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A high strength‘low aIloy steel ‘was:- fatiguedunu_»m“m

in different envxronments and the surface examined A

,in the scanning electron microscope to observe the'- -
i development of surface damage 1n the early stages of

fatigue. The wet hydrogen env1ronment tended to produce

a 51%nificantly coarser structure than the dry hydrogen y

. _
enVironment. Extrusions vere characteristic of this

-~

_ coarse type surface damage, &hereas cumulus formations,'f
;“which are likely to be regions of fine slip ‘'steps, .-
'developed extehmvel’ in the d;y hydrogen.~

| It was found that the Surface damage that occurs
"early in the fatigue life 1s very sen"tive to minor

’_variations in test conditions, and the possibility 2_

| :arises that trace amounts of oxygen play a major

1 role in these minor variations.
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INTRODUCTION L

: : Lo "s;
Metal fatlgue is the dlsconcerting phenomenon

that occurs\when a metal product fails 1n servrce

—a

condltions rn which the ultrmate strength, and often,( -;,

the‘overall yield strength of the metal has not been o

exceeded It is the unconsidered factor when somelliyf
3 old sallor says,."of courSe the rlgging is sound it-

proved 1tself why I've salled her hundreds of hours

I e »

~in the heaviest of seas w1thout a, hlnt of trouble.v

Metallurglsts generally break thls process down ‘-

rnto three stages. rnrtiatlon, the metal d ormation
| .

prfor to the formatlon of a crack, St&ge I, the prop— ﬁil

agatxon of a crack on planes of maximum shear stress

/

(slap planes), Stage II the propagatlon of a crhck on

0,
e — e s e

planes of maxlmum tens11e stress.

‘ Over the last thlrty years almost all experlmental '
f}]-studiés have been dene on Stage T and II crack prop-7 N
agatlon, and perhaps rlghtly so, as much of the fat;gue-&

life is spent xn these two areas and 1nformatlon-such
SRRTA

~as number of cycles to’ faﬁlure have a drrect practical
Jappllcat1on.‘In research studylng this area has fy@:

another advantage ln that a crack has formed i e. a -
tanglble defect with measurable charactérzstlcs, as “\‘~3

dlstlnct from the unfatlgued metal.~ f?_' '),fVL

-'.: w
L R . .

e



- roughened surface°topography, called herein, surface

L

olearly defined..~

'env1ronment on the surface damage caused by fatigue in

o

e ’HOWever the generation of S-N curves is. notwgoing
2

to_leaduto_any_complete explAnation”of,the metal_fatigue__mm”;

\
process. It is for this reason ‘that it is necessary

to prébe the initiation stage, to perhaps delay ‘the ;,;'Kw'?

—
" .

onset of the Stage I propagation. 7 ;.J'i 3 {;'?,

e TR
Fatigue crack initiation in smooth, polished

specimens inVOIVes the generation of a bharacﬂeristically

S N 9. z
.

fatigue damage mhis damage can eventually, by* creating

stress c0ncentrations, develop into fatigue cracks..In the

"'few articles that have been published on fatigue crack

1nitiation there is general disagreement as to the effect "f

that the environment ha§ on: the initiation..There is
‘e ) . l“.v,

N\ e
def;nitely an effect of env1ronment on the total number-'
of cycles to failureq hut whether this affects only the

Stage I and II propagation and not the initiation is npt

. -
L : [ - F‘.“-‘

Fatigue cracks usually initiate'from the surface .»ﬁvgygtﬁ»

of the metal as a result of localized reVersed plastic
deformation, The reaetions at the gaq-metal interface

under the dynamic sxtuation of plasticaily deformfnq

metal, are likely to- have an influence On the fatlgu?;:g

o - e

pr0cess. The prime object of this study, then, is tok w »}ggh’”

.l.

determine the effects, 1f any, due to changes in },"ﬁﬂf”“

R

a high strength, low alloy, fine grained steel..-
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e \Gta:ting with a clean smooth metal surface, tha ,Fﬁ

I
_,.__4,_7_‘_&'_‘,-_ ‘.
.o

time betweén the first fatigue cycle and the foqmation
qf a propagaﬁxng fatigue g?fEx is termed the initiation

oo e (g‘v .‘\.'“
(or nupieation) itage of ‘the fatigue protess e *’f L
fﬁ' In ﬁolycrgltalllne cogﬁ“% gt ldw stress (fat¥gue o

B o

,f'tife 106-10~ cyoles) specimens showed siip markings in the

;j, firdt few qycmes. Thegg ‘"ings gradually became qﬁr&a,'u,é

.' numerous and intéhse with‘time. i%e most intense slip
N R 4‘ i .

marklngs~persiéted through\electropolishlng which
erased ather sllp 1ines, and thus\que calle@ persistenhit'

j éaip bahas(l). At sone undefineaﬁ&e poznt duriug th‘?"Q!wL
stress cycling these perslstent %lip bands ean be termed

. A._ .

CraCkS Which syread to cher gra;ns of the nﬁterial. ;j§ﬁh*;

R
“‘.\, “‘-

Other wbrkers(Z) have‘fpund that extrusidn#. 3} ;'&'

_. thih ribbons of metal prétrudinq from the surface, fbrm
S;rly in %he fatigue life fromuxegions wheré slip‘has‘3
Occdrred Extrusions afé tormed in almost all materials B

L ,over a wide range of tqm@érature, and qre often if‘5fi

o

, accpmpanled by 1ntrusions, CrYStalloqraphically Orientgdhﬂfé
drevices or frssures,often parallel to the extrusi6n°(a) .
In some materlals, such as ccpper and"brgssg pares“fﬁf

-can be found in areas.correspond1ng to perststent slip

band§‘4)°_1t is speculated that tﬁese porbs are generated




-8 I L w , -
. o

in the persistent slip bands and,link:up to-eventually
\ R y. .

varm‘a'crack(s). ) F. o B

. If the strdin rangeléf a metal (eg.,cppper) is
increased during fatigne, with other factorsiheld
" constant, -the material~hardens untilra saturatian~
stress is reached ConVersely, if the strain range 1s

lowered, the metal will soften untll a lower saturatlon

(67

stress is reached This phenomenon is reflected

in the dislocation'substructure that forms. It has

been‘Shown_by Pratt(7{,ﬁhat thﬁ dislocation cell
size yaries inversely with the saturation stress.

The‘dislocation substructure inlrhe‘persisfent slip_
béﬂds appears~t0'be oharacteristic of a higher strain

“ amplltude than is the matrlx between the slip bands(S).-
So the panadox arises asvto why plastic deformatlon.'

- continues in the Sllp bands. , I

el For hlgh stacking. fault (easy cross Sllp) or wavy‘

i

slip materlals such as aluminum and copper, the dlsloca-

" tion structure of the perSistent sldp band appéars."ladder‘
rlike"(s) looking in fron the fatigped surface, and' |
Tcellular like" looking normai to_thehplanelof'rhe
uperSistent slip band For planar“slip‘materials, (low

. stacking fault energy) the bulk dlslocatlon array is.
:planar and ne persistent Sllp band’ structure in the

(9)

usual sense 1s observed



i »
I

Generally speaking, for face centered cubic metals
having high stacking fault energy, the bulk dislocation»

substructure consists of prismatic dislocation loops

l;

‘at low stress amplitudes and cellular structure at

" high stress amplitudes. For planar Sllp materials
™~
~multipole dislocation debris occurs at IOng life and

planar arrays at short fatigue“lives(IO).
At higher stresses-(104-105 cycles to failure) .

