6 0. 0 8 4 3 8 3. 4 5 5

- 3 9 3. 1 8 5 - 0. 4 4 1 2. 7 2 6 0. 0 8 8 3 9 3. 1 8 5

- 4 0 2. 6 3 9 - 0. 4 5 9 2. 8 2 6 0. 0 9 1 4 0 2. 6 3 9

- 4 1 4. 0 0 0 - 0. 4 7 5 2. 9 2 6 0. 0 9 4 4 1 4. 0 0 0

- 4 2 3. 5 3 8 - 0. 4 9 2 3. 0 2 6 0. 0 9 8 4 2 3. 5 3 8

- 4 3 0. 6 9 7 - 0. 5 0 8 3. 1 2 6 0. 1 0 1 4 3 0. 6 9 7

- 4 4 0. 1 1 6 - 0. 5 2 4 3. 2 2 6 0. 1 0 4 4 4 0. 1 1 6

- 4 5 0. 7 9 5 - 0. 5 4 1 3. 3 2 6 0. 1 0 7 4 5 0. 7 9 5

- 4 5 6. 8 3 5 - 0. 5 5 9 3. 4 2 6 0. 1 1 1 4 5 6. 8 3 5

- 4 6 8. 5 0 7 - 0. 5 7 5 3. 5 2 6 0. 1 1 4 4 6 8. 5 0 7

- 4 7 8. 4 6 0 - 0. 5 9 2 3. 6 2 5 0. 1 1 7 4 7 8. 4 6 0

- 4 8 7. 2 1 3 - 0. 6 0 9 3. 7 2 5 0. 1 2 1 4 8 7. 2 1 3

- 4 9 3. 8 7 5 - 0. 6 2 5 3. 8 2 5 0. 1 2 4 4 9 3. 8 7 5

- 5 0 5. 5 5 7 - 0. 6 4 1 3. 9 2 5 0. 1 2 7 5 0 5. 5 5 7

- 5 1 3. 6 1 7 - 0. 6 5 8 4. 0 2 5 0. 1 3 1 5 1 3. 6 1 7

- 5 2 4. 1 1 5 - 0. 6 7 5 4. 1 2 5 0. 1 3 4 5 2 4. 1 1 5

- 5 3 1. 3 8 2 - 0. 6 9 2 4. 2 2 5 0. 1 3 7 5 3 1. 3 8 2

- 5 3 7. 8 9 4 - 0. 7 0 9 4. 3 2 5 0. 1 4 1 5 3 7. 8 9 4

- 5 4 7. 5 4 7 - 0. 7 2 4 4. 4 2 5 0. 1 4 4 5 4 7. 5 4 7

1 4 4



- 5 5 6. 2 0 1 - 0. 7 4 1 4. 5 2 5 0. 1 4 7 5 5 6. 2 0 1

- 5 6 6. 4 7 8 - 0. 7 5 9 4. 6 2 5 0. 1 5 1 5 6 6. 4 7 8

- 5 7 3. 6 1 5 - 0. 7 7 5 4. 7 2 5 0. 1 5 4 5 7 3. 6 1 5

- 5 7 9. 9 3 9 - 0. 7 9 1 4. 8 2 5 0. 1 5 7 5 7 9. 9 3 9

- 5 8 9. 5 6 6 - 0. 8 0 8 4. 9 2 5 0. 1 6 0 5 8 9. 5 6 6

- 5 9 6. 7 4 2 - 0. 8 2 5 5. 0 2 5 0. 1 6 4 5 9 6. 7 4 2

- 6 0 7. 5 0 5 - 0. 8 4 2 5. 1 2 5 0. 1 6 7 6 0 7. 5 0 5

- 6 1 5. 8 9 7 - 0. 8 5 8 5. 2 2 4 0. 1 7 0 6 1 5. 8 9 7

- 6 2 1. 0 6 2 - 0. 8 7 5 5. 3 2 4 0. 1 7 4 6 2 1. 0 6 2

- 6 2 6. 3 6 4 - 0. 8 9 2 5. 4 2 4 0. 1 7 7 6 2 6. 3 6 4

- 6 3 9. 2 8 4 - 0. 9 0 9 5. 5 2 4 0. 1 8 0 6 3 9. 2 8 4

- 6 4 6. 3 2 7 - 0. 9 2 5 5. 6 2 4 0. 1 8 4 6 4 6. 3 2 7

- 6 5 5. 6 8 2 - 0. 9 4 1 5. 7 2 4 0. 1 8 7 6 5 5. 6 8 2

- 6 6 2. 8 2 3 - 0. 9 5 8 5. 8 2 4 0. 1 9 0 6 6 2. 8 2 3

- 6 6 8. 3 0 5 - 0. 9 7 5 5. 9 2 4 0. 1 9 4 6 6 8. 3 0 5

- 6 7 7. 9 3 2 - 0. 9 9 1 6. 0 2 4 0. 1 9 7 6 7 7. 9 3 2

- 6 8 7. 1 5 1 - 1. 0 0 8 6. 1 2 4 0. 2 0 0 6 8 7. 1 5 1

- 6 9 9. 2 0 0 - 1. 0 2 4 6. 2 2 4 0. 2 0 3 6 9 9. 2 0 0

- 7 0 6. 3 1 2 - 1. 0 4 1 6. 3 2 4 0. 2 0 7 7 0 6. 3 1 2

- 7 1 5. 3 1 7 - 1. 0 5 9 6. 4 2 4 0. 2 1 0 7 1 5. 3 1 7

- 7 2 3. 5 6 5 - 1. 0 7 5 6. 5 2 4 0. 2 1 3 7 2 3. 5 6 5

- 7 3 3. 9 7 6 - 1. 0 9 2 6. 6 2 4 0. 2 1 7 7 3 3. 9 7 6

- 7 3 9. 6 4 0 - 1. 1 0 8 6. 7 2 3 0. 2 2 0 7 3 9. 6 4 0

- 7 4 9. 7 9 3 - 1. 1 2 5 6. 8 2 3 0. 2 2 3 7 4 9. 7 9 3

- 7 5 7. 1 7 3 - 1. 1 4 1 6. 9 2 3 0. 2 2 7 7 5 7. 1 7 3

- 7 6 3. 8 8 3 - 1. 1 5 9 7. 0 2 3 0. 2 3 0 7 6 3. 8 8 3

- 7 7 1. 4 2 9 - 1. 1 7 5 7. 1 2 3 0. 2 3 3 7 7 1. 4 2 9

- 7 8 0. 8 6 4 - 1. 1 9 1 7. 2 2 3 0. 2 3 6 7 8 0. 8 6 4

- 7 8 8. 2 0 7 - 1. 2 0 8 7. 3 2 3 0. 2 4 0 7 8 8. 2 0 7

- 7 9 7. 1 3 8 - 1. 2 2 6 7. 4 2 3 0. 2 4 3 7 9 7. 1 3 8

- 8 0 2. 5 8 3 - 1. 2 4 2 7. 5 2 3 0. 2 4 7 8 0 2. 5 8 3

- 8 0 8. 8 8 8 - 1. 2 5 8 7. 6 2 3 0. 2 5 0 8 0 8. 8 8 8

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

0 % 5 % 1 0 % 1 5 % 2 0 % 2 5 % 3 0 %
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ε , Str ai n
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M T S 7 9 3

D at a A c q uisiti o n Ti m e: 1 0 2. 4 2 7 9 S e c 2 4-J u n- 1 7 1 0: 2 1: 4 9 A M

A xi al L o a d A xi al Str o k e Ti m e Str ai n A xi al L o a d Ori gi n al t hi c k n e s s h 0  [ m m] Δ L  @  ε ≈ 2 5 % [ m m]

N m m S e c ε N, n o si g n 5. 1 6 5 - 1. 2 9 1

- 5 2. 2 0 3 - 0. 0 1 4 0. 1 5 7 0. 0 0 3 5 2. 2 0 3 F N @ 2 5 %  = SC @ 2 5 % [ N]