"Laird and:Smith(ll? found that for~relatively pure

aluminum, nickel, and copper, ‘the fatigue crack formed
in and propagated across grains except at the s orter

life of this range, where ‘the. dominant crack always
v ) ]

appeared to grow from a grain boundary The tendency

..

for 1ntergranular fatique cracks increases with increa51ng",

temperature and stress amplitude.

There is little doubt that the‘environment%affects
“the fatigue life ofpmetals.jSopwith and\Goughxlz), in
1935, tested specimens-in air and partial;yacuum and
7found that it was.necessaryftoihave airfpresenthto

obtain a short fatigue life. However, the effect of

]

Ve n .,

gaseous environments on fatigue crackrinitiation 1s L

far from resolved There are those who say the environment .

has a major effect on initiation, and those who~say_it

has no effect. Part of this discrepancy stems from the
nebulus,point,_“at;what*length does.a fatigue crack. e

.

become ‘a fatigue crack?", that is, whether the metal -

¥

°
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is 1n the propagatlon stage of fatlgue, or Stlll
-con51dered to be in the’ 1n1tiatlon stage. Most ‘of the
debate arisés from a lack of information, which=1n turn

\

~arises from the- dlfflculty 1n\gather1ng con51stent\data.

(1)3 cycled copper in nltrogen and

Thompson et al:
air and found, naturally, longer:lives rn_nitrogen. By
stopping the tests at different'interuals and taking
pictures’ it was concludedi'although\not with a'great
amount of confidénce,~that thelabsence of ongen‘had
little,effect on“the first apbearance of the persistent
Sllp bands, but the absence of oxygen d1d slow down the
ntran51tlon from per51stent Sllp bands to cracks.‘

;Broom .and Nicholson(l3) uorklngvon-alumlnum found‘v.
that changes in theuenéironment affected.initiation more
than Stage I growth. Bradshaw'and-Wheeler(l4) found the
opposite to be true. - o o R

' The oxide layer has been object of'much discussion‘

w1th regard o 1n1t1atlon. It was found that fétlgue

7

life of alumlnum 1ncreased w1th a decrease in atmospherlc '

13

pressure(ls). The explanatlon for‘th}s was thattln‘alr
the metal'surface is.strengthenedpby“the oxide layer: |
Thls lowers the rate at which dlslocatlons can esCape,
thus concentratlng dlslocatlons in the surface layer,‘.

: |
'enhan01ng the formatlon of v01ds and cavxty dlslocatlons.-

!
‘At low pressures the surface oxlde formatlon 1s small

allow1ng dlslocatlons to escape,,reduc1ng the formatlon

Of voids and:cavitiesy in addition the.linkage of-vbids

v



’ iS'retarded; It was,later found bthrOSSkreutz‘IG) o \_

A

ehowever, that the strength of the ‘oxide layer increases Y
in vacuum Thls phenomenon 1s most probably caused by a }\

‘ decrease 1n the water content of ‘the alumlnum oxlde.

This appears to be a more 11kely explanatlon of thel
-earller results. . |
. . ﬁ

There are other less dlrect methods of determlning
the effect of env1ronment‘on 1nrt1ation.‘Hordon(l7) has
concluded that because the crack nucleation phase was:

: 1nsen51t1ve to varlatlons in pressure and frequency, the
lnltlatlon of fatlguetcracks is not‘dependent on the~”
surroundlng gas env1ronment.-d | | |

h{18) ang Frost(lg)

" Wadswort found‘theifatigue?limit‘”
for steel'to be higher in a‘less_aggresSive enVironment.
.Cracks were found in thetunfailed-samples fhtigued in‘
'the neutral env1ronment at the fatlgue 11m1t ‘At thlS
same stress in alr,samples falled Therefore they

concluded that the stress to 1 1t1ate a crack is not

affected by the env1ronment.
h Wadsworth(ZO) vxewed copper after 1.8 X 10 cycles
at a stress where the llfe would be 5 x 105 cycles ln
‘valr and 107 cycles in. vacuum, and found that the samples/, .
Jappeared the same, except that the cracks 1n.the samples -
fatlgued in. vacuum were sllghtly shallower.

(21)

Smlth and Shahlnlan state: that on nlckel at



' : . . : o . . ,

300 C severe rumpling wgp noticed in vacuum and not in

”bloxygen at. high pressures (10. torr) ‘and that the formationpr

of surface extrusions and intruSions was accelerated

L ' L
- The debate continues w1th different wbrkers defining f

a crack at different stages. However virtually all. of the
literature encountered.reports the effects of the gaseous“
envrronment on crack initiation as a by product of . |

other 1nvest1gations. That is, 1nstead of the resolution

of this problem being a center of concentration, dispersed-'

bits of’ information are being generated while looking .

(<3

primarily at other phenomena. In this present project

'this problem was approached directly '

v S Tt ’ . ' .
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"+ EXPERIMENTAL PROCEDURE

8.

‘t MArsRIAL

| ‘The test materialrused was a low alloy, fine,
grained linepipe steel conforming to API standard‘)
SLX-X70. : _' | L _L'
o " A tensile test showed a yield strength of 71 000 psi.,

and an ultimate strength of 89 000 psi “in. the longi—

v’; tudinal direction.dparallel to the rolling direction)

The chemical composxtion*of the steel in weight

_— _ o o R
%, ';: ]Ladle; : .»V fCheck_ e

',percent, as provided by the manufacturer, is'

_Carbon o 7-fof1q., : ’~l,o,99%>:'_ -
Silicon - e 50%55'fh‘; '~‘7;0.25:>’ BN
Manganese : h;i';l;ﬁép'if fx~.;,1,48.‘
_ _Phosphorus 1 ;i-ﬁ‘fQ-letl fri”inO}blZ'Av
- sulpur P*4;i; il;xofdbzﬁ”ff 7l'?fd 062:
ijNi@ﬁiunf S uo;os"_g‘.'iig “0. 04
- “?nadiumv . u{A"_ob.lbo l}ffr_ 7'0 10
Alu;inum;r‘,;jjj' 0.0337 . *'o;pas'_'
_Copper -,?lﬁ»’,-,,.'ogsl ; fil.:,;_b.33r'
rﬁickei o “'tf“‘ 6{32- -
Carbon {‘f.‘:ﬂ .s‘f - v.r; o ‘
Equlvalent] S e 'f”,déio,:3
Check analys;s performed by Chlcago Spectro Ltd, ;_'g
courtesy of Dr. F. H. Vitovec.;f 1 ‘,H':n o |

carbon  0.09 0. 09 Nitrogen 0.007 0.005

2 S - e e M
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SPECIMEN PREPARATION f e L

~'rolling directlon Qf the mater1a1 The
f~g~an hourglass shape,threaded at. both.ends.

in Flgure‘

o
W

u

r*}ﬁ*F‘

'Fiéu?e”fle

After mAChinlng, the gage lengths of speclmens

yere ground 1n the lathe chucks with progressively

' flner 511§%one carblde paper (240 320*400 600) until

micron dlamond

_‘wasmthenj”t¢hqtﬁ caad

;/ ENC . >

S/

R — =
— X '5overa11 length.t .
— ‘R (radius of . curvature)
EEE “:fthread size:
= ﬁminlmum dlameter

ThefteSt‘specimen after notching,,l-

‘N

Mﬂas.obtalned.

: %
eplmens were

as described

.,'35‘-;L;‘
.dz'l/gn‘

3/8 NC-
-"}3/16"

ﬁl. The pol1shed end of the spec1men .

& Qﬂ gital 1g1ut10n and placed in an

10

A



h with a Vibrating engraver so the banding direction

3

optical microscope to determiné the banding orientation

(see below) The other end of each specimen was marked

‘would be visable to the naked eye. A number was also‘,
engraved on the speCimen for identification purposes.

Each speCimen was placed in a Servo Met spark

" cutting machine and a notch was cut at the center of

e

the gage length to a depth of abproximately 0.03 inchesy
using a 1/4" diameter brass rod as the cutting tool

SpeCimen was oriented so that the banding.planeowas'

f normal to ‘the base of the notch Minimum power setting

(range 7) was used to aVOid creating cracks on the notch
urface~-no cracks were ever observed during later
examination of the unfatigued speCimens.

The‘speCimens were;thqg,electropolished using a

P

chromic acid. The bath7temperature ranged from about

‘12 to 30 C dat a. potential of 17 volts. The anode was an
aluminum wire bent into an L shape w1th the short end

of the L running parallel to the notch. The solution

B was cool at the. start and slowly warmed up through

the electropolishing The speCimen ‘was - conSidered

) A
polished when the notch displayed a mirror 1ike finish
This usually occured between lS 45 minutes, depending

on the age of the bath and other variables. The specimens

e ]

°solution-of: 133 cc,facetic acid, 20 cc. water, 25 grams .

11



'jwere dlmen810nally analyzed usxng a Scherr Tumlco
.Optical Comparator at a. magnlflcation of 20 times.

‘The presence of the notch caUSes a sllght bendlng
" moment | during axial loadlng ‘and,. all stresses reported
herevare nomlnal i.e. are based on. the notched cross-—
_ section with no allowance made_for_the‘bendxng moment and;
stress'concentration caused by the notch or specimen
configuration; | o

TESTING SYSTEM.

The fatlgue tests were carrled out on a model 810

materlal test system (MTS Systems Corp ) machlne. This 'is .

a closed loop servo valve controlled hydraullc system. The

'system is very flexlble,gas ‘different test parameters,
such as fnequency, amplltude, load orx straln control are
.
ea51ly changed by means of. the electronlc control panel.‘
A frequency of 1 Hz. was used for all tests.
An env1ronment chamber was constructed of‘luc1te'
‘ and sealed over the MTS grlps by two 0~r1ngs; Part

way through the exper1mental procedure a .gas sampllng

"port was 1nstalled u51ng a,mylar seal..g

'For dry hydrogen testlng, bottled (99 99%) hydrogen}.

vgas was. passed through a cold flnger 11qu1d nitrogen
trap (for conden51ng water) 1nto a large pressure flask
where a small relatlve humxdlty gage was 1nstalled The
gas was then routed through the sample chamber. The
swaste gas was bubbled through two 011 traps to prevent

B O

any atmospherlc gas from back dlfquLng 1nto the system.

-

12
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All connectlons were made with standard tygon tubing.

For wet hydrogen testlng the cold trap was fllled

r

with water and a heater 1nstalled externally to increase

o

vthe relatlve humldlty. 'w .
. The gas sampling was done u51ng ‘a sealable valve .
’type hypodermlc é&ringe The gas was then analyzed by

us;ng a HewlettvPackard Model 5830 A gas chromatograph.

Figure-_z. Theafatigue-test system, showing

the’MTS{'microscope, humidity gage -~
;_.and ‘other components of the gas - .
'7'tra1n. : 3 - o S ,



TESTING PROCEDURE '

!-.

Initmally, push- pull fatigue tests were . conducted to

determine the fatlgue llfe at varlous stress amplitudes..' BRE

For these-tests the spark machlnlng of the notch had

not been lncorporated 1nto the testlng procedure and
_surface marklngs were not apparent prlor to fallure.

Thls was attrlbuted to~the\work hardened surface layer
‘ of the metal. It was thought that thls layer, caused by -
the machlnlng and grlndlng, was- too thlck to be removed
by the llght electropollsh H |

B Spark cuttlng a notch and electropollshlng the
notch surface permltted the observation of fatigue damage
_‘after 2, 000 cycles between a peak tenszle stress of | ‘.
73 000 p51. and a peak Eompre551ve stress of 31 000 psl. .
-Test spec1mens were then run to’ fallure under dlfferent
env1ronments. Some of these test samples were removed

from the MTS, examlned and photographed at varlous |
n‘stages of the fatlgue llfe. Large photographlc collages
~lof the notch surface were made. Thls allowed ‘one to-
f1nd the same area and be able to pos1t1ve1y 1dent1fy
;,1t a’ few thousand cycles later. Slx samples were run ‘to; )
fallure, three in alr, one 1n dry hydrogen and onelln P
‘011 These 1n1t1al tests showed a fatlgue llfe of
‘ approxlmately 1 X lO4 cycles at +73 000 to -31 000 psi..

’Slnce one of the prlme objectlves of thls study

_was to determlne the effect of env1ronment on the develop-"'



e

'ment of surface fatigue damage, limited cycle tests:
were conducted From the initial tests it was determined
\cthat 4 000 cycles bétween 73 000 p51 tensxon and . “
'431 000 psi.-compre551on gave a large number ofoatigue

markings and no’ multigrain fatigue cracks. Thus,twenty-'

4

five spec1mens were prepared for these 11mited cycle W

R

”tests;fwhich were performed in three atmospheres.~} ,b;';fl

wet ‘and ‘dry hydrogen, and air. o _' R ";;[

The env1ronment was monmtored by the relatiVe humid-

y

1)1ty gage. After purglng the system wrth the prepurified ,
_ hydrogen ‘to a p01nt where the humidity approached Zero or

100% the test was con91dered ready to run Gas analysrs =

was introduced at specimen number 20 in order to certify

whether or not thls control was sufficient. ‘A llst of

tests run is given in Appendix I. ,‘ o

i

EXAMINATION METHODS

ptical microscopy was used to compare the results

f,of the scanning electron microscope and microstructural

BN

zfexamination of the original material. A specral optical

‘-

';microscope stage was built on the MTS in order to monitor

fthe fatigue damage as the tests progressed.