- 6 9. 2 2 0 - 0. 0 3 1 0. 2 5 7 0. 0 0 6 6 9. 2 2 0 7 4 8

- 7 9. 4 1 4 - 0. 0 4 8 0. 3 5 7 0. 0 0 9 7 9. 4 1 4

- 9 0. 7 4 2 - 0. 0 6 4 0. 4 5 7 0. 0 1 2 9 0. 7 4 2

- 1 0 1. 9 4 4 - 0. 0 8 1 0. 5 5 7 0. 0 1 6 1 0 1. 9 4 4

- 1 1 4. 8 8 1 - 0. 0 9 7 0. 6 5 7 0. 0 1 9 1 1 4. 8 8 1

- 1 2 8. 0 8 7 - 0. 1 1 4 0. 7 5 7 0. 0 2 2 1 2 8. 0 8 7

- 1 4 0. 9 0 4 - 0. 1 3 1 0. 8 5 6 0. 0 2 5 1 4 0. 9 0 4

- 1 4 6. 7 0 6 - 0. 1 4 7 0. 9 5 6 0. 0 2 9 1 4 6. 7 0 6

- 1 5 9. 0 6 8 - 0. 1 6 5 1. 0 5 6 0. 0 3 2 1 5 9. 0 6 8

- 1 7 0. 8 4 9 - 0. 1 8 0 1. 1 5 6 0. 0 3 5 1 7 0. 8 4 9

- 1 8 4. 4 1 5 - 0. 1 9 7 1. 2 5 6 0. 0 3 8 1 8 4. 4 1 5

- 1 9 7. 3 1 7 - 0. 2 1 5 1. 3 5 6 0. 0 4 2 1 9 7. 3 1 7

- 2 0 8. 0 9 8 - 0. 2 3 0 1. 4 5 6 0. 0 4 5 2 0 8. 0 9 8

- 2 1 7. 9 7 6 - 0. 2 4 8 1. 5 5 6 0. 0 4 8 2 1 7. 9 7 6

- 2 2 9. 1 6 2 - 0. 2 6 4 1. 6 5 6 0. 0 5 1 2 2 9. 1 6 2

- 2 4 0. 8 4 5 - 0. 2 8 1 1. 7 5 6 0. 0 5 4 2 4 0. 8 4 5

- 2 5 0. 7 1 9 - 0. 2 9 7 1. 8 5 6 0. 0 5 7 2 5 0. 7 1 9

- 2 6 1. 2 9 6 - 0. 3 1 5 1. 9 5 6 0. 0 6 1 2 6 1. 2 9 6

- 2 7 1. 5 7 4 - 0. 3 3 1 2. 0 5 6 0. 0 6 4 2 7 1. 5 7 4

- 2 8 4. 0 7 2 - 0. 3 4 7 2. 1 5 6 0. 0 6 7 2 8 4. 0 7 2

- 2 9 5. 9 2 8 - 0. 3 6 4 2. 2 5 6 0. 0 7 0 2 9 5. 9 2 8

- 3 0 7. 5 5 5 - 0. 3 8 0 2. 3 5 5 0. 0 7 4 3 0 7. 5 5 5

- 3 1 6. 0 5 6 - 0. 3 9 7 2. 4 5 5 0. 0 7 7 3 1 6. 0 5 6

- 3 2 7. 0 3 6 - 0. 4 1 4 2. 5 5 5 0. 0 8 0 3 2 7. 0 3 6

- 3 3 5. 7 4 2 - 0. 4 3 0 2. 6 5 5 0. 0 8 3 3 3 5. 7 4 2

- 3 4 3. 9 2 4 - 0. 4 4 8 2. 7 5 5 0. 0 8 7 3 4 3. 9 2 4

- 3 5 4. 5 2 4 - 0. 4 6 3 2. 8 5 5 0. 0 9 0 3 5 4. 5 2 4

- 3 6 2. 8 9 7 - 0. 4 8 2 2. 9 5 5 0. 0 9 3 3 6 2. 8 9 7

- 3 7 9. 2 6 8 - 0. 4 9 8 3. 0 5 5 0. 0 9 6 3 7 9. 2 6 8

- 3 8 2. 1 8 8 - 0. 5 1 3 3. 1 5 5 0. 0 9 9 3 8 2. 1 8 8

- 3 9 2. 3 6 4 - 0. 5 2 9 3. 2 5 5 0. 1 0 2 3 9 2. 3 6 4

- 4 0 1. 6 1 1 - 0. 5 4 8 3. 3 5 5 0. 1 0 6 4 0 1. 6 1 1

- 4 1 3. 6 9 2 - 0. 5 6 4 3. 4 5 5 0. 1 0 9 4 1 3. 6 9 2

- 4 2 0. 1 4 8 - 0. 5 8 1 3. 5 5 5 0. 1 1 2 4 2 0. 1 4 8

- 4 3 1. 0 5 1 - 0. 5 9 7 3. 6 5 5 0. 1 1 6 4 3 1. 0 5 1

- 4 3 9. 1 3 2 - 0. 6 1 3 3. 7 5 5 0. 1 1 9 4 3 9. 1 3 2

- 4 4 9. 0 6 1 - 0. 6 3 0 3. 8 5 4 0. 1 2 2 4 4 9. 0 6 1

- 4 5 5. 4 3 2 - 0. 6 4 7 3. 9 5 4 0. 1 2 5 4 5 5. 4 3 2

- 4 6 5. 8 7 7 - 0. 6 6 3 4. 0 5 4 0. 1 2 8 4 6 5. 8 7 7

- 4 7 6. 0 3 4 - 0. 6 8 1 4. 1 5 4 0. 1 3 2 4 7 6. 0 3 4

- 4 8 5. 2 6 3 - 0. 6 9 6 4. 2 5 4 0. 1 3 5 4 8 5. 2 6 3

- 4 9 5. 6 7 0 - 0. 7 1 4 4. 3 5 4 0. 1 3 8 4 9 5. 6 7 0

- 5 0 4. 9 0 5 - 0. 7 3 1 4. 4 5 4 0. 1 4 2 5 0 4. 9 0 5

1 4 6



- 5 1 3. 3 1 4 - 0. 7 4 7 4. 5 5 4 0. 1 4 5 5 1 3. 3 1 4

- 5 1 8. 5 9 5 - 0. 7 6 3 4. 6 5 4 0. 1 4 8 5 1 8. 5 9 5

- 5 2 8. 6 1 2 - 0. 7 8 0 4. 7 5 4 0. 1 5 1 5 2 8. 6 1 2

- 5 3 5. 3 9 9 - 0. 7 9 7 4. 8 5 4 0. 1 5 4 5 3 5. 3 9 9

- 5 4 4. 2 8 6 - 0. 8 1 4 4. 9 5 4 0. 1 5 8 5 4 4. 2 8 6

- 5 5 1. 2 8 7 - 0. 8 2 9 5. 0 5 4 0. 1 6 1 5 5 1. 2 8 7

- 5 5 8. 8 9 0 - 0. 8 4 7 5. 1 5 4 0. 1 6 4 5 5 8. 8 9 0

- 5 6 8. 7 7 2 - 0. 8 6 4 5. 2 5 4 0. 1 6 7 5 6 8. 7 7 2

- 5 7 6. 4 1 6 - 0. 8 8 1 5. 3 5 4 0. 1 7 1 5 7 6. 4 1 6

- 5 8 3. 4 4 1 - 0. 8 9 6 5. 4 5 3 0. 1 7 4 5 8 3. 4 4 1

- 5 8 6. 7 2 1 - 0. 9 1 3 5. 5 5 3 0. 1 7 7 5 8 6. 7 2 1

- 5 9 5. 4 0 3 - 0. 9 3 1 5. 6 5 3 0. 1 8 0 5 9 5. 4 0 3

- 6 0 8. 5 3 2 - 0. 9 4 7 5. 7 5 3 0. 1 8 3 6 0 8. 5 3 2

- 6 1 0. 5 0 7 - 0. 9 6 4 5. 8 5 3 0. 1 8 7 6 1 0. 5 0 7

- 6 2 1. 7 8 2 - 0. 9 8 0 5. 9 5 3 0. 1 9 0 6 2 1. 7 8 2

- 6 2 7. 7 5 8 - 0. 9 9 6 6. 0 5 3 0. 1 9 3 6 2 7. 7 5 8

- 6 3 2. 4 9 2 - 1. 0 1 4 6. 1 5 3 0. 1 9 6 6 3 2. 4 9 2

- 6 3 8. 7 0 2 - 1. 0 3 1 6. 2 5 3 0. 2 0 0 6 3 8. 7 0 2

- 6 4 8. 5 6 9 - 1. 0 4 8 6. 3 5 3 0. 2 0 3 6 4 8. 5 6 9

- 6 5 3. 2 9 4 - 1. 0 6 3 6. 4 5 3 0. 2 0 6 6 5 3. 2 9 4

- 6 6 1. 9 0 7 - 1. 0 8 1 6. 5 5 3 0. 2 0 9 6 6 1. 9 0 7

- 6 6 8. 4 4 4 - 1. 0 9 7 6. 6 5 3 0. 2 1 2 6 6 8. 4 4 4

- 6 7 5. 6 5 2 - 1. 1 1 3 6. 7 5 3 0. 2 1 5 6 7 5. 6 5 2

- 6 8 1. 8 3 6 - 1. 1 3 0 6. 8 5 3 0. 2 1 9 6 8 1. 8 3 6

- 6 9 2. 8 4 0 - 1. 1 4 7 6. 9 5 2 0. 2 2 2 6 9 2. 8 4 0

- 7 0 1. 1 8 6 - 1. 1 6 3 7. 0 5 2 0. 2 2 5 7 0 1. 1 8 6

- 7 0 8. 2 5 6 - 1. 1 8 0 7. 1 5 2 0. 2 2 9 7 0 8. 2 5 6

- 7 1 6. 7 5 0 - 1. 1 9 7 7. 2 5 2 0. 2 3 2 7 1 6. 7 5 0

- 7 2 2. 3 7 9 - 1. 2 1 3 7. 3 5 2 0. 2 3 5 7 2 2. 3 7 9

- 7 2 8. 6 5 4 - 1. 2 2 9 7. 4 5 2 0. 2 3 8 7 2 8. 6 5 4

- 7 3 6. 1 1 5 - 1. 2 4 7 7. 5 5 2 0. 2 4 1 7 3 6. 1 1 5

- 7 4 3. 6 3 2 - 1. 2 6 3 7. 6 5 2 0. 2 4 5 7 4 3. 6 3 2

- 7 4 8. 1 8 2 - 1. 2 8 0 7. 7 5 2 0. 2 4 8 7 4 8. 1 8 2

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

0 % 5 % 1 0 % 1 5 % 2 0 % 2 5 % 3 0 %
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ε , Str ai n
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1 4 8



M T S 7 9 3

D at a A c q uisiti o n Ti m e: 1 0 2. 4 2 8 S e c 2 2-J u n- 1 7 1 2: 3 7: 5 3 P M

A xi al L o a d A xi al Str o k e Ti m e Str ai n A xi al L o a d Ori gi n al t hi c k n e ss h 0  [ m m] Δ L  @  ε ≈ 2 5 % [ m m]

N m m S e c ε N, n o si g n 5. 2 3 2 - 1. 3 0 8

- 4 5. 4 6 1 - 0. 0 1 3 0. 2 0 4 0. 0 0 2 4 5. 4 6 1 F N @ 2 5 %  = SC @ 2 5 % [ N]

- 5 2. 7 3 7 - 0. 0 3 0 0. 3 0 4 0. 0 0 6 5 2. 7 3 7 8 5 4

- 5 9. 1 0 8 - 0. 0 4 7 0. 4 0 4 0. 0 0 9 5 9. 1 0 8

- 6 7. 4 6 4 - 0. 0 6 4 0. 5 0 4 0. 0 1 2 6 7. 4 6 4

- 7 2. 2 1 1 - 0. 0 8 0 0. 6 0 4 0. 0 1 5 7 2. 2 1 1

- 7 6. 3 4 0 - 0. 0 9 7 0. 7 0 4 0. 0 1 9 7 6. 3 4 0

- 8 4. 3 4 2 - 0. 1 1 4 0. 8 0 4 0. 0 2 2 8 4. 3 4 2

- 8 5. 0 9 0 - 0. 1 3 0 0. 9 0 4 0. 0 2 5 8 5. 0 9 0

- 8 8. 8 5 8 - 0. 1 4 6 1. 0 0 4 0. 0 2 8 8 8. 8 5 8

- 9 4. 6 0 2 - 0. 1 6 5 1. 1 0 4 0. 0 3 2 9 4. 6 0 2

- 9 8. 4 3 0 - 0. 1 8 1 1. 2 0 4 0. 0 3 5 9 8. 4 3 0

- 1 0 0. 2 0 3 - 0. 1 9 7 1. 3 0 4 0. 0 3 8 1 0 0. 2 0 3

- 1 0 4. 0 6 1 - 0. 2 1 3 1. 4 0 4 0. 0 4 1 1 0 4. 0 6 1

- 1 0 7. 5 6 8 - 0. 2 3 0 1. 5 0 4 0. 0 4 4 1 0 7. 5 6 8

- 1 1 3. 8 4 6 - 0. 2 4 6 1. 6 0 4 0. 0 4 7 1 1 3. 8 4 6

- 1 1 6. 5 9 0 - 0. 2 6 4 1. 7 0 3 0. 0 5 0 1 1 6. 5 9 0

- 1 2 0. 2 7 9 - 0. 2 8 0 1. 8 0 3 0. 0 5 4 1 2 0. 2 7 9

- 1 2 4. 0 4 2 - 0. 2 9 8 1. 9 0 3 0. 0 5 7 1 2 4. 0 4 2

- 1 2 7. 5 6 2 - 0. 3 1 3 2. 0 0 3 0. 0 6 0 1 2 7. 5 6 2

- 1 3 1. 7 4 1 - 0. 3 3 0 2. 1 0 3 0. 0 6 3 1 3 1. 7 4 1

- 1 3 4. 2 5 6 - 0. 3 4 7 2. 2 0 3 0. 0 6 6 1 3 4. 2 5 6

- 1 4 2. 1 2 2 - 0. 3 6 4 2. 3 0 3 0. 0 7 0 1 4 2. 1 2 2

- 1 4 4. 5 8 2 - 0. 3 8 0 2. 4 0 3 0. 0 7 3 1 4 4. 5 8 2

- 1 4 7. 3 2 1 - 0. 3 9 7 2. 5 0 3 0. 0 7 6 1 4 7. 3 2 1

- 1 5 0. 2 6 7 - 0. 4 1 3 2. 6 0 3 0. 0 7 9 1 5 0. 2 6 7

- 1 5 5. 0 8 3 - 0. 4 3 1 2. 7 0 3 0. 0 8 2 1 5 5. 0 8 3

- 1 6 0. 9 3 2 - 0. 4 4 7 2. 8 0 3 0. 0 8 5 1 6 0. 9 3 2

- 1 6 6. 1 3 1 - 0. 4 6 4 2. 9 0 3 0. 0 8 9 1 6 6. 1 3 1

- 1 7 0. 1 6 5 - 0. 4 8 1 3. 0 0 3 0. 0 9 2 1 7 0. 1 6 5

- 1 7 6. 6 3 5 - 0. 4 9 6 3. 1 0 3 0. 0 9 5 1 7 6. 6 3 5

- 1 8 4. 7 7 8 - 0. 5 1 4 3. 2 0 2 0. 0 9 8 1 8 4. 7 7 8

- 1 8 9. 0 1 4 - 0. 5 2 9 3. 3 0 2 0. 1 0 1 1 8 9. 0 1 4

- 1 9 6. 4 3 6 - 0. 5 4 7 3. 4 0 2 0. 1 0 4 1 9 6. 4 3 6

- 2 0 2. 0 1 8 - 0. 5 6 4 3. 5 0 2 0. 1 0 8 2 0 2. 0 1 8

- 2 0 6. 4 9 4 - 0. 5 7 9 3. 6 0 2 0. 1 1 1 2 0 6. 4 9 4

- 2 1 4. 2 1 9 - 0. 5 9 8 3. 7 0 2 0. 1 1 4 2 1 4. 2 1 9

- 2 2 2. 8 0 1 - 0. 6 1 3 3. 8 0 2 0. 1 1 7 2 2 2. 8 0 1

- 2 2 8. 5 9 8 - 0. 6 3 0 3. 9 0 2 0. 1 2 0 2 2 8. 5 9 8

- 2 3 6. 9 0 2 - 0. 6 4 6 4. 0 0 2 0. 1 2 3 2 3 6. 9 0 2

- 2 4 8. 1 3 0 - 0. 6 6 2 4. 1 0 2 0. 1 2 7 2 4 8. 1 3 0

- 2 5 5. 3 0 2 - 0. 6 8 0 4. 2 0 2 0. 1 3 0 2 5 5. 3 0 2

- 2 7 1. 1 8 0 - 0. 6 9 7 4. 3 0 2 0. 1 3 3 2 7 1. 1 8 0

- 2 8 7. 1 4 5 - 0. 7 1 4 4. 4 0 2 0. 1 3 6 2 8 7. 1 4 5

- 3 0 2. 7 2 3 - 0. 7 3 0 4. 5 0 2 0. 1 4 0 3 0 2. 7 2 3

- 3 1 5. 9 0 9 - 0. 7 4 6 4. 6 0 2 0. 1 4 3 3 1 5. 9 0 9

- 3 2 8. 0 2 4 - 0. 7 6 3 4. 7 0 1 0. 1 4 6 3 2 8. 0 2 4

- 3 4 2. 7 7 4 - 0. 7 7 9 4. 8 0 1 0. 1 4 9 3 4 2. 7 7 4

1 4 9



- 3 5 6. 2 0 8 - 0. 7 9 6 4. 9 0 1 0. 1 5 2 3 5 6. 2 0 8

- 3 7 0. 6 7 7 - 0. 8 1 3 5. 0 0 1 0. 1 5 5 3 7 0. 6 7 7

- 3 8 1. 8 9 7 - 0. 8 3 0 5. 1 0 1 0. 1 5 9 3 8 1. 8 9 7

- 3 9 7. 0 9 5 - 0. 8 4 6 5. 2 0 1 0. 1 6 2 3 9 7. 0 9 5

- 4 1 3. 5 7 5 - 0. 8 6 3 5. 3 0 1 0. 1 6 5 4 1 3. 5 7 5

- 4 2 3. 8 6 9 - 0. 8 8 1 5. 4 0 1 0. 1 6 8 4 2 3. 8 6 9

- 4 4 2. 1 6 3 - 0. 8 9 7 5. 5 0 1 0. 1 7 1 4 4 2. 1 6 3

- 4 5 6. 7 6 8 - 0. 9 1 2 5. 6 0 1 0. 1 7 4 4 5 6. 7 6 8

- 4 7 2. 8 0 8 - 0. 9 3 0 5. 7 0 1 0. 1 7 8 4 7 2. 8 0 8

- 4 8 8. 1 3 5 - 0. 9 4 6 5. 8 0 1 0. 1 8 1 4 8 8. 1 3 5

- 5 0 1. 9 0 8 - 0. 9 6 4 5. 9 0 1 0. 1 8 4 5 0 1. 9 0 8

- 5 1 9. 1 1 7 - 0. 9 8 0 6. 0 0 1 0. 1 8 7 5 1 9. 1 1 7

- 5 3 5. 0 1 5 - 0. 9 9 6 6. 1 0 1 0. 1 9 0 5 3 5. 0 1 5

- 5 4 9. 1 9 2 - 1. 0 1 3 6. 2 0 1 0. 1 9 4 5 4 9. 1 9 2

- 5 6 8. 5 4 7 - 1. 0 3 0 6. 3 0 0 0. 1 9 7 5 6 8. 5 4 7

- 5 8 3. 7 5 0 - 1. 0 4 5 6. 4 0 0 0. 2 0 0 5 8 3. 7 5 0

- 5 9 9. 0 1 7 - 1. 0 6 2 6. 5 0 0 0. 2 0 3 5 9 9. 0 1 7

- 6 1 4. 8 7 5 - 1. 0 7 9 6. 6 0 0 0. 2 0 6 6 1 4. 8 7 5

- 6 3 3. 9 8 5 - 1. 0 9 6 6. 7 0 0 0. 2 1 0 6 3 3. 9 8 5

- 6 5 0. 8 0 7 - 1. 1 1 2 6. 8 0 0 0. 2 1 3 6 5 0. 8 0 7

- 6 6 5. 6 1 2 - 1. 1 3 0 6. 9 0 0 0. 2 1 6 6 6 5. 6 1 2

- 6 8 5. 6 4 4 - 1. 1 4 6 7. 0 0 0 0. 2 1 9 6 8 5. 6 4 4

- 7 0 5. 6 2 8 - 1. 1 6 4 7. 1 0 0 0. 2 2 2 7 0 5. 6 2 8

- 7 2 3. 0 1 5 - 1. 1 7 9 7. 2 0 0 0. 2 2 5 7 2 3. 0 1 5

- 7 4 1. 9 3 1 - 1. 1 9 6 7. 3 0 0 0. 2 2 9 7 4 1. 9 3 1

- 7 5 6. 7 8 5 - 1. 2 1 2 7. 4 0 0 0. 2 3 2 7 5 6. 7 8 5

- 7 7 8. 8 3 8 - 1. 2 2 9 7. 5 0 0 0. 2 3 5 7 7 8. 8 3 8

- 7 9 3. 7 9 9 - 1. 2 4 6 7. 6 0 0 0. 2 3 8 7 9 3. 7 9 9

- 8 1 3. 9 1 2 - 1. 2 6 3 7. 7 0 0 0. 2 4 1 8 1 3. 9 1 2

- 8 3 5. 6 9 0 - 1. 2 7 9 7. 7 9 9 0. 2 4 5 8 3 5. 6 9 0

- 8 5 3. 7 6 9 - 1. 2 9 6 7. 8 9 9 0. 2 4 8 8 5 3. 7 6 9

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

0 % 5 % 1 0 % 1 5 % 2 0 % 2 5 % 3 0 %

F, 
Fr

oc
e [

N]