A spec1al stage was also built on the ISI ‘Mini

o

'Sem—S scanning electron microscope 1n order to accommodate

' whole fatigua spec1mens. Thus a sample could be fatigued,v"

examined, and the fatigue then continued This turned out l

L - , P

D

1s

LA



to be a much superior method than the mounting of tha

‘opticalﬂmicrqscope for the viewing of progressive

SR _.:.,j,_,__r_. P B S S %

damage R

' A standarized procedure was adopted for vieWing fﬁ;;AV;
o ‘
speCimens in. the SEM This cdhsisted of placing @he

¥
middle of the notch in the center of the field of view‘

at a magnification of 30X then uSing higher magnifioatingff
';to examine this area in more detail Fur hermore large

‘jcollages of photographs were taken/so as'to COver approxi-f’t'
LA \1\ i -/
V.mately 25- 50% of the w1dth of the noﬁch at the approximate e

.fregion of minimum,crOSs seption. This ensured that

‘gobservations on all specﬂmens were unbiased representatiVe

'5and corre%ponded to the Same stress amplitude.‘f;f

Useqof the transmiSSion electron microscope was »

":also aﬂtempted Unfortunately the small waist of t:he“':~

o

:;hourglass SamplL made replication very dlfflcult, and

:the higher magnification supplied Q§ the transmission

:

gelectron microscope was not needed for this study.“,%iajfht;?’

!fThus, the primary tool for examining the mEtal spec1mens ]ijff

. ‘.'3

‘was. ghe scanning electfon micréscope.‘ﬁf;7 vmqf?
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51mila§ to Figure 3‘
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mmnm mcxosmuc:wm: e S
vbbﬂ Samples of the as. received xw7o steel were. prep&red

K

and examxned ta ascertazn the mxcrOstrhcture._A squa:e

metallographia\sample was prepared,icarefullyupolishad

'on three sideb and then etchea in a 2% nital éoluti&u.-

. ‘,»:.

Thls sample showed that the steel had a banded structure a

” ':ffF1gune 3. Shé&xng e banded structure of- the R
‘ : same x material Approxlmately 100X, e

.
[




o

The bands were spaced approxlmately 25- 75 microns

‘ n

» apart oriented parallel to the rolling plane and rolllng_

'dlrectlon of the orlglnal materlal
The matrlx matermal was ferrlte w1th the bands
made up of elther pearlite or a "marten51te type

structure, U51ng the nital etch and a light optlcal

mlcrosc0pe the pearllte appeared'darker than the ferrite.

matrix whlle the marten31te" appeared more dlspersed

o

and had a much finer graln size (Flgure 4).

“

Figdre 4 Show1ng diamond pyramld hardq;ss 1ndents
in the three phases present. 600X.

3

18
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At a power of S)OOO times the image in the scaﬂning

electron microscope clearly‘shows pearlite with £he

cuggbﬁary lamellar sffucture_(Figure 5). The'ferrite

and the "martensite"‘;ppear éimilar, excepg that the

ferrite.is ag;ackéd more rapid}y by the etch giviqg

< . “ . ) "
the "martensite" ‘a slightly elevated surface (Figure 6).

K 'Fig@re 5. Showing the etched peérlité‘at a

magnification. of 5,000 times.

19



& -

Figure 6. Showing the etched "martensite" at
' " a magnification of 5,000 times.
i n o~
Diamond PYramid Hardness tests of the phases Were'
performed w1th a Reichert Mlcrohardness tester ' The

average DPH values in kg/mm2 are as follows:

T
'

‘Indentation load . Ferrite | Pearlite , "martensite"

20 grams . 192 283 * 386

35 grams - - 205 . 248 | 336

20

ReRTY
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The hardness values for ferrlte and pearlite
correspond well thh reported data(zz). The unresolved
‘ phase has been termed "marten51te"_as its hardness

agrees with- the hardness for marten51te as glven

(23)

by Bain. . However, ohly electron transm1531on

‘\‘

mlcroscopy would prov1de b051t1ve identification _ o

of the phase.



SURFACE DAMAGE CAUSED BY FATIGUE

Types of Damage. , .
Scannlng electron mlcroscopy of the surface of
the fatlgued samples revealed that the surface damage

caused by fatlgue developed as-a spectrum with one. type

of damage merglng 1nto another. At one extreme of thrs

'spectrum was extru51on formatlons and, at the other, wispy

R4

cloud-like structures-whlch shall be referredvto as

cumulus formations. The majorlty of the fatlgue marklngs‘

were 1ntermed1ate, posses31ng some characterlstlcs of
both the extru51on and cumulus formatlons. Flgures 7 to 9
‘ B

show the spectrum of fatlgue damage that was seen to s

occur whlle fatlgulng in the dlfferent envxronments.

Flgure 7 Extru510n format;ons at’ 700X
fatlgued 1n wet hydrogen. 4 000 cycles.

. . . . . .
. . "

LY
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Figure'

ﬂ;

Intermedlate type of fatlgue damage 700x
‘wet hydrogen ‘4,000 cycles (top) . '

.d;y«hydrogen ‘4,000 cyc}es (bottom) o
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Figure .9. Cumulus formatlons at 700X :

,’«_-dry hydrogen 4, 000 cycles. :

9?'»t S0t

poThe main characteristlcs of these types of damage
:.w1ll flrst be descrlbed Thls w111 be followed by -
descrlptlons of the fatlgue test condltlons which
‘caused‘spec1f1c surface appearances." o S ;

. Extrus1ons started early in’ the fatlgue test ase
‘small bumps or rldges on. the metal surface. As the

-test contlnued some of these became well deflned
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extrusions which képt'growing in length and’amountvof”
" metal extruded This continued until a crack developed in
\\or be51de the extru51on.vThese cracks were. usually in ”')
:,‘lanewwith the extrusxon,"however"Figure"10 'showS"many‘
 small cracks at slightly dlfferent angles than the
extrusion. Cracks contlnued to: grow and link together
'untll, out ofrmany p0551blllt1es,~a fatal crack formedf
Extrusions generally‘formed in groups where‘they
tended to be parallel to\one another,at an angle to the
normal stress. However the 1ntersect10n of extrusions
. at rlght angles was not uncommon..In ‘these cases ‘one..

extru51on would arrest the growth of the. 1ntersect1ng

].extru51on ‘as shown in Flgure 10 .

“'

'~ Figure - 10 A -well developed extru51o nd the
o E accompanylng cracks or flssures.s OOOX
o - 68 000 cycles fatlgued 1n alr.

> .-



The cumulus formations appeared similar to small
thin cUmulus'clouds as viewed:directly overhead. They
were‘globular'inashape and were~sharpl§ distinct from
‘.the Background{rAs:the c?ciing proceeded the cumulus_ -
-formatlons d1d nor 1ncfease in size as the extru51on

formatlons diqg, but d1d appear to grow somewhat less'

,hazy-as the test‘contlnued New formatlons contlnued to

~appear as the number of cycles lncreased Whep viewed at ;

high magnlflcatlon w1th ‘the scannlng electron microscope

. the: cumulus formations eth%lted a mlxed crlss cross
.Qu

structure as seen in Flgure 11.
Bl ' : ’
Qu«

. Figure 11. A cumulus formation at 5,000X.
| dry hydrogen 4,000 cycles.;;

-] . -~
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-

A large portlon of ‘the fatigue damage was .
'
flntermedlate in nature Some areas showed an extru51on-

like structure'w1th a randbm orientation (the extrus1ons'
were often dlstorted when compared to the 1onqlgven
extrusxons of the extrusxon formatlons), 1n‘%&hev
areas the damage had geflnlte boundarles and ogientatlon,
sometimes resembllng expanded mesh steel (Flgure ‘12).