ε , Str ai n

1 5 0



M T S 7 9 3

D at a A c q uisiti o n Ti m e: 7 7. 0 8 8 S e c 2 2-J u n- 1 7 2: 2 8: 2 9 P M

A xi al L o a d A xi al Str o k e Ti m e Str ai n A xi al L o a d Ori gi n al t hi c k n e s s h 0  [ m m] Δ L  @  ε ≈ 2 5 % [ m m]

N m m S e c ε N, n o si g n 5. 0 3 8 - 1. 2 5 9

- 3 0. 0 3 2 - 0. 0 1 3 0. 1 2 6 0. 0 0 3 3 0. 0 3 2 F N @ 2 5 %  = SC @ 2 5 % [ N]

- 3 3. 3 4 6 - 0. 0 2 9 0. 2 2 6 0. 0 0 6 3 3. 3 4 6 7 5 0

- 3 7. 6 3 2 - 0. 0 4 7 0. 3 2 6 0. 0 0 9 3 7. 6 3 2

- 4 1. 6 5 5 - 0. 0 6 2 0. 4 2 6 0. 0 1 2 4 1. 6 5 5

- 4 5. 9 9 9 - 0. 0 7 9 0. 5 2 6 0. 0 1 6 4 5. 9 9 9

- 5 1. 8 5 0 - 0. 0 9 5 0. 6 2 6 0. 0 1 9 5 1. 8 5 0

- 5 2. 5 8 4 - 0. 1 1 2 0. 7 2 6 0. 0 2 2 5 2. 5 8 4

- 5 5. 9 9 3 - 0. 1 2 9 0. 8 2 6 0. 0 2 6 5 5. 9 9 3

- 6 2. 8 2 6 - 0. 1 4 6 0. 9 2 6 0. 0 2 9 6 2. 8 2 6

- 6 6. 8 2 2 - 0. 1 6 2 1. 0 2 6 0. 0 3 2 6 6. 8 2 2

- 7 2. 2 2 3 - 0. 1 7 9 1. 1 2 5 0. 0 3 6 7 2. 2 2 3

- 7 6. 3 1 9 - 0. 1 9 5 1. 2 2 5 0. 0 3 9 7 6. 3 1 9

- 8 0. 2 2 5 - 0. 2 1 2 1. 3 2 5 0. 0 4 2 8 0. 2 2 5

- 8 5. 6 8 4 - 0. 2 2 8 1. 4 2 5 0. 0 4 5 8 5. 6 8 4

- 9 2. 7 5 7 - 0. 2 4 6 1. 5 2 5 0. 0 4 9 9 2. 7 5 7

- 9 5. 6 2 5 - 0. 2 6 1 1. 6 2 5 0. 0 5 2 9 5. 6 2 5

- 1 0 0. 7 0 2 - 0. 2 7 9 1. 7 2 5 0. 0 5 5 1 0 0. 7 0 2

- 1 0 6. 8 5 4 - 0. 2 9 6 1. 8 2 5 0. 0 5 9 1 0 6. 8 5 4

- 1 1 0. 7 3 4 - 0. 3 1 3 1. 9 2 5 0. 0 6 2 1 1 0. 7 3 4

- 1 1 7. 0 3 1 - 0. 3 2 9 2. 0 2 5 0. 0 6 5 1 1 7. 0 3 1

- 1 2 0. 5 1 2 - 0. 3 4 5 2. 1 2 5 0. 0 6 9 1 2 0. 5 1 2

- 1 2 5. 6 6 1 - 0. 3 6 4 2. 2 2 5 0. 0 7 2 1 2 5. 6 6 1

- 1 2 9. 4 7 2 - 0. 3 8 0 2. 3 2 5 0. 0 7 5 1 2 9. 4 7 2

- 1 3 3. 8 1 4 - 0. 3 9 6 2. 4 2 5 0. 0 7 9 1 3 3. 8 1 4

- 1 3 9. 1 7 9 - 0. 4 1 3 2. 5 2 5 0. 0 8 2 1 3 9. 1 7 9

- 1 4 2. 8 2 8 - 0. 4 2 9 2. 6 2 5 0. 0 8 5 1 4 2. 8 2 8

- 1 4 8. 5 4 6 - 0. 4 4 6 2. 7 2 4 0. 0 8 9 1 4 8. 5 4 6

- 1 5 0. 5 8 3 - 0. 4 6 3 2. 8 2 4 0. 0 9 2 1 5 0. 5 8 3

- 1 5 4. 9 9 8 - 0. 4 8 0 2. 9 2 4 0. 0 9 5 1 5 4. 9 9 8

- 1 5 9. 3 9 0 - 0. 4 9 5 3. 0 2 4 0. 0 9 8 1 5 9. 3 9 0

- 1 6 6. 2 1 0 - 0. 5 1 2 3. 1 2 4 0. 1 0 2 1 6 6. 2 1 0

- 1 6 9. 9 6 8 - 0. 5 2 9 3. 2 2 4 0. 1 0 5 1 6 9. 9 6 8

- 1 7 6. 9 6 1 - 0. 5 4 6 3. 3 2 4 0. 1 0 8 1 7 6. 9 6 1

- 1 8 2. 9 2 3 - 0. 5 6 2 3. 4 2 4 0. 1 1 2 1 8 2. 9 2 3

- 1 8 9. 1 8 5 - 0. 5 7 9 3. 5 2 4 0. 1 1 5 1 8 9. 1 8 5

- 1 9 6. 4 6 4 - 0. 5 9 6 3. 6 2 4 0. 1 1 8 1 9 6. 4 6 4

- 2 0 2. 1 8 7 - 0. 6 1 3 3. 7 2 4 0. 1 2 2 2 0 2. 1 8 7

- 2 0 8. 1 5 0 - 0. 6 3 0 3. 8 2 4 0. 1 2 5 2 0 8. 1 5 0

- 2 1 5. 3 2 8 - 0. 6 4 6 3. 9 2 4 0. 1 2 8 2 1 5. 3 2 8

- 2 2 2. 3 0 8 - 0. 6 6 3 4. 0 2 4 0. 1 3 2 2 2 2. 3 0 8

- 2 3 0. 8 4 4 - 0. 6 7 9 4. 1 2 4 0. 1 3 5 2 3 0. 8 4 4

- 2 4 1. 2 9 3 - 0. 6 9 7 4. 2 2 3 0. 1 3 8 2 4 1. 2 9 3

- 2 5 0. 5 4 4 - 0. 7 1 2 4. 3 2 3 0. 1 4 1 2 5 0. 5 4 4

- 2 5 5. 6 6 9 - 0. 7 2 9 4. 4 2 3 0. 1 4 5 2 5 5. 6 6 9

1 5 1



- 2 6 7. 0 8 6 - 0. 7 4 5 4. 5 2 3 0. 1 4 8 2 6 7. 0 8 6

- 2 7 7. 8 6 6 - 0. 7 6 2 4. 6 2 3 0. 1 5 1 2 7 7. 8 6 6

- 2 8 9. 8 7 2 - 0. 7 7 9 4. 7 2 3 0. 1 5 5 2 8 9. 8 7 2

- 3 0 0. 5 5 8 - 0. 7 9 6 4. 8 2 3 0. 1 5 8 3 0 0. 5 5 8

- 3 1 2. 2 9 0 - 0. 8 1 3 4. 9 2 3 0. 1 6 1 3 1 2. 2 9 0

- 3 2 2. 1 7 5 - 0. 8 2 9 5. 0 2 3 0. 1 6 4 3 2 2. 1 7 5

- 3 3 4. 5 9 4 - 0. 8 4 5 5. 1 2 3 0. 1 6 8 3 3 4. 5 9 4

- 3 5 3. 1 9 9 - 0. 8 6 2 5. 2 2 3 0. 1 7 1 3 5 3. 1 9 9

- 3 6 8. 2 6 8 - 0. 8 7 9 5. 3 2 3 0. 1 7 4 3 6 8. 2 6 8

- 3 8 5. 0 7 8 - 0. 8 9 6 5. 4 2 3 0. 1 7 8 3 8 5. 0 7 8

- 4 0 4. 4 6 6 - 0. 9 1 2 5. 5 2 3 0. 1 8 1 4 0 4. 4 6 6

- 4 2 1. 5 4 1 - 0. 9 2 8 5. 6 2 3 0. 1 8 4 4 2 1. 5 4 1

- 4 3 8. 0 9 3 - 0. 9 4 5 5. 7 2 2 0. 1 8 8 4 3 8. 0 9 3

- 4 5 4. 7 2 9 - 0. 9 6 2 5. 8 2 2 0. 1 9 1 4 5 4. 7 2 9

- 4 6 8. 0 9 7 - 0. 9 7 8 5. 9 2 2 0. 1 9 4 4 6 8. 0 9 7

- 4 8 5. 7 1 0 - 0. 9 9 6 6. 0 2 2 0. 1 9 8 4 8 5. 7 1 0

- 5 0 3. 2 5 3 - 1. 0 1 3 6. 1 2 2 0. 2 0 1 5 0 3. 2 5 3

- 5 2 1. 7 7 0 - 1. 0 2 9 6. 2 2 2 0. 2 0 4 5 2 1. 7 7 0

- 5 3 6. 9 7 0 - 1. 0 4 6 6. 3 2 2 0. 2 0 8 5 3 6. 9 7 0

- 5 5 4. 0 4 2 - 1. 0 6 2 6. 4 2 2 0. 2 1 1 5 5 4. 0 4 2

- 5 7 1. 3 2 6 - 1. 0 7 9 6. 5 2 2 0. 2 1 4 5 7 1. 3 2 6

- 5 8 8. 1 2 0 - 1. 0 9 5 6. 6 2 2 0. 2 1 7 5 8 8. 1 2 0

- 6 0 6. 5 3 9 - 1. 1 1 2 6. 7 2 2 0. 2 2 1 6 0 6. 5 3 9

- 6 2 3. 4 6 4 - 1. 1 2 9 6. 8 2 2 0. 2 2 4 6 2 3. 4 6 4

- 6 4 2. 1 3 0 - 1. 1 4 5 6. 9 2 2 0. 2 2 7 6 4 2. 1 3 0

- 6 5 9. 1 9 8 - 1. 1 6 3 7. 0 2 2 0. 2 3 1 6 5 9. 1 9 8

- 6 7 5. 4 4 6 - 1. 1 7 8 7. 1 2 2 0. 2 3 4 6 7 5. 4 4 6

- 6 9 5. 3 7 8 - 1. 1 9 4 7. 2 2 2 0. 2 3 7 6 9 5. 3 7 8

- 7 1 2. 5 1 8 - 1. 2 1 2 7. 3 2 1 0. 2 4 1 7 1 2. 5 1 8

- 7 3 2. 5 1 9 - 1. 2 2 9 7. 4 2 1 0. 2 4 4 7 3 2. 5 1 9

- 7 5 0. 4 0 2 - 1. 2 4 5 7. 5 2 1 0. 2 4 7 7 5 0. 4 0 2

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

0 % 5 % 1 0 % 1 5 % 2 0 % 2 5 % 3 0 %

F, 
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e [

N]

ε , Str ai n
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M T S 7 9 3

D at a A c q uisiti o n Ti m e: 1 0 2. 4 2 8 S e c 2 2-J u n- 1 7 1 2: 3 2: 2 9 P M

A xi al L o a d A xi al Str o k e Ti m e Str ai n A xi al L o a d Ori gi n al t hi c k n e s s h 0  [ m m] Δ L  @  ε ≈ 2 5 % [ m m]

N m m S e c ε N, n o si g n 5. 1 6 5 - 1. 2 9 1

- 6 7. 1 4 5 - 0. 0 1 4 0. 1 3 0 0. 0 0 3 6 7. 1 4 5 F N @ 2 5 %  = SC @ 2 5 % [ N]

- 8 3. 5 7 7 - 0. 0 3 0 0. 2 3 0 0. 0 0 6 8 3. 5 7 7 1 2 3 8

- 9 4. 7 9 1 - 0. 0 4 7 0. 3 3 0 0. 0 0 9 9 4. 7 9 1

- 1 0 5. 7 4 1 - 0. 0 6 4 0. 4 3 0 0. 0 1 2 1 0 5. 7 4 1

- 1 1 7. 6 0 5 - 0. 0 8 0 0. 5 3 0 0. 0 1 6 1 1 7. 6 0 5

- 1 2 9. 4 3 0 - 0. 0 9 7 0. 6 3 0 0. 0 1 9 1 2 9. 4 3 0

- 1 4 2. 3 1 4 - 0. 1 1 4 0. 7 2 9 0. 0 2 2 1 4 2. 3 1 4

- 1 4 9. 7 3 1 - 0. 1 3 1 0. 8 2 9 0. 0 2 5 1 4 9. 7 3 1

- 1 5 9. 0 9 5 - 0. 1 4 8 0. 9 2 9 0. 0 2 9 1 5 9. 0 9 5

- 1 7 0. 5 8 1 - 0. 1 6 4 1. 0 2 9 0. 0 3 2 1 7 0. 5 8 1

- 1 7 6. 3 9 6 - 0. 1 8 1 1. 1 2 9 0. 0 3 5 1 7 6. 3 9 6

- 1 8 5. 0 5 7 - 0. 1 9 7 1. 2 2 9 0. 0 3 8 1 8 5. 0 5 7

- 1 9 4. 4 8 0 - 0. 2 1 4 1. 3 2 9 0. 0 4 1 1 9 4. 4 8 0

- 1 9 7. 9 2 2 - 0. 2 3 0 1. 4 2 9 0. 0 4 5 1 9 7. 9 2 2

- 2 0 1. 9 4 1 - 0. 2 4 8 1. 5 2 9 0. 0 4 8 2 0 1. 9 4 1

- 2 0 6. 4 6 0 - 0. 2 6 4 1. 6 2 9 0. 0 5 1 2 0 6. 4 6 0

- 2 1 5. 3 0 7 - 0. 2 8 0 1. 7 2 9 0. 0 5 4 2 1 5. 3 0 7

- 2 2 0. 9 2 4 - 0. 2 9 6 1. 8 2 9 0. 0 5 7 2 2 0. 9 2 4

- 2 2 5. 7 1 8 - 0. 3 1 3 1. 9 2 9 0. 0 6 1 2 2 5. 7 1 8

- 2 3 5. 7 7 6 - 0. 3 3 1 2. 0 2 9 0. 0 6 4 2 3 5. 7 7 6

- 2 4 0. 7 0 9 - 0. 3 4 7 2. 1 2 9 0. 0 6 7 2 4 0. 7 0 9

- 2 4 6. 2 1 9 - 0. 3 6 4 2. 2 2 9 0. 0 7 0 2 4 6. 2 1 9

- 2 5 3. 7 3 1 - 0. 3 8 0 2. 3 2 8 0. 0 7 4 2 5 3. 7 3 1

- 2 6 1. 8 9 1 - 0. 3 9 7 2. 4 2 8 0. 0 7 7 2 6 1. 8 9 1

- 2 6 8. 9 3 6 - 0. 4 1 4 2. 5 2 8 0. 0 8 0 2 6 8. 9 3 6

- 2 7 8. 5 4 6 - 0. 4 3 0 2. 6 2 8 0. 0 8 3 2 7 8. 5 4 6

- 2 8 7. 7 4 6 - 0. 4 4 7 2. 7 2 8 0. 0 8 7 2 8 7. 7 4 6

- 2 9 6. 1 6 5 - 0. 4 6 3 2. 8 2 8 0. 0 9 0 2 9 6. 1 6 5

- 3 0 5. 1 2 1 - 0. 4 8 1 2. 9 2 8 0. 0 9 3 3 0 5. 1 2 1

- 3 1 3. 8 5 2 - 0. 4 9 7 3. 0 2 8 0. 0 9 6 3 1 3. 8 5 2

- 3 2 1. 0 7 8 - 0. 5 1 4 3. 1 2 8 0. 0 9 9 3 2 1. 0 7 8

- 3 3 2. 5 2 1 - 0. 5 3 0 3. 2 2 8 0. 1 0 3 3 3 2. 5 2 1

- 3 4 6. 5 3 5 - 0. 5 4 6 3. 3 2 8 0. 1 0 6 3 4 6. 5 3 5

- 3 5 2. 2 9 8 - 0. 5 6 3 3. 4 2 8 0. 1 0 9 3 5 2. 2 9 8

- 3 6 3. 0 5 6 - 0. 5 8 0 3. 5 2 8 0. 1 1 2 3 6 3. 0 5 6

- 3 7 2. 7 0 0 - 0. 5 9 7 3. 6 2 8 0. 1 1 6 3 7 2. 7 0 0

- 3 8 6. 8 1 8 - 0. 6 1 4 3. 7 2 8 0. 1 1 9 3 8 6. 8 1 8

- 3 9 8. 1 8 0 - 0. 6 3 0 3. 8 2 7 0. 1 2 2 3 9 8. 1 8 0

- 4 1 1. 6 7 9 - 0. 6 4 7 3. 9 2 7 0. 1 2 5 4 1 1. 6 7 9

- 4 2 5. 3 3 9 - 0. 6 6 4 4. 0 2 7 0. 1 2 9 4 2 5. 3 3 9

- 4 3 6. 6 6 2 - 0. 6 7 9 4. 1 2 7 0. 1 3 2 4 3 6. 6 6 2

- 4 5 1. 9 2 5 - 0. 6 9 7 4. 2 2 7 0. 1 3 5 4 5 1. 9 2 5

- 4 6 8. 0 2 2 - 0. 7 1 3 4. 3 2 7 0. 1 3 8 4 6 8. 0 2 2

- 4 8 9. 5 4 9 - 0. 7 3 0 4. 4 2 7 0. 1 4 1 4 8 9. 5 4 9

1 5 3



- 5 0 5. 6 7 5 - 0. 7 4 6 4. 5 2 7 0. 1 4 4 5 0 5. 6 7 5

- 5 2 4. 6 2 2 - 0. 7 6 3 4. 6 2 7 0. 1 4 8 5 2 4. 6 2 2

- 5 4 2. 2 0 3 - 0. 7 8 0 4. 7 2 7 0. 1 5 1 5 4 2. 2 0 3

- 5 6 1. 6 6 0 - 0. 7 9 7 4. 8 2 7 0. 1 5 4 5 6 1. 6 6 0

- 5 8 2. 4 5 3 - 0. 8 1 3 4. 9 2 7 0. 1 5 7 5 8 2. 4 5 3

- 6 0 5. 8 0 7 - 0. 8 2 9 5. 0 2 7 0. 1 6 1 6 0 5. 8 0 7

- 6 2 5. 7 9 3 - 0. 8 4 7 5. 1 2 7 0. 1 6 4 6 2 5. 7 9 3

- 6 4 3. 0 0 1 - 0. 8 6 3 5. 2 2 7 0. 1 6 7 6 4 3. 0 0 1

- 6 6 6. 0 1 1 - 0. 8 7 9 5. 3 2 6 0. 1 7 0 6 6 6. 0 1 1

- 6 8 9. 0 7 6 - 0. 8 9 6 5. 4 2 6 0. 1 7 4 6 8 9. 0 7 6

- 7 1 2. 8 7 8 - 0. 9 1 3 5. 5 2 6 0. 1 7 7 7 1 2. 8 7 8

- 7 3 1. 2 5 4 - 0. 9 3 0 5. 6 2 6 0. 1 8 0 7 3 1. 2 5 4

- 7 5 6. 4 0 4 - 0. 9 4 6 5. 7 2 6 0. 1 8 3 7 5 6. 4 0 4

- 7 7 9. 4 4 3 - 0. 9 6 3 5. 8 2 6 0. 1 8 6 7 7 9. 4 4 3

- 7 9 6. 4 0 1 - 0. 9 8 1 5. 9 2 6 0. 1 9 0 7 9 6. 4 0 1

- 8 2 8. 6 1 0 - 0. 9 9 6 6. 0 2 6 0. 1 9 3 8 2 8. 6 1 0

- 8 4 6. 8 8 6 - 1. 0 1 3 6. 1 2 6 0. 1 9 6 8 4 6. 8 8 6

- 8 6 6. 8 6 6 - 1. 0 2 9 6. 2 2 6 0. 1 9 9 8 6 6. 8 6 6

- 8 9 3. 9 9 9 - 1. 0 4 5 6. 3 2 6 0. 2 0 2 8 9 3. 9 9 9

- 9 1 7. 1 2 1 - 1. 0 6 3 6. 4 2 6 0. 2 0 6 9 1 7. 1 2 1

- 9 3 4. 9 3 9 - 1. 0 7 9 6. 5 2 6 0. 2 0 9 9 3 4. 9 3 9

- 9 6 2. 7 2 6 - 1. 0 9 6 6. 6 2 6 0. 2 1 2 9 6 2. 7 2 6

- 9 8 4. 4 3 2 - 1. 1 1 4 6. 7 2 6 0. 2 1 6 9 8 4. 4 3 2

- 1 0 0 8. 1 0 8 - 1. 1 2 9 6. 8 2 6 0. 2 1 9 1 0 0 8. 1 0 8

- 1 0 3 5. 6 8 2 - 1. 1 4 6 6. 9 2 5 0. 2 2 2 1 0 3 5. 6 8 2

- 1 0 6 0. 3 0 1 - 1. 1 6 3 7. 0 2 5 0. 2 2 5 1 0 6 0. 3 0 1

- 1 0 8 0. 2 7 5 - 1. 1 8 0 7. 1 2 5 0. 2 2 8 1 0 8 0. 2 7 5

- 1 1 1 1. 7 7 2 - 1. 1 9 6 7. 2 2 5 0. 2 3 2 1 1 1 1. 7 7 2

- 1 1 3 7. 8 9 9 - 1. 2 1 3 7. 3 2 5 0. 2 3 5 1 1 3 7. 8 9 9

- 1 1 5 9. 6 8 9 - 1. 2 3 0 7. 4 2 5 0. 2 3 8 1 1 5 9. 6 8 9

- 1 1 8 7. 8 5 4 - 1. 2 4 6 7. 5 2 5 0. 2 4 1 1 1 8 7. 8 5 4

- 1 2 0 8. 0 0 2 - 1. 2 6 3 7. 6 2 5 0. 2 4 5 1 2 0 8. 0 0 2

- 1 2 3 8. 3 6 2 - 1. 2 8 0 7. 7 2 5 0. 2 4 8 1 2 3 8. 3 6 2

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

0 % 5 % 1 0 % 1 5 % 2 0 % 2 5 % 3 0 %

F, 
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ε , Str ai n
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Ori gi n: G E M M A Pl asti cs R ef er e n c e: I S O 7 7 4 3

C o m p o u n d d et ail s: E P D M wit h f u m e sili c a T est pr o c e d ur e: M et h o d D

C ur e d et ail s: 1 0 0 ° C T y p e of t est pi e c e u s e d: Pr o d u ct ( Air br a k e g as k et)

M et h o d of pr e p ar ati o n: M o ul d e d

D at e of T est: 2 3-J u n- 1 7

T est T e m p er at ur e [° C]: 2 3

R el ati v e h u mi dit y [ %]: 5 0

L a b or at or y t e m p er at ur e [° C]: 2 0

C o n diti o ni n g t e m p er at ur e [° C]: 2 0

C o n diti o ni n g ti m e [ hr]: 2 4

T y p e of l u bri c ati o n: Sili c o n e oil

N o. of t est pi e c es u s e d: O n e p er t est ( 3 t ot al)

T e st pi e c e I D Ori gi n al t hi c k n e ss h 0  [ m m] Δ L  @  ε ≈ 2 5 % [ m m] F N @ 2 5 %  = SC @ 2 5 % [ N]

1 4 4. 6 9 9 - 1. 1 7 5 2 4 0 3

2 2 4. 7 5 8 - 1. 1 9 0 2 4 6 7

2 3 4. 7 9 2 - 1. 1 9 8 2 6 0 7

M E DI A N, S C : 4. 7 5 8 - 1. 1 9 0 2 4 6 7

S T D D E V, σ S : 0. 0 4 7 0. 0 1 2 1 0 5

T e st r e s ult s

Air br a k e El a st o m eri c G a s k et - C o m pr e ssi o n Str e ss- Str ai n Pr o p erti e s R e p ort

S a m pl e d et ail s T e st m et h o d

 T e st d et ail s

F ull d es cri pti o n:

Si m plifi e d g e o m etr y g as k et. T h e g as k et w as pl a c e d 

o n t h e l u bri c at e d c o m pr essi o n fi xt ur e l o w er s e cti o n's 

fl at s urf a c e, a n d t h e u p p er s e cti o n h a d a c h a n n el t o 

l et t h e air o ut d uri n g c o m pr essi o n:

D e vi ati o n s:

N o n t o r e p ortC o m pr essi o n fi xt ur e

1 5 6



Ori gi n: G E M M A Pl asti cs R ef er e n c e: I S O 7 7 4 3

C o m p o u n d d et ail s: C R wit h f u m e sili c a T est pr o c e d ur e: M et h o d D

C ur e d et ail s: 1 0 0 ° C T y p e of t est pi e c e u s e d: Pr o d u ct ( Air br a k e g as k et)

M et h o d of pr e p ar ati o n: M o ul d e d

D at e of T est: 2 4-J u n- 1 7

T est T e m p er at ur e [° C]: 2 3

R el ati v e h u mi dit y [ %]: 5 0

L a b or at or y t e m p er at ur e [° C]: 2 0

C o n diti o ni n g t e m p er at ur e [° C]: 2 0

C o n diti o ni n g ti m e [ hr]: 2 4

T y p e of l u bri c ati o n: Sili c o n e oil

N o. of t est pi e c es u s e d: O n e p er t est ( 3 t ot al)

T e st pi e c e I D Ori gi n al t hi c k n e ss h 0  [ m m] Δ L  @  ε ≈ 2 5 % [ m m] F N @ 2 5 %  = SC @ 2 5 % [ N]

1 1 4. 1 2 3 - 1. 0 3 1 7 9 0

1 4 4. 1 3 2 - 1. 0 3 3 8 0 9

2 8 4. 2 0 8 - 1. 0 5 2 7 4 8

M E DI A N, S C : 4. 1 3 2 - 1. 0 3 3 7 9 0

S T D D E V, σ S : 0. 0 4 7 0. 0 1 2 3 1

T e st r e s ult s

Air br a k e El a st o m eri c G a s k et - C o m pr e ssi o n Str e ss- Str ai n Pr o p erti e s R e p ort

S a m pl e d et ail s T e st m et h o d

 T e st d et ail s

F ull d es cri pti o n:

Si m plifi e d g e o m etr y g as k et. T h e g as k et w as pl a c e d 

o n t h e l u bri c at e d c o m pr essi o n fi xt ur e l o w er s e cti o n's 

fl at s urf a c e, a n d t h e u p p er s e cti o n h a d a c h a n n el t o 

l et t h e air o ut d uri n g c o m pr essi o n:

D e vi ati o n s:

N o n t o r e p ortC o m pr essi o n fi xt ur e

1 5 7



Ori gi n: C P W ar e h o us e R ef er e n c e: I S O 7 7 4 3

C o m p o u n d d et ail s: N e w Y or k pr o pri et ar y T est pr o c e d ur e: M et h o d D

C ur e d et ail s: N e w Y or k pr o pri et ar y T y p e of t est pi e c e u s e d: Pr o d u ct ( Air br a k e g as k et)

M et h o d of pr e p ar ati o n: M o ul d e d

D at e of T est: 2 2-J u n- 1 7

T est T e m p er at ur e [° C]: 2 3

R el ati v e h u mi dit y [ %]: 5 0

L a b or at or y t e m p er at ur e [° C]: 2 0

C o n diti o ni n g t e m p er at ur e [° C]: 2 0

C o n diti o ni n g ti m e [ hr]: 2 4

T y p e of l u bri c ati o n: Sili c o n e oil

N o. of t est pi e c es u s e d: O n e p er t est ( 3 t ot al)

T e st pi e c e I D Ori gi n al t hi c k n e ss h 0  [ m m] Δ L  @  ε ≈ 2 5 % [ m m] F N @ 2 5 %  = SC @ 2 5 % [ N]

1 8 5. 2 3 2 - 1. 3 0 8 8 5 4

2 8 5. 1 6 5 - 1. 2 9 1 1 2 3 8

1 0 5. 0 3 8 - 1. 2 5 9 7 5 0

M E DI A N, S C : 5. 1 6 5 - 1. 2 9 1 8 5 4

S T D D E V, σ S : 0. 0 9 9 0. 0 2 5 2 5 7

Air br a k e El a st o m eri c G a s k et - C o m pr e ssi o n Str e ss- Str ai n Pr o p erti e s R e p ort

T e st r e s ult s

 T e st d et ail s

T e st m et h o d

D e vi ati o n s:

F ull d es cri pti o n:

S a m pl e d et ail s

St a n d ar d A A R g e o m etr y g as k et. T h e g as k et w as 

pl a c e d o n t h e l u bri c at e d c o m pr essi o n fi xt ur e l o w er 

s e cti o n's fl at s urf a c e, a n d t h e u p p er s e cti o n h a d a 

c h a n n el t o l et t h e air o ut d uri n g c o m pr essi o n:

N o n t o r e p ortC o m pr essi o n fi xt ur e

1 5 8



R ef er e n c e: A S T M D 4 7 1 E x p os ur e p eri o d d at e s: E x p o s ur e t e m p. [° C]: 2 3 ± 2 E x p o s ur e p eri o d [ hr]: 7 0

S a m pl e
H ar d n e s s 

C h a n g e

S T D

[ gr]

A v g

[ gr]

S T D

[ gr]

A v g

[ gr]

M as s

C h a n g e [ %]
Ori gi n: C P W ar e h o us e I D N o H O 1 H O 2 H O 3 H O 4 H i 5 μ H o σ H O H i 1 H i 2 H i 3 H i 4 H i 5 μ Hi σ Hi Δ H M 1 1 M 1 2 M 1 3 σ M 1 μ M 1 M 2 1 M 2 2 M 2 3 σ M 2 μ M 2 Δ M