~ As w1ll be dlscussed later all fatlgue samples

showed the entlre range of features to varylng extents.

‘ #Figdre 12 ntermedlate fatlgue damage 5, OOOX.
| . dry‘hydrogen at 4,000 cycles.



Relation of Surface Damage to Microstructure:
As prev1ously noted large collages of the fatlgued
metal surface were produced. These plctures showed

o

fatlgue damage but no 51gn1f1cant mlcrostructure 51nce |
\\¥#;he spec1men surfaces had been electropollshed prlor to -
atlgue. However, on‘ of the fatigued spec1mens was

etched and rephotographed Thls clearly showed‘the'

pearllte and ferrlte mlcrostructure but erased most of - the

+  fatique damage. Thus a transparency was - placed over the

as fatlgued" collage and some of the extrus1on and
cumulus formatlons Were traced on the. transparency

; This was then Superlmposed dver the etched collage allow-
ing one to note the locatlon of the fatlgue damage in
relatlon to the ferrlte and pearllte.

Most of the'extru51on-type'formations'occurred in the

ferrlte although there were a few 1nstances of extruSLOns

formlng 1n the pearllte All the cumulus type damage

was seen to have orlglnated in the ferrlte.

Effect of Env1ronment on’ Type of Surface Damage.

." The 4, 000 cycle ‘tests, whlch were de51gned to
dlstlngulsh the effect of environment of fatlgue crack
1n1t1at10n, showed that 1n the. samples fatlgued in. |
dry hydrogen cumulus formatlons predomlnated (Flgure 13}.

The wet hydrogen env1ronment produced malnly extruszon

formatlons (Flgure 14) . The air environment seemed

‘

28
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_to be léss spééifié’producing é balanced mixture of

extru31ons and cumulus formations It mﬁst'be‘nOted

’

that all types of damage were observed to some extent : ,'. '

in all spec1mens and the above observatlons, while
o - " :
\deflnlte, are trends..

>



'.-Cumulus fomtions in dry hydrogen.
-‘4 ooo cycles 4oox._5_--;f- & sl

St
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Effect of Environment on Amount of Surface Damage:
'The amount of fatigue damage was considerably

Iess con51stent than the type of damage. The early

tests showed that an atmosphere of dry hydrOgen would
—“c .
‘ produce the most damage, air would produce the least .

am%gnt of damage and wet hydrogen was somewhere between

the two extremes, _ ‘ 0 . o ,

L}
v’

o

It then became apparent that if'two‘tests were
run‘successively in dry hydrogen the seconditest showed
‘'almost no damage. If three tests were run successively

in wet hydrogen the first‘showed a normal amount of |
fatigue damage, the second two’showed?virtualiy no

damage (Flgure ‘lsi Thls seemed to 1nd1cate that on’ - e
“start up tests. somé air was strll present 1n the_
env1ronment system. Tests were therefore conducted in -
1wh1ch the system was purged hours before the stress.

‘;cycllng was started Some of these tests showed a normal

‘amount of damage and some showed almost none.

7'$‘ Gas chromatographlc anaIXSlSUOf the env1ronment
1nd1cated that the system stablllzed approx1mately
"oneuhour after the gas flow started In the stablllzed )
vcondrtlon the dry hydrogen atmosphere had a n1trogen .

'content of less than 0. 43 and the wet hydrogen atmosphere

had a nltrogen content of less than 0. 2%. In both cases

>0
e
(=8 J



Figure 15. Slight fatigue damage. 400X
wet hydrogen 4,000 cycles.

.
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Ithe'oxygen was below the detection limit of the gas

.oxygen would also be[present

" could have resulted from a change ih oil temperature,

34

chromatograph. Assuming that the ‘nitrogen was from

© . . ! . ' _ . d .
the atmosphere, it would follow that one fifth as much

There are many variables in the materlal test-

environment which could have been respon51b1e_for this

inconsistancy.
Spark Cutting left a variable‘surface finish

which requlred dlfferent amounts of . electropollshing

,to remove. The electropollshlng 1tself varled somewhat

-

‘in temperature, anode-cathode distance, and age of the

" bath. The time difference between‘electropolishing‘ .

and .use of'the sample varied fhis could'have allowed.
a dlfferent type of oxide film on the surface.

The samples could have been bent somewhat 1n the
machlnlng process. Thls would then lead to: asymmetry ,.
1n grlpplng the sample,whlch could have left the notched

.51de of the spec1men under compre551ve or ten511e

're51dual stress. No V151bre bendlng was observed.

Slnce the MTS is a closed loop servo valve system

. some changes in the stress wave 1mposed on the sample k

or theuamount of dither. ‘

/It 1s assumed that most of the re51dual a1r diffused

in through the tygon tublng Changes in the amount of

p051t1ve hydrogen pressure couLd have an effect on the

amount of.res;dual air.
. . . bl
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The Effect of Surface Roughness.
Although all samples were. electropollshed to a

mirror-llke finish, some dlfﬁerences in the surface

. texture ‘were apparent. This surfacegexture had a_marked

[

effect on-the'fatigue‘damage Those samples hav1ng a.

pebble- llke surface at a magnlflcatlon of four hundred

tlmes showed shorter chunkler extrus1ons,and the

cumulus‘formatiOns were smaller and not as. well formed.u
r

‘Surfaces which appeared smooth at the same magnlflcation

gave way to the type of fathue damage prev10usly
mentloned.

nTests Run'to Failure:

The results of tests that werd run to failure

agreed with expectatlons based on t type‘of-fatigue
damage v151ble at 4, 000 cycles. On a sample tested in

dry hydrogen, whlch falled at 24,000 cycles, the surface

-showed very few subs1d1ary cracks. The wet.hydrogen ) ‘ﬁ-'
- sample fa;led at 19, 500 cycles.:Thls surfaceishowed
T a 51gn1f1cant number of subsldlary cracks. The sample

-.fatlgued 1n a1r falled at ll 500 cycles and, 11ke the

wet hydrogen sample,'lt,showed many subsidiary cracks.‘

Although there were not enough tests done to be conclusive

‘these tests indicate as expected that the cumulus type.

formations are not as able to initiate a fatigue crack

as are the_extrusiongtype'formations.

- 35
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" Figure 16.

Showing the path of g'gaeigpe;ciack.

R

. ®

fatigued in phﬁ_?SQ,_ 000 cycles 400X.

. .



_himlcroscope (Fzgure .16) Thls showed that the propagatlngh*." 

-
-

A sample that was run to fallure was etched in a

j2% nltal solutlon and v1ewed in the sCannlng electron'

'fatxgue crack generally tended,as much as p0531b1e,to

. avoid crossing the pearlite. Thls was not a fixed rule,

-

as Flgure 17 shows a fatrgue crack crossxng the
f}pearllte both acrossrand between pearllte Colonles.'It 1s

f'important tq note here that the structure below the:‘

'

surface is unknoWn and could be‘dlfferent ‘than that on

the Surface.