M et h o d of pr e p ar ati o n: M o ul d e d 3 8 2 8 2 8 3 8 4 8 3 8 2. 8 0. 8 4 8 3 8 3 8 3 8 3 8 4 8 3. 2 0. 4 5 0. 4 0 7. 7 5 3 7. 7 5 4 7. 7 5 3 0. 0 0 1 7. 7 5 3 7. 7 5 1 7. 7 5 1 7. 7 5 1 0. 0 0 0 7. 7 5 1 - 0. 0 3 %

T y p e of t e st pi e c e us e d: N Y A B pr o pri et ar y 7 8 3 8 2 8 3 8 3 8 4 8 3. 0 0. 7 1 8 4 8 2 8 4 8 3 8 3 8 3. 2 0. 8 4 0. 2 0 7. 8 4 1 7. 8 4 0 7. 8 4 1 0. 0 0 1 7. 8 4 1 7. 8 3 4 7. 8 3 4 7. 8 3 5 0. 0 0 1 7. 8 3 4 - 0. 0 8 %

2 4 8 3 8 3 8 3 8 3 8 4 8 3. 2 0. 4 5 8 4 8 4 8 3 8 3 8 4 8 3. 6 0. 5 5 0. 4 0 7. 7 8 2 7. 7 8 2 7. 7 8 3 0. 0 0 1 7. 7 8 2 7. 7 7 8 7. 7 7 9 7. 7 7 8 0. 0 0 1 7. 7 7 8 - 0. 0 5 %

A v g 0. 3 3 - 0. 0 5 %

E x p os ur e p eri o d d at e s: E x p o s ur e t e m p. [° C]: 5 0 ± 2 E x p o s ur e p eri o d [ hr]: 7 0

S a m pl e
H ar d n e s s 

C h a n g e

S T D

[ gr]

A v g

[ gr]

S T D

[ gr]

A v g

[ gr]

M as s

C h a n g e [ %]
I D N o H O 1 H O 2 H O 3 H O 4 H i 5 μ H o σ H O H i 1 H i 2 H i 3 H i 4 H i 5 μ Hi σ Hi Δ H M 1 1 M 1 2 M 1 3 σ M 1 μ M 1 M 2 1 M 2 2 M 2 3 σ M 2 μ M 2 Δ M

D ur ati o n [ hr]: 6 2 5 8 2 8 2 8 3 8 3 8 2 8 2. 4 0. 5 5 8 4 8 4 8 4 8 5 8 4 8 4. 2 0. 4 5 1. 8 0 7. 7 8 1 7. 7 8 1 7. 7 7 9 0. 0 0 1 7. 7 8 0 7. 7 7 1 7. 7 7 2 7. 7 7 1 0. 0 0 1 7. 7 7 1 - 0. 1 2 %

T e m p er at ur e [° C]: 1 2 0 1 5 8 3 8 3 8 3 8 3 8 4 8 3. 2 0. 4 5 8 4 8 4 8 3 8 4 8 5 8 4. 0 0. 7 1 0. 8 0 7. 7 8 8 7. 7 8 8 7. 7 8 7 0. 0 0 1 7. 7 8 8 7. 7 7 7 7. 7 7 7 7. 7 7 6 0. 0 0 1 7. 7 7 7 - 0. 1 4 %

D at e of v ul c a ni z ati o n: 2 0-J u n- 1 7 2 7 8 2 8 0 8 2 8 2 8 2 8 1. 6 0. 8 9 8 4 8 3 8 4 8 3 8 3 8 3. 4 0. 5 5 1. 8 0 7. 7 9 1 7. 7 9 0 7. 7 9 1 0. 0 0 1 7. 7 9 1 7. 7 8 0 7. 7 8 0 7. 7 8 1 0. 0 0 1 7. 7 8 0 - 0. 1 3 %

A v g 1. 4 7 - 0. 1 3 %

D at e of t e st: 0 1-J ul- 1 7

T e st r o o m t e m p. [° C]: 2 3 Kl e e n-fl o A ntifr e e z e E x p os ur e p eri o d d at e s: E x p o s ur e t e m p. [° C]: 2 3 ± 2 E x p o s ur e p eri o d [ hr]: 7 0

H ar d n e s s t e st m et h o d:
A S T M D 2 2 4 0 S a m pl e

H ar d n e s s 

C h a n g e

S T D

[ gr]

A v g

[ gr]

S T D

[ gr]

A v g

[ gr]

M as s

C h a n g e [ %]
I D N o H O 1 H O 2 H O 3 H O 4 H i 5 μ H o σ H O H i 1 H i 2 H i 3 H i 4 H i 5 μ Hi σ Hi Δ H M 1 1 M 1 2 M 1 3 σ M 1 μ M 1 M 2 1 M 2 2 M 2 3 μ M 2 Δ M

1 3 8 2 8 0 8 2 8 2 8 2 8 1. 6 0. 8 9 8 4 8 4 8 4 8 4 8 6 8 4. 4 0. 8 9 2. 8 0 7. 7 3 5 7. 7 3 5 7. 7 3 5 0. 0 0 0 7. 7 3 5 7. 7 2 1 7. 7 2 0 7. 7 2 0 0. 0 0 1 7. 7 2 0 - 0. 1 9 %

1 9 8 1 8 2 8 1 8 3 8 2 8 1. 8 0. 8 4 8 4 8 5 8 4 8 5 8 3 8 4. 2 0. 8 4 2. 4 0 7. 7 8 1 7. 7 8 1 7. 7 8 2 0. 0 0 1 7. 7 8 1 7. 7 7 0 7. 7 7 0 7. 7 6 8 0. 0 0 1 7. 7 6 9 - 0. 1 5 %
8 8 1 8 1 8 2 8 3 8 2 8 1. 8 0. 8 4 8 3 8 4 8 4 8 4 8 5 8 4 0. 7 1 2. 2 0 7. 8 6 2 7. 8 6 4 7. 8 6 4 0. 0 0 1 7. 8 6 3 7. 8 5 4 7. 8 5 4 7. 8 5 4 0. 0 0 0 7. 8 5 4 - 0. 1 2 %

A v g 2. 4 7 - 0. 1 5 %

Kl e e n-fl o A ntifr e e z e E x p os ur e p eri o d d at e s: E x p o s ur e t e m p. [° C]: 5 0 ± 2 E x p o s ur e p eri o d [ hr]: 7 0

S a m pl e
H ar d n e s s 

C h a n g e

S T D

[ gr]

A v g

[ gr]

S T D

[ gr]

A v g

[ gr]

M as s

C h a n g e [ %]
I D N o H O 1 H O 2 H O 3 H O 4 H i 5 μ H o σ H O H i 1 H i 2 H i 3 H i 4 H i 5 μ Hi σ Hi Δ H M 1 1 M 1 2 M 1 3 σ M 1 μ M 1 M 2 1 M 2 2 M 2 3 σ M 2 μ M 2 Δ M

3 0 8 2 8 2 8 3 8 3 8 2 8 2. 4 0. 5 5 8 6 8 5 8 6 8 5 8 7 8 5. 8 0. 8 4 3. 4 0 7. 8 7 2 7. 8 7 3 7. 8 7 3 0. 0 0 1 7. 8 7 3 7. 8 1 8 7. 8 1 8 7. 8 1 8 0. 0 0 0 7. 8 1 8 - 0. 6 9 %

1 0 8 2 8 2 8 3 8 2 8 3 8 2. 4 0. 5 5 8 7 8 6 8 6 8 7 8 6 8 6. 4 0. 5 5 4. 0 0 7. 8 8 0 7. 8 8 0 7. 8 7 9 0. 0 0 1 7. 8 8 0 7. 8 2 8 7. 8 2 8 7. 8 2 7 0. 0 0 1 7. 8 2 8 - 0. 6 6 %

5 8 1 8 3 8 1 8 2 8 2 8 1. 8 0. 8 4 8 6 8 5 8 7 8 7 8 7 8 6. 4 0. 8 9 4. 6 0 7. 8 2 9 7. 8 2 9 7. 8 3 0 0. 0 0 1 7. 8 2 9 7. 7 8 9 7. 7 8 7 7. 7 8 9 0. 0 0 1 7. 7 8 8 - 0. 5 3 %

A v g 4. 0 0 - 0. 6 3 %A v g

J ul 1 t o J ul 4

J ul 1 t o J ul 4

I m m ersi o n li q ui d us e d:

I m m ersi o n li q ui d us e d:

H ar d n e s s aft er i m m er si o n

[ S h or e A]

A v g

A v g

M as s aft er

[ gr]

M as s aft er

[ gr]

Ori gi n al H ar d n e s s b ef or e 

i m m er si o n [ S h or e A]

Ori gi n al H ar d n e s s b ef or e 

i m m er si o n [ S h or e A]

M as s b ef or e

[ gr]

H ar d n e s s aft er i m m er si o n

[ S h or e A]

M as s b ef or e

[ gr]

H ar d n e s s aft er i m m er si o n

[ S h or e A]

M as s b ef or e

[ gr]

M as s aft er

[ gr]

C R C A ntifr e e z e

C R C A ntifr e e z e J ul 1 t o J ul 4

J ul 1 t o J ul 4

A v g

Ori gi n al H ar d n e s s b ef or e 

i m m er si o n [ S h or e A]

Ori gi n al H ar d n e s s b ef or e 

i m m er si o n [ S h or e A]

I m m ersi o n li q ui d us e d:

I m m ersi o n li q ui d us e d:

D e vi ati o ns:

Us e of fi ni s h e d pr o d u ct g e o m etr y ( g a s k et), 

i nst e a d of st a n d ar d o n e ( c o u p o n, d u m b b ell, 

et c.). 2 0 0 ml of t est li q ui d us e d

S a m pl e d et ail s

F ull d e s cri pti o n:

V ul c a ni z ati o n d et ail s

 T e st d et ail s

St a n d ar d g a s k et g e o m etr y

N o di sti n cti v e d a m a g e w a s p er c ei v e d. A 

sli g ht w hit e ni n g w a s p er c ei v e d o n all 

s urf a c es aft er i m m er si o n.

St at e m e nt of c o n diti o n aft er e x p os ur e:

Air br a k e El ast o m eri c G as k et - Eff e ct of Li q ui d s / C h e mi c al C o m p ati bilit y R e p ort

T e st m et h o d T e st r e s ults

H ar d n e s s aft er i m m er si o n

[ S h or e A]

M as s b ef or e

[ gr]

M as s aft er

[ gr]

1 5 9



R ef er e n c e: A S T M D 4 7 1 E x p os ur e p eri o d d at e s: E x p o s ur e t e m p. [° C]: 2 3 ± 2 E x p o s ur e p eri o d [ hr]: 7 0

S a m pl e
H ar d n e s s 

C h a n g e

S T D

[ gr]

A v g

[ gr]

S T D

[ gr]

A v g

[ gr]

M as s

C h a n g e [ %]
Ori gi n: G E M M A Pl a sti cs I D N o H O 1 H O 2 H O 3 H O 4 H i 5 μ H o σ H O H i 1 H i 2 H i 3 H i 4 H i 5 μ Hi σ Hi Δ H M 1 1 M 1 2 M 1 3 σ M 1 μ M 1 M 2 1 M 2 2 M 2 3 σ M 2 μ M 2 Δ M

M et h o d of pr e p ar ati o n: M o ul d e d 1 9 7 8 7 9 7 9 7 9 7 8 7 8. 6 0. 5 5 8 1 8 2 8 3 8 2 8 3 8 2. 2 0. 8 4 3. 6 0 6. 3 6 3 6. 3 6 4 6. 3 6 4 0. 0 0 1 6. 3 6 4 6. 3 4 9 6. 3 4 9 6. 3 4 9 0. 0 0 0 6. 3 4 9 - 0. 2 3 %

T y p e of t e st pi e c e us e d: E P D M 2 3 7 9 7 9 7 9 8 0 7 9 7 9. 2 0. 4 5 8 2 8 1 8 2 8 1 8 2 8 1. 6 0. 5 5 2. 4 0 6. 3 7 3 6. 3 7 4 6. 3 7 4 0. 0 0 1 6. 3 7 4 6. 3 6 1 6. 3 6 1 6. 3 6 1 0. 0 0 0 6. 3 6 1 - 0. 2 0 %

2 1 7 9 7 9 7 9 7 9 7 8 7 8. 8 0. 4 5 8 2 8 2 8 2 8 3 8 2 8 2. 2 0. 4 5 3. 4 0 6. 3 6 2 6. 3 6 2 6. 3 6 3 0. 0 0 1 6. 3 6 2 6. 3 5 3 6. 3 5 3 6. 3 5 3 0. 0 0 0 6. 3 5 3 - 0. 1 5 %

A v g 3. 1 3 - 0. 1 9 %

E x p os ur e p eri o d d at e s: E x p o s ur e t e m p. [° C]: 5 0 ± 2 E x p o s ur e p eri o d [ hr]: 7 0

S a m pl e
H ar d n e s s 

C h a n g e

S T D

[ gr]

A v g

[ gr]

S T D

[ gr]

A v g

[ gr]

M as s

C h a n g e [ %]
I D N o H O 1 H O 2 H O 3 H O 4 H i 5 μ H o σ H O H i 1 H i 2 H i 3 H i 4 H i 5 μ Hi σ Hi Δ H M 1 1 M 1 2 M 1 3 σ M 1 μ M 1 M 2 1 M 2 2 M 2 3 σ M 2 μ M 2 Δ M

D ur ati o n [ hr]: 6 6 8 0 8 0 8 0 8 0 7 9 7 9. 8 0. 4 5 8 1 8 2 8 3 8 2 8 3 8 2. 2 0. 8 4 2. 4 0 6. 3 1 5 6. 3 1 5 6. 3 1 6 0. 0 0 1 6. 3 1 5 6. 2 5 6 6. 2 5 6 6. 2 5 6 0. 0 0 0 6. 2 5 6 - 0. 9 4 %

T e m p er at ur e [° C]: 1 2 0 2 2 8 0 7 9 7 9 7 9 8 0 7 9. 4 0. 5 5 8 1 8 2 8 2 8 3 8 2 8 2. 0 0. 7 1 2. 6 0 6. 4 1 8 6. 4 1 9 6. 4 1 9 0. 0 0 1 6. 4 1 9 6. 3 4 3 6. 3 4 3 6. 3 4 3 0. 0 0 0 6. 3 4 3 - 1. 1 8 %

D at e of v ul c a ni z ati o n: 2 0-J u n- 1 7 2 8 1 8 0 8 1 8 0 8 0 8 0. 4 0. 5 5 8 2 8 4 8 2 8 2 8 2 8 2. 4 0. 8 9 2. 0 0 6. 3 6 5 6. 3 6 6 6. 3 6 6 0. 0 0 1 6. 3 6 6 6. 3 0 8 6. 3 0 8 6. 3 0 8 0. 0 0 0 6. 3 0 8 - 0. 9 1 %