’ ol ’ B . . I

-Figure "17. Showing the path of a fatlgue crack
' fatlgued 1n ‘air 68, 000 cyc1e§?3 OOOX

37



DISCUSSION h

¢

THE'SCANNINGJELECTRON~MICROSCO#E'

scanhlng electron mﬂcroscope (SEM) was used
exten51vely for studylng the metal surface. The large
depth of fleld hlgh resolutlon, easy sample preparatlon
and range of magnlflcation ‘made thls tool superior to

o

both the optlcal and the transmlssion electron. mlcro— .
scopes for the purposes of thls study However, the
.lmage presented on the cathode ray tube of the SEM ‘is an

art1f1ca1 representatlon of the metal surface and
consequently some of the operatlonal characterlstlcs of
the mlcroscope affectlng the results of thls work must
be cpn51dered before discu551on of the results. '

The ba51c operatlon of thé Lcannlng electron mlcro- ‘
t.scope(?4 25) depends on the\ablllty of local areas on the.fq
metal surface to emlt secondary electrons as a result of =
\a beam of prlmary electrons strlklng the surface 1n a.
raster pattern. An area of hlgh secondary electron |

-emission- 1s represented on thés cathode ray tube by a’

brlghter spot than an area of low em1551on. Thus the

o
-

‘ 1mage of- the spe01men is. 1n fact a map of the 1nten51ty
.of secondary electron_emlssion; fortunately thls ;s,an.
| excellent'approXinatiom of-thersurface, as a hole or ‘
groove does not allow electrons to be emltted as well
as does a. rldge or hill on ‘the sample surface. Sharp

thrn protruslons oriedges are the best emltters.vThls
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PgiveS.wellfdefined_outlines“to the topoqraphic:surfaceb7“;::>
| features. o yi ‘ii”. o S ’ hl~. ;

In the SEM, the electron collector (usually 1ess ' d”l_
'than 0 5 1nches in dlameter) is posrtloned to one s;de |

of the sample..When v1ew1ng a partlcular surface feature

‘the 51de that faces the collector w1ll appear brlghter

D

vlthAn the 51de that faces away from\lt .There is a blas .’

voltage applled between the collector and the sample
‘:égu51ng electrons to be drawn towards the collector.,

The emltted electrons have less chance of belng reabsorbed
'by the metal surface 1f they .can .go., directly to the |

collector rather than curv1ng around some topographlc
.;feature, thus the 1mage appears to have shadows as 1f
:yllght were shlnlng on the surface flom -an anglea.

*Wheh the beam of prlmary electrons 1mp1nges on the

h sample the elbctronsnpenetrate the surface. Some of ‘
| 5thefe electrons are backscattered, some are emltted
"aslsecondary electrons and<others flow from ‘the spec1men
to ground as "sample current The secondary electrons;}
. are of a low energy usuaLly less than 50 eV..and are. 3
'/caused by lnelastlc c011151ons between the‘pr1mary TR ;-'
5(aﬂg/or backscattered) electrons and the atoms ln ‘the - -
' spec1men. The "escape depth"’ or "1nformatlon depth" - ;ﬂ

A

_7from whlch the: secondary electrons are emltted is 1n T

.the order of 100 SOOA for most metals(ze). An 1ncrease\.

\ 0
tn the voltage of the prlmary electrons (1 e. the

L

- o . it -

\ -
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‘accelerating voltage of the SEM) causes more secondary
electronsrto be generated andla deepér depth of penetrae
.tlon. However the deeper 1nto the metal the secondary
» electron is generated the less chance lt has of belng
emltted from the_surface; Thus as the beam voltage
‘lncreases,.the.Secondary,electron'emlsSLOn 1ncreases to
a'makimum beyond which'it decreases. I

U51nq this lnfprmatlonwlt is ea511y seen why the
surface features orlented at other than rlght angles.
Ato the prlmary beam are stronger emltters ‘than surfaces'
of normal 1nc1dence The reglon in the sample where. the
prlmary beam exc1tes secondary electrons is closer
. to a free surface allow1ng more secondary electrons to
be emltted ThlS is the most lmportant cause of: topographlc
,contrast in the SEM. | | |
' As ‘the. atomlc number of the sample decreases, the

penetratlon of the electron beam 1ncreases, thus fewer

secondary electons are emlttﬁd unless a lower acceleratlng
’ 13 . . ) e

voltage is used. o [

- The other fﬁ%%or whlch affects the emlsSLOn of
.secondary electrons is the ease with whlch they can leave
;the‘sample surface Insulators,fsuch as’ A1203, have the
-hlghest yleld of secondary electrons emrtted per unlt of
primary electrons. The semlconductors have a somewhat -

lower yield and metals have the lowest.
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'However, 1nsulators allow an electrlcal ‘charge to build
'up on the spec1men If the secondary electron emission
1s less than the prlmary electron beain mlnus the back

| scattered electrohs, the sample w1ll become charged
negatrvely repelllng the incident prlmary beam. The
'sample w1ll accumulate a negatlve ¢charge untll the
energy of ‘the 1nc1dent electrons approaches zero. If
the\ratlo of the secondary electron em1551on to prlmary
electrons mlnus the backscattered electrons is greater
than one the sample w1ll charge posxtlvely Clearly, the
potent1a1 of the 1nc1dent electrons w1ll increase until’
, the penetratlon becomes 50 great that an equlllbrlum ls
‘reached This equ111br1Um prlmary electron beam voltage
commonly lies in the range of 1 to 10 kev.

_ These, then, are the factors. whlch must be consmdered
Cin- 1nterpret1ng SEM 1mages of the surfaces of fatlgued
spec1mens.

y Before dlscussxng the surface observatlons, it 1s-
_necessary to conSLder the nature of electropollshed

steel surfaces and, in partlcular, the characxerlstlcs

of the thln oxide layers whlch are llkely to be present. :



» THE O;)DE LAYER S %

o . -,

There are six dlfferent types of 1ron ox1de that :

- farm on steel(27)7 two crystalllne structures for FeO, oL

one for Fe304,_and three for Fe203( Slnce water was '«
‘used in the electrOpollshlng solutloh and also to rinse |
the - samples 1mmed1ately after the electropollshlng,b
thenllst of p0551ble reaction products can be extended

to include all oossible'forms of hydroxides and hydrated

iron oxides.

ot

(28) after exposure to a1r, iron

It is known. that

devekmws anoxmde flim of 6 to 12' A in a few seconds

. and reaches a 11m1t1ng thlckness of 25 to 40 A after

several-months. Only dlrect analysis would prov1de
-conclu51ve 1dent1f1cat10n of the ox1de film formed

on the spec1mens pertalnlng to thls work because of

the many varlables affectlng the formatlon of the

oxide. However, 1n the 1Lght of a vast amount of prev1ous
work(29 30), it 1s‘reasonable to assume that the oxide

| film before fatiéuihg is made.up of Fe304 under’avlayer .

of a spinel-type Fe203 contaln;ng some water.,The

relatlve thlcknesses of the two layers cannot be estimated

' w1th°any confldence, In addltlon oxide whiskers may
form as discussed below.
It is now p0551b1e to lnterpret the SEM 1mages

of the fatlgue damage.
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' FATIGUE bAMAGEﬂ
- Extruslons were ldentlfled as such by taklng sets
"of two plctures dlfferlng only in. the 1nc1dent angle )
| of the électron beam. These stereo pairs clearly showed
.materlal Juttlng out of the fatlgued surface when
yobserved in the stereo viewer Thus the interpretatlon ’
of the extru51on appearance is stra}ghtforward |
_ More dlfflcult to 1nterpret, is the appearance
.of cumulus formatlons, the globular areas of enhanced
'emlSSlon on the metal surface. Within these overall lt;’
brlght areas were: llnes or troughs as seen in Figure ll.
- This could 1nd1cate that the metal surface had a large

number of sharp topographlcal features, eg. flnely spaced

43

Sllp steps. Thls is certalnly the most obV1ous 1nterpre- f:fdv

\

tatlon of the cumulus formatlons, however 1t is not the

¢

’ only one.a v.»" e 'f/

Other pos51ble explanatlons lnvoke the character-1 ‘ -

<

'istlcs of the surface oxlde layer. Flrstly, the oxlde
_could be much rougheriln ‘some’ areas than 1n others, glVlng
_brlght reglons 1n the°SEM; Secondly, whlskers of metal
d"oxlde have been shown”to occur on lron. Much w1der and t
’longer oxlde whlskers_form 1n a 10% water-Ar system than

_a dry ( 79 C dew p01nt) oxygen environment at 450 C(3l)

If whlskers started tq grow on the oxlde they would be Co



' roxxdlze the lron.vTherefore the cumulus formatlons

'expected to be thlnner and sharper in the dry hydrogen.

.Thls would cause brlghter areas 1n the’ SEM hence the

.
-

"“fappearance of- cumulus formatlonsr. - w.,f‘,c:nrlx, ;_t;g;iﬂm;a

Altefﬁatlvely, diQferent oxides could be nucleated

‘~1n dlfferent_areas. Slnce the amount of sec0ndary emlssion
changes wzth..he propertles of the oxlde, this muet be.
con51dereda The two oxldes have very dlfferent electrical
:fhiproperties, Fes-o4 hav1ng an electrical conductavxty of e

'10 mho/m whlle Fe203 is llsted at %/7 x 10 mho/m(27)

' ylslnce secondary electron em1531on xs hlgher for 1nsulatorsfuﬁ

S / N
' than for metals, a thlck fllm of Fe203 would appear '

brlghter than Fe304. However, 1t would seem that 1f the

- oxlde layer was underg01ng a reactlon durlng fatlgulng the°

:npresence of dry hydrogen would not enhance the formatr&_]c,fs9

iof Fe 03, as some form of oxygen must be ayallahle E

2

“’

';:W(observed iredbmlnantly after fatlgue rn dry hydrogen) are;yf“*;

hnot szmply areas of thlck Fezo3
' f Another 1nterest1ng possrblllty lS that the cumulus
. formatlons have[thelr characterlstlc appearance as a

result of a’ comﬁin@tlon of surface roughness due to Sllp

'J-steps and volds between the oxlde fllm and the metal

. S
b

.sisurface. Normally, the thln oxlde layer dst not bU1ld upy'f’

a substantlal charge because of the 1arge ox1de—meta1
t'Vlnterface area per volume of oxlde. When an- electrlcal S

‘¢charge starts to bulld up 1t need only traverse a

‘egl



4} small distance ln the oxxde before reaching the conductdve
metal Therefore, 1t is seen that a number of voids

;7¥ﬂunder the oxlde wxil decrease the—xnterfece area an&— uv~~~ié;f5

‘allow a larger charge to bUIId up ;n the oxide Thisjf

2 \ oA - . \ ) P
kS - T . ‘ S S 3 ' . .

emission '”if

It‘is believed thatathe;most reallstxc ekplanatten

for the cumulus formations wbufg be flne slip shepsg

‘Txmost Irkely enhanced py voids at the oxxde-me al
L g

"

'lnterface~&ff’“;'f'7"f ; .
5 ' The pfbv;cus chapter showeé'that cumulus%formatlona
vwere enhanced by the dry hydrogen atmosphere While
extruslons were more common on the metal sur ce that
‘was fatlgued 1n wet hydrOgep. mhe reasons whfIthe o

v;ronm 't_affects the suxface damage W111 nﬁw be




°

EFFECT‘OF ATMOSPHERE COMPONENTS

. N

S e [ ... ' ) l!;“'o

oI\f the oxide[layer were thin enough the absence

of water would allow. hydrogen to diffuse’ nearer to the

metal 51nce water is a very polar molecule and would
probably form. a phys1cally adsorbed layer on the oxlde

surface. Thus, there would be more hydrogen-metal \

b

interaction, especially in areas of ‘intense slip where

freshly exposed metal and,iocal high tempeﬁftures;could

possibly pfbmote the formation of atomic hydrogen.'The
atomlc hydrogen could embrlttle the metal maklng the
Sllp steps small ‘and sharp, ‘as there would be less
plastic deformation 1nvolved in the slip. process As
soon as a Sllp step appeared the hydrogen would not

only chemlsorb on the slip’ step but diffuse down the

slxp plan& 1mped1ng dlslocatlon motlon This would

‘promote the formatlon ‘of many small Sllp steps 1n the O

dry hydrogen env1ronment in agreement w1th the appearance

a

of cumulus formatlons. In wet hydrogen, these effects

are likely to be masked by the effects of water,

The effect of water is to greatly enhance the

development of extru51ons. The effect appears to be the

.‘1nh1b1tlon of the . flne Sllp whlch 1s expected in the

'materlal due to its hlgh dlslocatlon den51ty and

(32)

high denSLty‘of finevcarblde partlcles . Extrusion

4 .
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formatlons are’ catagorlzed by severe "damage in a
few places, rather than sllght damage in many places.
This could happen by a corr051on reactlon, by a surface
reaction or alternatlvely, as a result of changes 1n the
mechanical properties of the oxide. |

The extrusions are most probably the resuLt of
irreversible slip caused'by the freshly exposed metai
reacting with the water vapour and/or residual oxygen.v
This would prevent the Sllp step from re~-entering upon
appllcatlon of opp051te loadlng in the fatlgue cycle.'
Unlike - the hydrogen penetratlon that was dlscussed
earller, thlS reactlon would only occur on the surface
of the slip step and,thus would act only to‘prevent
slip in oné dlrectlon. This type of behav1or would
more llkely occur in wet hydrogen than in dry hydrogen,
_tﬂbrefore in wet hydrogen more: extru51on formatlons
would be eXpected, as-ls observed. Further;ore, this’
explalns why more careful purging of re51dual oxygen;'
from the system gave rlse, .albeit 1rreproduceab1y,

°

to less fatlgue damage.u-

‘. The\p0551b111ty also ‘exists: that a corr051on : .,
mechan19$ may be respon51ble for, or may a551st the
formatlon of extrn51ons. It has been shown 1n several
prev1ous studles(33 r34) that at some p01nt above 60%
:relatlve humldlty, water can condense out in crev1ces

and flasures whlch have small rad11 of curvature.

| Thls is because of the lowering of the equlllbrlum ‘



s

saturatlon vapour pressure ln the- presence of a sharply

‘curved surface. Such an effect could happen in the

present case 1f the fatlgue process caused features to
) \

~form that had sharp rad11 of curvature, for example

at 1ntrus1ons, at extrusron—surface 1ntersectlons or -

by a cracklng ofathe ox1de fllm.‘It has been observed

'that small flssures form at the edge of the per31stent

Sllp bands. Water could then condense in these flssures

1n suff1c1ent volume to cause an electrolytlc stress

‘ cell. w1th the work hardened (sllp band) 51de of the.
.flssure belng more anodlc than the oppos1te 51de.