A v g 2. 3 3 - 1. 0 1 %

D at e of t e st: 0 8-J ul- 1 7

T e st r o o m t e m p. [° C]: 2 3 Kl e e n-fl o A ntifr e e z e E x p os ur e p eri o d d at e s: E x p o s ur e t e m p. [° C]: 2 3 ± 2 E x p o s ur e p eri o d [ hr]: 7 0

H ar d n e s s t e st m et h o d:
A S T M D 2 2 4 0 S a m pl e

H ar d n e s s 

C h a n g e

S T D

[ gr]

A v g

[ gr]

S T D

[ gr]

A v g

[ gr]

M as s

C h a n g e [ %]
I D N o H O 1 H O 2 H O 3 H O 4 H i 5 μ H o σ H O H i 1 H i 2 H i 3 H i 4 H i 5 μ Hi σ Hi Δ H M 1 1 M 1 2 M 1 3 σ M 1 μ M 1 M 2 1 M 2 2 M 2 3 μ M 2 Δ M

2 5 7 8 7 9 7 9 7 9 7 9 7 8. 8 0. 4 5 8 4 8 4 8 3 8 4 8 4 8 3. 8 0. 4 5 5. 0 0 6. 2 9 1 6. 2 9 1 6. 2 9 2 0. 0 0 1 6. 2 9 1 6. 2 5 8 6. 2 5 8 6. 2 5 8 0. 0 0 0 6. 2 5 8 - 0. 5 3 %
1 5 7 9 8 0 8 0 8 0 8 0 7 9. 8 0. 4 5 8 4 8 5 8 4 8 5 8 4 8 4. 4 0. 5 5 4. 6 0 6. 3 0 3 6. 3 0 4 6. 3 0 4 0. 0 0 1 6. 3 0 4 6. 2 7 3 6. 2 7 3 6. 2 7 3 0. 0 0 0 6. 2 7 3 - 0. 4 9 %
2 7 7 9 7 9 7 9 7 9 7 7 7 8. 6 0. 8 9 8 4 8 4 8 4 8 6 8 5 8 4. 6 0. 8 9 6. 0 0 6. 3 5 3 6. 3 5 3 6. 3 5 4 0. 0 0 1 6. 3 5 3 6. 3 2 1 6. 3 2 1 6. 3 2 1 0. 0 0 0 6. 3 2 1 - 0. 5 1 %

A v g 5. 2 0 - 0. 5 1 %

Kl e e n-fl o A ntifr e e z e E x p os ur e p eri o d d at e s: E x p o s ur e t e m p. [° C]: 5 0 ± 2 E x p o s ur e p eri o d [ hr]: 7 0

S a m pl e
H ar d n e s s 

C h a n g e

S T D

[ gr]

A v g

[ gr]

S T D

[ gr]

A v g

[ gr]

M as s

C h a n g e [ %]
I D N o H O 1 H O 2 H O 3 H O 4 H i 5 μ H o σ H O H i 1 H i 2 H i 3 H i 4 H i 5 μ Hi σ Hi Δ H M 1 1 M 1 2 M 1 3 σ M 1 μ M 1 M 2 1 M 2 2 M 2 3 σ M 2 μ M 2 Δ M

1 8 0 8 0 8 0 7 9 8 0 7 9. 8 0. 4 5 8 6 8 5 8 6 8 5 8 6 8 5. 6 0. 5 5 5. 8 0 6. 4 6 5 6. 4 6 6 6. 4 6 6 0. 0 0 1 6. 4 6 6 6. 3 4 6 6. 3 4 6 6. 3 4 6 0. 0 0 0 6. 3 4 6 - 1. 8 5 %

7 8 1 8 0 8 0 8 0 8 1 8 0. 4 0. 5 5 8 6 8 5 8 5 8 6 8 6 8 5. 6 0. 5 5 5. 2 0 6. 4 3 4 6. 4 3 4 6. 4 3 4 0. 0 0 0 6. 4 3 4 6. 3 1 9 6. 3 1 9 6. 3 1 9 0. 0 0 0 6. 3 1 9 - 1. 7 9 %

1 7 8 0 7 9 8 0 7 9 7 9 7 9. 4 0. 5 5 8 6 8 5 8 7 8 6 8 6 8 6. 0 0. 7 1 6. 6 0 6. 3 4 7 6. 3 4 8 6. 3 4 8 0. 0 0 1 6. 3 4 8 6. 2 3 6 6. 2 3 6 6. 2 3 6 0. 0 0 0 6. 2 3 6 - 1. 7 6 %

A v g 5. 8 7 - 1. 8 0 %

I m m ersi o n li q ui d us e d:

I m m ersi o n li q ui d us e d:

I m m ersi o n li q ui d us e d:

I m m ersi o n li q ui d us e d:

Ori gi n al H ar d n e s s b ef or e 

i m m er si o n [ S h or e A]

Ori gi n al H ar d n e s s b ef or e 

i m m er si o n [ S h or e A]

Us e of fi ni s h e d pr o d u ct g e o m etr y ( g a s k et), 

i nst e a d of st a n d ar d o n e ( c o u p o n, d u m b b ell, 

et c.). 2 0 0 ml of t est li q ui d us e d
A v g

A v g

J ul 8 t o J ul 1 1

D e vi ati o ns:

H ar d n e s s aft er i m m er si o n

[ S h or e A]

M as s b ef or e

[ gr]

M as s aft er

[ gr]

Ori gi n al H ar d n e s s b ef or e 

i m m er si o n [ S h or e A]

N o di sti n cti v e d a m a g e w a s p er c ei v e d. A 

sli g ht w hit e ni n g w a s p er c ei v e d o n all 

s urf a c es aft er i m m er si o n.

M as s aft er

[ gr]

F ull d e s cri pti o n:

M as s b ef or e

[ gr]

V ul c a ni z ati o n d et ail s

 T e st d et ail s A v g

M as s aft er

[ gr]

M as s aft er

[ gr]

J ul 8 t o J ul 1 1

H ar d n e s s aft er i m m er si o n

[ S h or e A]

Ori gi n al H ar d n e s s b ef or e 

i m m er si o n [ S h or e A]

St at e m e nt of c o n diti o n aft er e x p os ur e:

Air br a k e El ast o m eri c G as k et - Eff e ct of Li q ui d s / C h e mi c al C o m p ati bilit y R e p ort

T e st m et h o d T e st r e s ults

C R C A ntifr e e z e J ul 8 t o J ul 1 1

Si m plifi e d g a s k et g e o m etr y A v g

C R C A ntifr e e z e J ul 8 t o J ul 1 1

H ar d n e s s aft er i m m er si o n

[ S h or e A]

M as s b ef or e

[ gr]

S a m pl e d et ail s

H ar d n e s s aft er i m m er si o n

[ S h or e A]

M as s b ef or e

[ gr]

1 6 0



R ef er e n c e: A S T M D 4 7 1 E x p os ur e p eri o d d at e s: E x p o s ur e t e m p. [° C]: 2 3 ± 2 E x p o s ur e p eri o d [ hr]: 7 0

S a m pl e
H ar d n e s s 

C h a n g e

S T D

[ gr]

A v g

[ gr]

S T D

[ gr]

A v g

[ gr]

M as s

C h a n g e [ %]
Ori gi n: G E M M A Pl a sti cs I D N o H O 1 H O 2 H O 3 H O 4 H i 5 μ H o σ H O H i 1 H i 2 H i 3 H i 4 H i 5 μ Hi σ Hi Δ H M 1 1 M 1 2 M 1 3 σ M 1 μ M 1 M 2 1 M 2 2 M 2 3 σ M 2 μ M 2 Δ M

M et h o d of pr e p ar ati o n: M o ul d e d 4 7 3 7 4 7 4 7 3 7 3 7 3. 4 0. 5 5 7 7 7 5 7 5 7 5 7 5 7 5. 4 0. 8 9 2. 0 0 6. 1 3 8 6. 1 3 8 6. 1 3 8 0. 0 0 0 6. 1 3 8 6. 1 0 2 6. 1 0 2 6. 1 0 2 0. 0 0 0 6. 1 0 2 - 0. 5 9 %

T y p e of t e st pi e c e us e d: C R +f u m e d sili c a 2 9 7 5 7 4 7 3 7 4 7 4 7 4. 0 0. 7 1 7 5 7 5 7 6 7 5 7 6 7 5. 4 0. 5 5 1. 4 0 6. 1 3 7 6. 1 3 7 6. 1 3 8 0. 0 0 1 6. 1 3 7 6. 1 0 0 6. 1 0 0 6. 1 0 0 0. 0 0 0 6. 1 0 0 - 0. 6 1 %

1 7 7 4 7 4 7 3 7 3 7 2 7 3. 2 0. 8 4 7 6 7 5 7 4 7 5 7 6 7 5. 2 0. 8 4 2. 0 0 6. 1 3 6 6. 1 3 6 6. 1 3 6 0. 0 0 0 6. 1 3 6 6. 0 9 8 6. 0 9 8 6. 0 9 8 0. 0 0 0 6. 0 9 8 - 0. 6 2 %

A v g 1. 8 0 - 0. 6 0 %

E x p os ur e p eri o d d at e s: E x p o s ur e t e m p. [° C]: 5 0 ± 2 E x p o s ur e p eri o d [ hr]: 7 0

S a m pl e
H ar d n e s s 

C h a n g e

S T D

[ gr]

A v g

[ gr]

S T D

[ gr]

A v g

[ gr]

M as s

C h a n g e [ %]
I D N o H O 1 H O 2 H O 3 H O 4 H i 5 μ H o σ H O H i 1 H i 2 H i 3 H i 4 H i 5 μ Hi σ Hi Δ H M 1 1 M 1 2 M 1 3 σ M 1 μ M 1 M 2 1 M 2 2 M 2 3 σ M 2 μ M 2 Δ M

D ur ati o n [ hr]: 6 2 7 7 3 7 1 7 2 7 3 7 3 7 2. 4 0. 8 9 7 8 7 7 7 7 7 7 7 6 7 7. 0 0. 7 1 4. 6 0 6. 1 0 7 6. 1 0 7 6. 1 0 7 0. 0 0 0 6. 1 0 7 5. 9 8 9 5. 9 8 9 5. 9 8 9 0. 0 0 0 5. 9 8 9 - 1. 9 3 %

T e m p er at ur e [° C]: 1 2 0 1 7 4 7 3 7 3 7 3 7 3 7 3. 2 0. 4 5 7 6 7 6 7 6 7 5 7 6 7 5. 8 0. 4 5 2. 6 0 6. 1 3 2 6. 1 3 2 6. 1 3 2 0. 0 0 0 6. 1 3 2 6. 0 0 7 6. 0 0 7 6. 0 0 7 0. 0 0 0 6. 0 0 7 - 2. 0 4 %

D at e of v ul c a ni z ati o n: 2 0-J u n- 1 7 7 7 4 7 3 7 4 7 3 7 3 7 3. 4 0. 5 5 7 7 7 6 7 6 7 6 7 7 7 6. 4 0. 5 5 3. 0 0 6. 2 1 7 6. 2 1 7 6. 2 1 7 0. 0 0 0 6. 2 1 7 6. 0 8 8 6. 0 8 8 6. 0 8 8 0. 0 0 0 6. 0 8 8 - 2. 0 7 %

A v g 3. 4 0 - 2. 0 2 %

D at e of t e st: 1 2-J ul- 1 7

T e st r o o m t e m p. [° C]: 2 3 Kl e e n-fl o A ntifr e e z e E x p os ur e p eri o d d at e s: E x p o s ur e t e m p. [° C]: 2 3 ± 2 E x p o s ur e p eri o d [ hr]: 7 0

H ar d n e s s t e st m et h o d:
A S T M D 2 2 4 0 S a m pl e

H ar d n e s s 

C h a n g e

S T D

[ gr]

A v g

[ gr]

S T D

[ gr]

A v g

[ gr]

M as s

C h a n g e [ %]
I D N o H O 1 H O 2 H O 3 H O 4 H i 5 μ H o σ H O H i 1 H i 2 H i 3 H i 4 H i 5 μ Hi σ Hi Δ H M 1 1 M 1 2 M 1 3 σ M 1 μ M 1 M 2 1 M 2 2 M 2 3 μ M 2 Δ M

1 1 7 4 7 4 7 4 7 3 7 4 7 3. 8 0. 4 5 7 5 7 6 7 7 7 7 7 6 7 6. 2 0. 8 4 2. 4 0 6. 1 6 5 6. 1 6 5 6. 1 6 5 0. 0 0 0 6. 1 6 5 6. 0 9 8 6. 0 9 8 6. 0 9 8 0. 0 0 0 6. 0 9 8 - 1. 0 9 %

3 0 7 2 7 3 7 1 7 1 7 2 7 1. 8 0. 8 4 7 7 7 6 7 7 7 6 7 7 7 6. 6 0. 5 5 4. 8 0 6. 1 3 5 6. 1 3 5 6. 1 3 5 0. 0 0 0 6. 1 3 5 6. 0 7 0 6. 0 7 0 6. 0 7 0 0. 0 0 0 6. 0 7 0 - 1. 0 6 %
2 4 7 4 7 3 7 2 7 2 7 3 7 2. 8 0. 8 4 7 7 7 6 7 6 7 7 7 8 7 6. 8 0. 8 4 4. 0 0 6. 1 3 1 6. 1 3 2 6. 1 3 2 0. 0 0 1 6. 1 3 2 6. 0 6 7 6. 0 6 7 6. 0 6 7 0. 0 0 0 6. 0 6 7 - 1. 0 5 %

A v g 3. 7 3 - 1. 0 7 %

Kl e e n-fl o A ntifr e e z e E x p os ur e p eri o d d at e s: E x p o s ur e t e m p. [° C]: 5 0 ± 2 E x p o s ur e p eri o d [ hr]: 7 0

S a m pl e
H ar d n e s s 

C h a n g e

S T D

[ gr]

A v g

[ gr]

S T D

[ gr]

A v g

[ gr]

M as s

C h a n g e [ %]
I D N o H O 1 H O 2 H O 3 H O 4 H i 5 μ H o σ H O H i 1 H i 2 H i 3 H i 4 H i 5 μ Hi σ Hi Δ H M 1 1 M 1 2 M 1 3 σ M 1 μ M 1 M 2 1 M 2 2 M 2 3 σ M 2 μ M 2 Δ M

9 7 4 7 5 7 4 7 3 7 4 7 4. 0 0. 7 1 7 8 7 8 7 7 7 6 7 7 7 7. 2 0. 8 4 3. 2 0 6. 0 9 0 6. 0 9 0 6. 0 9 0 0. 0 0 0 6. 0 9 0 5. 9 6 2 5. 9 6 2 5. 9 6 2 0. 0 0 0 5. 9 6 2 - 2. 1 0 %

3 7 4 7 4 7 4 7 4 7 5 7 4. 2 0. 4 5 7 8 7 7 7 9 7 7 7 8 7 7. 8 0. 8 4 3. 6 0 6. 1 4 2 6. 1 4 2 6. 1 4 2 0. 0 0 0 6. 1 4 2 6. 0 1 0 6. 0 1 0 6. 0 1 0 0. 0 0 0 6. 0 1 0 - 2. 1 5 %

2 9 7 5 7 4 7 3 7 4 7 4 7 4. 0 0. 7 1 7 8 7 7 7 8 7 8 7 7 7 7. 6 0. 5 5 3. 6 0 6. 1 1 9 6. 1 1 9 6. 1 1 9 0. 0 0 0 6. 1 1 9 5. 9 9 1 5. 9 9 1 5. 9 9 1 0. 0 0 0 5. 9 9 1 - 2. 0 9 %

A v g 3. 4 7 - 2. 1 1 %

Us e of fi ni s h e d pr o d u ct g e o m etr y ( g a s k et), 

i nst e a d of st a n d ar d o n e ( c o u p o n, d u m b b ell, 

et c.). 2 0 0 ml of t est li q ui d us e d
A v g

St at e m e nt of c o n diti o n aft er e x p os ur e:

A v g

J ul 1 2 t o J ul 1 5

D e vi ati o ns:

H ar d n e s s aft er i m m er si o n

[ S h or e A]

M as s b ef or e

[ gr]

M as s aft er

[ gr]

N o di sti n cti v e d a m a g e w a s p er c ei v e d. A 

sli g ht w hit e ni n g w a s p er c ei v e d o n all 

s urf a c es aft er i m m er si o n.

Ori gi n al H ar d n e s s b ef or e 

i m m er si o n [ S h or e A]

I m m ersi o n li q ui d us e d:

M as s b ef or e

[ gr]

V ul c a ni z ati o n d et ail s

A v g

M as s aft er

[ gr]

J ul 1 2 t o J ul 1 5

H ar d n e s s aft er i m m er si o n

[ S h or e A]

 T e st d et ail s

Ori gi n al H ar d n e s s b ef or e 

i m m er si o n [ S h or e A]

I m m ersi o n li q ui d us e d:

H ar d n e s s aft er i m m er si o n

[ S h or e A]

M as s b ef or e

[ gr]

Air br a k e El ast o m eri c G as k et - Eff e ct of Li q ui d s / C h e mi c al C o m p ati bilit y R e p ort

T e st m et h o d T e st r e s ults

C R C A ntifr e e z e J ul 1 2 t o J ul 1 5

M as s b ef or e

[ gr]

M as s aft er

[ gr]

F ull d e s cri pti o n:

M as s aft er

[ gr]

Ori gi n al H ar d n e s s b ef or e 

i m m er si o n [ S h or e A]

Ori gi n al H ar d n e s s b ef or e 

i m m er si o n [ S h or e A]

Si m plifi e d g a s k et g e o m etr y

I m m ersi o n li q ui d us e d:

S a m pl e d et ail s

H ar d n e s s aft er i m m er si o n

[ S h or e A]

A v g

C R C A ntifr e e z e J ul 1 2 t o J ul 1 5I m m ersi o n li q ui d us e d:

1 6 1



Ori gi n: G E M M A Pl asti cs R ef er e n c e: I S O 8 1 5- 2

C o m p o u n d d et ail s: C R wit h f u m e sili c a T est m et h o d u s e d: M et h o d 1

C ur e d et ail s: 1 0 0 ° C T y p e of t est pi e c e u s e d: G as k et - n ot l a mi n at e d

M et h o d of pr e p ar ati o n: M o ul d e d T y p e of l u bri c ati o n: Sili c o n e oil

T est e d s e p ar at el y or a s s et ? S e p ar at el y

L a b or at or y t e m p er at ur e [° C]: 2 3

C o n diti o ni n g t e m p er at ur e [° C]: - 4 0

C o n diti o ni n g ti m e [ hr]: 1

R e c o v er y ti m e t [ mi n]: 3 0 ± 3

D ur ati o n of t est [ hr]: 4

T est T e m p er at ur e [° C]: - 4 0

C o m pr essi o n u s e d: 3 C- cl a m ps a n d vi c e

N o of t est pi e c es u s e d: O n e p er t est ( 3 t ot al) D at e of t est: 2 5-J ul- 1 7

T e st pi e c e I D 1 2 2 2 9

h 0 : I niti al t hi c k n e ss [i n]: 0. 3 1 5 0. 3 1 8 0. 3 2 2

h s: S p a c er t hi c k n e ss  [i n]: 0. 2 5 5 0. 2 5 7 0. 2 5 6

h 1 : T hi c k n e ss aft er t  [i n]: 0. 3 1 1 0. 3 1 0 0. 3 1 3

C o m pr e ssi o n S et [ C S]: 7 % 8 % 3 %

C S St a n d ar d D e vi ati o n, σ C S :

C S M E DI A N: 7 %

2. 5 5 %

T e st r e s ult s

Air br a k e El a st o m eri c G a s k et - C o m pr e ssi o n S et at L o w T e m p er at ur e

S a m pl e d et ail s T e st m et h o d

F ull d es cri pti o n:

Si m plifi e d g as k et g e o m etr y. T h e g as k et w as pl a c e d o n 

t h e l u bri c at e d c o m pr essi o n fi xt ur e l o w er s e cti o n's fl at 

s urf a c e, al o n g wit h t hr e e d o w el pi ns, a n d t h e n 

c o m pr ess e d wit h t hr e e c- cl a m ps, u p t o t h e all o w a bl e 

pi ns h ei g ht:

 T e st d et ail s

D e vi ati o n s or pr o c e d ur es n ot s p e cifi e d:

R e d u c e d ti m e t o 4 hr i n c o ol b at h ( dr y i c e + m et h a n ol)C o m pr essi o n fi xt ur e

1 6 2



Ori gi n: G E M M A Pl asti cs R ef er e n c e: I S O 8 1 5- 2

C o m p o u n d d et ail s: E P D M T est m et h o d u s e d: M et h o d 1

C ur e d et ail s: 1 0 0 ° C T y p e of t est pi e c e u s e d: G as k et - n ot l a mi n at e d

M et h o d of pr e p ar ati o n: M o ul d e d T y p e of l u bri c ati o n: Sili c o n e oil

T est e d s e p ar at el y or a s s et ? S e p ar at el y

L a b or at or y t e m p er at ur e [° C]: 2 3

C o n diti o ni n g t e m p er at ur e [° C]: - 4 0

C o n diti o ni n g ti m e [ hr]: 1

R e c o v er y ti m e t [ mi n]: 3 0 ± 3

D ur ati o n of t est [ hr]: 4

T est T e m p er at ur e [° C]: - 4 0

C o m pr essi o n u s e d: 3 C- cl a m ps a n d vi c e

N o of t est pi e c es u s e d: O n e p er t est ( 3 t ot al) D at e of t est: 2 5-J ul- 1 7

T e st pi e c e I D 8 1 9 3 0

h 0 : I niti al t hi c k n e ss [i n]: 0. 3 2 9 0. 3 3 4 0. 3 3 2

h s: S p a c er t hi c k n e ss  [i n]: 0. 2 5 6 0. 2 5 7 0. 2 5 6

h 1 : T hi c k n e ss aft er t  [i n]: 0. 3 1 1 0. 3 1 0 0. 3 1 2

C o m pr e ssi o n S et [ C S]: 2 5 % 2 6 % 2 3 %

C S St a n d ar d D e vi ati o n, σ C S :

C S M E DI A N: 2 5 %

1. 3 7 %

T e st r e s ult s

Air br a k e El a st o m eri c G a s k et - C o m pr e ssi o n S et at L o w T e m p er at ur e

S a m pl e d et ail s T e st m et h o d

F ull d es cri pti o n:

Si m plifi e d g as k et g e o m etr y. T h e g as k et w as pl a c e d o n 

t h e l u bri c at e d c o m pr essi o n fi xt ur e l o w er s e cti o n's fl at 

s urf a c e, al o n g wit h t hr e e d o w el pi ns, a n d t h e n 

c o m pr ess e d wit h t hr e e c- cl a m ps, u p t o t h e all o w a bl e 

pi ns h ei g ht:

 T e st d et ail s

D e vi ati o n s or pr o c e d ur es n ot s p e cifi e d:

R e d u c e d ti m e t o 4 hr i n c o ol b at h ( dr y i c e + m et h a n ol)C o m pr essi o n fi xt ur e

1 6 3



Ori gi n: C P W ar e h o us e R ef er e n c e: I S O 8 1 5- 2

C o m p o u n d d et ail s: N Y A B pr o pri et ar y T est m et h o d u s e d: M et h o d 1

C ur e d et ail s: N Y A B pr o pri et ar y T y p e of t est pi e c e u s e d: G as k et - n ot l a mi n at e d

M et h o d of pr e p ar ati o n: M o ul d e d T y p e of l u bri c ati o n: Sili c o n e oil

T est e d s e p ar at el y or a s s et ? S e p ar at el y

L a b or at or y t e m p er at ur e [° C]: 2 3

C o n diti o ni n g t e m p er at ur e [° C]: - 4 0

C o n diti o ni n g ti m e [ hr]: 1

R e c o v er y ti m e t [ mi n]: 3 0 ± 3

D ur ati o n of t est [ hr]: 4

T est T e m p er at ur e [° C]: - 4 0

C o m pr essi o n u s e d: 3 C- cl a m ps a n d vi c e

N o of t est pi e c es u s e d: O n e p er t est ( 3 t ot al) D at e of t est: 2 5-J ul- 1 7

T e st pi e c e I D 6 2 7 3

h 0 : I niti al t hi c k n e ss [i n]: 0. 3 8 2 0. 3 8 0 0. 3 8 1

h s: S p a c er t hi c k n e ss  [i n]: 0. 2 5 4 0. 2 5 9 0. 2 5 6

h 1 : T hi c k n e ss aft er t  [i n]: 0. 3 2 2 0. 3 2 6 0. 3 1 9

C o m pr e ssi o n S et [ C S]: 4 7 % 4 4 % 4 9 %

C S St a n d ar d D e vi ati o n, σ C S :

C S M E DI A N: 4 7 %

2. 7 4 %

T e st r e s ult s

Air br a k e El a st o m eri c G a s k et - C o m pr e ssi o n S et at L o w T e m p er at ur e

S a m pl e d et ail s T e st m et h o d

 T e st d et ail s

F ull d es cri pti o n:

D e vi ati o n s or pr o c e d ur es n ot s p e cifi e d:

R e d u c e d ti m e t o 4 hr i n c o ol b at h ( dr y i c e + m et h a n ol)

St a n d ar d g as k et g e o m etr y, A A R S p e cifi c ati o n M 6 0 2 

di m e nsi o ns. T h e g as k et w as pl a c e d o n t h e l u bri c at e d 

c o m pr essi o n fi xt ur e l o w er s e cti o n's fl at s urf a c e, al o n g 

wit h t hr e e d o w el pi ns, a n d t h e n c o m pr ess e d wit h 

t hr e e c- cl a m ps, u p t o t h e all o w a bl e pi ns h ei g ht:

C o m pr essi o n fi xt ur e

1 6 4



S a m pl e
S h or e A 

H ar d n ess

Di m e nsi o nl ess

H ar d n ess

Di m e nsi o nl ess

Y o u n g' s

M o d ul us

C al c ul at e d 

Y o u n g' s 

M o d ul us

C al c ul at e d 

C o m pr essi o n 

M o d ul us

C al c ul at e d 

C o m pr essi o n 

M o d ul us

MI 1 3. 6 4 I D H H Y E 1  [ M P a] E C 1  [ M P a] E C 2  [ M P a]

F 0 [ N] 0. 5 5 1 8 1. 6 0. 8 1 6 6 5. 9 3 1 3. 7 7 1 4. 9 4 5. 5 9

p 0 [ m] 0. 0 0 2 5 2 8 2. 0 0. 8 2 0 6 7. 6 9 1 4. 1 4 1 5. 3 4 5. 6 4

r [ m] 0. 0 0 0 3 9 5 3 8 2. 8 0. 8 2 8 7 1. 4 8 1 4. 9 3 1 6. 2 0 5. 7 4

4 8 2. 8 0. 8 2 8 7 1. 4 8 1 4. 9 3 1 6. 2 0 5. 7 4

Ori gi n: G E M M A Pl a sti cs 5 8 1. 8 0. 8 1 8 6 6. 8 0 1 3. 9 5 1 5. 1 4 5. 6 1

C o m p o u n d d et ails: C R wit h f u m e sili c a 6 8 1. 6 0. 8 1 6 6 5. 9 3 1 3. 7 7 1 4. 9 4 5. 5 9

M et h o d of pr e p ar ati o n: M o ul d e d 7 8 3. 0 0. 8 3 0 7 2. 4 8 1 5. 1 4 1 6. 4 2 5. 7 7

8 8 1. 8 0. 8 1 8 6 6. 8 0 1 3. 9 5 1 5. 1 4 5. 6 1

9 8 2. 6 0. 8 2 6 7 0. 5 0 1 4. 7 2 1 5. 9 7 5. 7 2

1 0 8 2. 4 0. 8 2 4 6 9. 5 4 1 4. 5 2 1 5. 7 6 5. 6 9

1 1 8 2. 2 0. 8 2 2 6 8. 6 1 1 4. 3 3 1 5. 5 4 5. 6 6

1 2 8 1. 0 0. 8 1 0 6 3. 4 1 1 3. 2 4 1 4. 3 7 5. 5 1

A v g o ut er r a di us, R [ m] 0. 0 1 9 1 3 8 1. 6 0. 8 1 6 6 5. 9 3 1 3. 7 7 1 4. 9 4 5. 5 9

A v g i n n er r a di us, r [ m] 0. 0 1 5 1 4 8 1. 6 0. 8 1 6 6 5. 9 3 1 3. 7 7 1 4. 9 4 5. 5 9

A v g Cr oss S e cti o n al Ar e a, A 0  [ m²] 0. 0 0 0 4 2 8 1 5 8 3. 2 0. 8 3 2 7 3. 5 0 1 5. 3 5 1 6. 6 5 5. 8 0

M e di a n ori gi n al t hi c k n e ss h 0  [ m] 0. 0 1 0 1 6 8 2. 4 0. 8 2 4 6 9. 5 4 1 4. 5 2 1 5. 7 6 5. 6 9

A v g S h a p e F a ct or, S F 0. 2 0 6 1 7 8 2. 6 0. 8 2 6 7 0. 5 0 1 4. 7 2 1 5. 9 7 5. 7 2

M e di a n N or m al F or c e, F N @ 2 5 % [ N] 8 5 4 1 8 8 2. 6 0. 8 2 6 7 0. 5 0 1 4. 7 2 1 5. 9 7 5. 7 2

S e c a nt M o d ul us, S M @ 2 5 % [ M P a] 1. 9 9 6 1 9 8 1. 8 0. 8 1 8 6 6. 8 0 1 3. 9 5 1 5. 1 4 5. 6 1

E x p eri m e nt al C o m p. M o d., E c e x p  [ M P a] 7. 9 9 2 0 8 2. 4 0. 8 2 4 6 9. 5 4 1 4. 5 2 1 5. 7 6 5. 6 9

A v g C al c ul at e d Y o u n g' s M o d, E c 1 [ M P a] 1 5. 5 8 2 1 8 1. 2 0. 8 1 2 6 4. 2 3 1 3. 4 2 1 4. 5 5 5. 5 3

A v g C al c ul at e d Y o u n g' s M o d, E c 2 [ M P a] 5. 6 7 2 2 8 2. 4 0. 8 2 4 6 9. 5 4 1 4. 5 2 1 5. 7 6 5. 6 9

P er c e nt Err or E c e x p  v s Ec 1 4 9 % 2 3 8 1. 8 0. 8 1 8 6 6. 8 0 1 3. 9 5 1 5. 1 4 5. 6 1

P er c e nt Err or E c e x p  v s Ec 2 4 1 % 2 4 8 3. 2 0. 8 3 2 7 3. 5 0 1 5. 3 5 1 6. 6 5 5. 8 0

P er c e nt Err or E c 1 v s Ec 2 6 4 % 2 5 8 2. 4 0. 8 2 4 6 9. 5 4 1 4. 5 2 1 5. 7 6 5. 6 9

2 6 8 2. 8 0. 8 2 8 7 1. 4 8 1 4. 9 3 1 6. 2 0 5. 7 4

2 7 8 1. 6 0. 8 1 6 6 5. 9 3 1 3. 7 7 1 4. 9 4 5. 5 9

2 8 8 1. 6 0. 8 1 6 6 5. 9 3 1 3. 7 7 1 4. 9 4 5. 5 9

2 9 8 3. 2 0. 8 3 2 7 3. 5 0 1 5. 3 5 1 6. 6 5 5. 8 0

3 0 8 2. 4 0. 8 2 4 6 9. 5 4 1 4. 5 2 1 5. 7 6 5. 6 9

F or t h e s h a p e f a ct or, t h e l o a d e d ar e a w a s c o nsi d er e d t h e 

g a s k et ri n g c or ss s e cti o n al ar e a, a n d t h e u nl o a d e d ar e a s w er e 

c o nsi d er e d t h e i n n er a n d o ut er r a di al ar e a s of t h e g a s k et.

S h or e A D ur o m et er N o mi n al V al u e s

S a m pl e d et ail s

F ull d e s cri pti o n:

Si m plifi e d g a s k et g e o m etr y

C al c ul ati o n r e s ult s

O bs er v ati o ns:

1 6 5



S a m pl e
S h or e A 

H ar d n ess

Di m e nsi o nl ess

H ar d n ess

Di m e nsi o nl ess

Y o u n g' s

M o d ul us

C al c ul at e d 

Y o u n g' s 

M o d ul us

C al c ul at e d 

C o m pr essi o n 

M o d ul us

C al c ul at e d 

C o m pr essi o n 

M o d ul us

MI 1 3. 6 4 I D H H Y E 1  [ M P a] E C 1  [ M P a] E C 2  [ M P a]

F 0 [ N] 0. 5 5 1 7 9. 8 0. 7 9 8 5 8. 8 4 1 2. 2 9 1 6. 5 7 7. 8 8

p 0 [ m] 0. 0 0 2 5 2 8 0. 4 0. 8 0 4 6 1. 0 5 1 2. 7 5 1 7. 2 0 7. 9 9

r [ m] 0. 0 0 0 3 9 5 3 7 9. 6 0. 7 9 6 5 8. 1 2 1 2. 1 4 1 6. 3 7 7. 8 4

4 7 9. 6 0. 7 9 6 5 8. 1 2 1 2. 1 4 1 6. 3 7 7. 8 4

Ori gi n: G E M M A Pl a sti cs 5 7 9. 8 0. 7 9 8 5 8. 8 4 1 2. 2 9 1 6. 5 7 7. 8 8

C o m p o u n d d et ails: C R wit h f u m e sili c a 6 7 9. 8 0. 7 9 8 5 8. 8 4 1 2. 2 9 1 6. 5 7 7. 8 8

M et h o d of pr e p ar ati o n: M o ul d e d 7 8 0. 4 0. 8 0 4 6 1. 0 5 1 2. 7 5 1 7. 2 0 7. 9 9

8 8 0. 2 0. 8 0 2 6 0. 3 0 1 2. 5 9 1 6. 9 9 7. 9 5

9 8 0. 2 0. 8 0 2 6 0. 3 0 1 2. 5 9 1 6. 9 9 7. 9 5

1 0 7 9. 8 0. 7 9 8 5 8. 8 4 1 2. 2 9 1 6. 5 7 7. 8 8

1 1 7 9. 8 0. 7 9 8 5 8. 8 4 1 2. 2 9 1 6. 5 7 7. 8 8

1 2 7 9. 6 0. 7 9 6 5 8. 1 2 1 2. 1 4 1 6. 3 7 7. 8 4

A v g o ut er r a di us, R [ m] 0. 0 2 3 1 3 7 9. 8 0. 7 9 8 5 8. 8 4 1 2. 2 9 1 6. 5 7 7. 8 8

A v g i n n er r a di us, r [ m] 0. 0 1 6 1 4 7 9. 4 0. 7 9 4 5 7. 4 3 1 1. 9 9 1 6. 1 8 7. 8 0

A v g Cr oss S e cti o n al Ar e a, A 0  [ m²] 0. 0 0 0 8 5 5 1 5 7 9. 8 0. 7 9 8 5 8. 8 4 1 2. 2 9 1 6. 5 7 7. 8 8

M e di a n ori gi n al t hi c k n e ss h 0  [ m] 0. 0 0 8 1 6 7 8. 8 0. 7 8 8 5 5. 4 2 1 1. 5 7 1 5. 6 1 7. 6 9

A v g S h a p e F a ct or, S F 0. 4 1 8 1 7 7 9. 4 0. 7 9 4 5 7. 4 3 1 1. 9 9 1 6. 1 8 7. 8 0

M e di a n N or m al F or c e, F N @ 2 5 % [ N] 2 4 6 7 1 8 7 8. 6 0. 7 8 6 5 4. 7 7 1 1. 4 4 1 5. 4 3 7. 6 5

S e c a nt M o d ul us, S M @ 2 5 % [ M P a] 2. 8 8 5 1 9 7 8. 6 0. 7 8 6 5 4. 7 7 1 1. 4 4 1 5. 4 3 7. 6 5

E x p eri m e nt al C o m p. M o d., E c e x p  [ M P a] 1 1. 5 4 2 0 7 8. 8 0. 7 8 8 5 5. 4 2 1 1. 5 7 1 5. 6 1 7. 6 9

A v g C al c ul at e d Y o u n g' s M o d, E c 1 [ M P a] 1 6. 1 6 2 1 7 8. 8 0. 7 8 8 5 5. 4 2 1 1. 5 7 1 5. 6 1 7. 6 9

A v g C al c ul at e d Y o u n g' s M o d, E c 2 [ M P a] 7. 8 0 2 2 7 9. 4 0. 7 9 4 5 7. 4 3 1 1. 9 9 1 6. 1 8 7. 8 0

P er c e nt Err or E c e x p  v s Ec 1 2 9 % 2 3 7 9. 2 0. 7 9 2 5 6. 7 4 1 1. 8 5 1 5. 9 8 7. 7 6

P er c e nt Err or E c e x p  v s Ec 2 4 8 % 2 4 7 9. 2 0. 7 9 2 5 6. 7 4 1 1. 8 5 1 5. 9 8 7. 7 6

P er c e nt Err or E c 1 v s Ec 2 5 2 % 2 5 7 8. 8 0. 7 8 8 5 5. 4 2 1 1. 5 7 1 5. 6 1 7. 6 9

2 6 7 8. 8 0. 7 8 8 5 5. 4 2 1 1. 5 7 1 5. 6 1 7. 6 9

2 7 7 8. 6 0. 7 8 6 5 4. 7 7 1 1. 4 4 1 5. 4 3 7. 6 5

2 8 7 8. 8 0. 7 8 8 5 5. 4 2 1 1. 5 7 1 5. 6 1 7. 6 9

2 9 7 8. 4 0. 7 8 4 5 4. 1 4 1 1. 3 1 1 5. 2 5 7. 6 2

3 0 7 8. 8 0. 7 8 8 5 5. 4 2 1 1. 5 7 1 5. 6 1 7. 6 9

F or t h e s h a p e f a ct or, t h e l o a d e d ar e a w a s c o nsi d er e d t h e 

g a s k et ri n g c or ss s e cti o n al ar e a, a n d t h e u nl o a d e d ar e a s w er e 

c o nsi d er e d t h e i n n er a n d o ut er r a di al ar e a s of t h e g a s k et.

S h or e A D ur o m et er N o mi n al V al u e s

S a m pl e d et ail s

F ull d e s cri pti o n:

Si m plifi e d g a s k et g e o m etr y

C al c ul ati o n r e s ult s

O bs er v ati o ns:

1 6 6



S a m pl e
S h or e A 

H ar d n ess

Di m e nsi o nl ess

H ar d n ess

Di m e nsi o nl ess

Y o u n g' s

M o d ul us

C al c ul at e d 

Y o u n g' s 

M o d ul us

C al c ul at e d 

C o m pr essi o n 

M o d ul us

C al c ul at e d 

C o m pr essi o n 

M o d ul us

MI 1 3. 6 4 I D H H Y E 1  [ M P a] E C 1  [ M P a] E C 2  [ M P a]

F 0 [ N] 0. 5 5 1 7 3. 2 0. 7 3 2 4 0. 9 9 8. 5 6 1 1. 8 6 6. 9 2

p 0 [ m] 0. 0 0 2 5 2 7 4. 4 0. 7 4 4 4 3. 5 5 9. 1 0 1 2. 6 0 7. 1 4

r [ m] 0. 0 0 0 3 9 5 3 7 4. 2 0. 7 4 2 4 3. 1 0 9. 0 0 1 2. 4 7 7. 1 1

4 7 3. 4 0. 7 3 4 4 1. 4 0 8. 6 5 1 1. 9 8 6. 9 6

Ori gi n: G E M M A Pl a sti cs 5 7 4. 2 0. 7 4 2 4 3. 1 0 9. 0 0 1 2. 4 7 7. 1 1

C o m p o u n d d et ails: C R wit h f u m e sili c a 6 7 4. 0 0. 7 4 0 4 2. 6 7 8. 9 1 1 2. 3 4 7. 0 7

M et h o d of pr e p ar ati o n: M o ul d e d 7 7 3. 4 0. 7 3 4 4 1. 4 0 8. 6 5 1 1. 9 8 6. 9 6

8 7 3. 8 0. 7 3 8 4 2. 2 4 8. 8 2 1 2. 2 2 7. 0 3

9 7 4. 0 0. 7 4 0 4 2. 6 7 8. 9 1 1 2. 3 4 7. 0 7

1 0 7 4. 4 0. 7 4 4 4 3. 5 5 9. 1 0 1 2. 6 0 7. 1 4

1 1 7 3. 8 0. 7 3 8 4 2. 2 4 8. 8 2 1 2. 2 2 7. 0 3

1 2 7 4. 2 0. 7 4 2 4 3. 1 0 9. 0 0 1 2. 4 7 7. 1 1

A v g o ut er r a di us, R [ m] 0. 0 2 3 1 3 7 2. 8 0. 7 2 8 4 0. 1 8 8. 3 9 1 1. 6 3 6. 8 5

A v g i n n er r a di us, r [ m] 0. 0 1 6 1 4 7 0. 8 0. 7 0 8 3 6. 5 0 7. 6 2 1 0. 5 6 6. 5 0

A v g Cr oss S e cti o n al Ar e a, A 0  [ m²] 0. 0 0 0 8 7 2 1 5 7 3. 2 0. 7 3 2 4 0. 9 9 8. 5 6 1 1. 8 6 6. 9 2

M e di a n ori gi n al t hi c k n e ss h 0  [ m] 0. 0 0 8 1 6 7 2. 4 0. 7 2 4 3 9. 4 0 8. 2 3 1 1. 4 0 6. 7 8

A v g S h a p e F a ct or, S F 0. 4 3 9 1 7 7 3. 2 0. 7 3 2 4 0. 9 9 8. 5 6 1 1. 8 6 6. 9 2

M e di a n N or m al F or c e, F N @ 2 5 % [ N] 7 9 0 1 8 7 3. 2 0. 7 3 2 4 0. 9 9 8. 5 6 1 1. 8 6 6. 9 2

S e c a nt M o d ul us, S M @ 2 5 % [ M P a] 0. 9 0 7 1 9 7 1. 6 0. 7 1 6 3 7. 9 1 7. 9 2 1 0. 9 7 6. 6 4

E x p eri m e nt al C o m p. M o d., E c e x p  [ M P a] 3. 6 3 2 0 7 1. 6 0. 7 1 6 3 7. 9 1 7. 9 2 1 0. 9 7 6. 6 4

A v g C al c ul at e d Y o u n g' s M o d, E c 1 [ M P a] 1 1. 8 4 2 1 7 2. 4 0. 7 2 4 3 9. 4 0 8. 2 3 1 1. 4 0 6. 7 8

A v g C al c ul at e d Y o u n g' s M o d, E c 2 [ M P a] 6. 9 1 2 2 7 4. 0 0. 7 4 0 4 2. 6 7 8. 9 1 1 2. 3 4 7. 0 7

P er c e nt Err or E c e x p  v s Ec 1 6 9 % 2 3 7 3. 6 0. 7 3 6 4 1. 8 1 8. 7 3 1 2. 1 0 7. 0 0

P er c e nt Err or E c e x p  v s Ec 2 4 8 % 2 4 7 2. 8 0. 7 2 8 4 0. 1 8 8. 3 9 1 1. 6 3 6. 8 5

P er c e nt Err or E c 1 v s Ec 2 4 2 % 2 5 7 0. 8 0. 7 0 8 3 6. 5 0 7. 6 2 1 0. 5 6 6. 5 0

2 6 7 2. 6 0. 7 2 6 3 9. 7 9 8. 3 1 1 1. 5 1 6. 8 2

2 7 7 2. 4 0. 7 2 4 3 9. 4 0 8. 2 3 1 1. 4 0 6. 7 8

2 8 7 3. 8 0. 7 3 8 4 2. 2 4 8. 8 2 1 2. 2 2 7. 0 3

2 9 7 4. 0 0. 7 4 0 4 2. 6 7 8. 9 1 1 2. 3 4 7. 0 7

3 0 7 1. 8 0. 7 1 8 3 8. 2 7 7. 9 9 1 1. 0 7 6. 6 8

F or t h e s h a p e f a ct or, t h e l o a d e d ar e a w a s c o nsi d er e d t h e 

g a s k et ri n g c or ss s e cti o n al ar e a, a n d t h e u nl o a d e d ar e a s w er e 

c o nsi d er e d t h e i n n er a n d o ut er r a di al ar e a s of t h e g a s k et.

S h or e A D ur o m et er N o mi n al V al u e s

S a m pl e d et ail s

F ull d e s cri pti o n:

Si m plifi e d g a s k et g e o m etr y

O bs er v ati o ns:

C al c ul ati o n r e s ult s

1 6 7