' Thls would 1n1tate a fatlgue crack and help to propagate .

- .itb‘Operatlon of thls meﬁhanlsm nece551tates some v

B

onygen dlssolv1ng in thelcondensed'Water,.erther frbm

the surface,or, as discussed below, from the enVironment;'

- The presence of'liguid water on‘the etal surfaCegfy

makes p0551b1e a Rebinder mechanlsm by whlch a llqurd

adsorblng on a. SOlld (as in, flssures) may lower the

\

:surface energy of the solldlsuff1c1ently to alter 1ts

’ mechanlcal propertles ‘This could cause ‘more small

'cracks to form on samples fatlgued in wet hydrogen
1whereas more surface plastlc deformation would occur

in’ dry hydrogen.

It has been shown that aluminum experiences a ten

-fold. 1ncrease in- fatlgue life when fatlgued in vacuum,

(17)

as opposed to amblent alr Later it was dlscovered

f,that the Al,0 layer'On the alumlnum surface 1ncreased

273,
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‘1n strength and stlffness if placed in an env1ronment
- of: low water vapour pressure( 6), and that ‘this, was
‘ respon51ble for the env1ronmental efféct on fatlgue
behavmor on . alumlnum. ThlS probably also applxes to
llron, as-the Fe304, and likely the Fe203 forplng on
' (30)

1ron 'room temperature have spinel structures ",
" as dogls the alumlnum oxlde(35) |

A Stlff strong layer of oxlde, such as mlght form
in dry hydrogen, would oppose the formatlon of Sllp
steps, espec1ally &arge Sllp steps as they would tend
to stretch the ox1de layer. Hdhe#br,the Pllllng—Bedworth
ratlow for Fe2 3 and Fe304 are greater than 2(36)
‘and it -has been shown that ox1de forms on iron ‘under |
resldual compre331ve stress approachlng 40, 000 p51.(37)
'Therefore many small sllp steps would be expected ln_
pthls case (especlally in random orzentation) as it

‘would allow the ox1de f11m to stretch out, although

’not enough to put 1t 51gn1f1cant1y 1ntfiten31on.

Accordlng to thls model an envrronment of . wet o

.,hydrogen would render an oxlde fllm weak ‘enough to
rupture in varlous places allowing large sllp steps
and the customary extru51ons to form. ‘

| The above model is further strengthened by reports

.of some surface observatlons on alumlnum Wlth a natural

oxlde layer (less than 50 A) It has been shown(ls)

R
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that the slip lines observéd after cycllng in- vacuum
(an environment of low water vapour pressure) are
more closely spaced than those found after cycllng at
atmospherlc pressure (an env1ronment of ‘higher water
vapour pressure) '. |
Con51der1ng all of the dlfferent mechanlsms a ﬁ

‘Ioglcal sequence would be as follows' the oxide fllm
would flrst-be weakened by the presence of water vapour
in the env1ronment of'¥st hydrogen. Thls would allow

" the oxide film to break “upon -the formatlon of slip steps.

‘The Sllp would c0nt1nue to’ operate on these per51stent-
'-sllp bands as there would be ‘no mechanlsm present to
. 1mpede thelr motlon.‘The formatlon of extru51ons “dould
be - enhanced by the. reactlon of the Sllp step and the
re51dua1 oxygen or some c0mplex reactlon of the ox1de

.

fllm An electrolytlc cell could ‘also be set up in the |

«flssures that were often seen along 51de the extrusions,
'but the: major factor for the formatlon of the extru51ons.
.fwould be the weakenlng of the ox1de layer. fy

The dry hydrogen atmosphere would tend to strengthen
the ox1de fllm as the dew po;nt in the .sample chamber 4
_approached 196 C (as’ thlS was-the temperature of the
"llquld nltrogen cold trap) Agaln the presence of the
-hydrogen could serve to - 1mpede the dlslocatlon motlonj

1n the Sllp bands, but the major factor 1n the development

of many flne steps 1nstead of fewer coarser steps would

. .
be the strong rlgld oxide layer. :

~



CONCLUSIONS » «

-\
When a hlgh strength low alloy steel is fatigued

1n wet hydrogen, the surface damage consxsts largly

of extru51ons.

When the same Steel'fs fatigued in dry hydrogen'

a /cumulus- appearlng feature predomlnates.
'It is llkely that the. appearance ‘of the cumulus
_formatlons in the SEM 1s due to patches of very

‘flne sllp perhaps assoc1ated w1th v01ds at the

ox1de-metal 1nterface.

A'The effect of environment on surface fatlgue damage can

be largly explalned if, as is the case for alumlnum,

water lowers the. strength apd stlffness of the

. surface ox1de film. .

fatlgue damage."

There are 1nd1cat10ns that the presence of oxygen

_in. the env1ronment 1ncreases the amount of surface

' The surface fatigue damage that occurs_durfng'the.

initiation stages;of a fatigue crack is very

' sensitive to minor variations in the test conditions.

[}

\ - )
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‘SUGGESTIONS FOR FUTURE WORK

1. If a 51m11ar progect should ensue,any modlflcation'
.that would lead to a more rigorous standardization"'
of the test condltlons would be benef1ca1 These
could include' - .
| Ci. 11qu1d metal grlps on the MTS to avoid

the p0551b111ty of imposiﬁqsfndividual
bendlng moments on the’test'specimens.
ii, ellmlnat;on of the tygonhtubing”to.insure
“iess contamination in the envitonment
~‘§§§€melf |
iii. instaliation of an’inflinetgaSManalysef
'fcr.meticulous'monitorin?'cf the gas
enmirenment.v | |
2.v”hThe propertles of the 1ron ox1de appear to have a :
| _major effect on the fatlgue damage., t would be
advantageous to hhow how the propertles change as
" a functlon of the env1ronment. L o
3. A surface damage study on the fatlgue crack 1n1t1atlon
1fof gold would be 1nterest1ng,xas_the metal sgrface
‘does nqt_haQe'thedadded Cbmhlication'dffan'cnide 1ay¢rgj‘,

'
A
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APPENDIX I.

LIST OF ALL TESTS PERFORMED
: A11~fatigueﬂtests were carried out. at a cyclic
frequency of 1 Hzt.using a sinusoidal waveform.

' Apprbxlmately 10 prellmlnary tests were run to

' establlsh—g! f and achleve famlllarlzatlon. //
These tqsgé'» . 'iunnotched spec1mens for lives
:k..ees of_lO6 cycles.‘All tests reported
beldwlﬁefé“en":*an;d spé‘iﬁéns. Tests were terminated
';Hen.a'crackvbeegﬁe Spviously fatal or, in the majority
nof-cases afte{ 4,000 cydies as hoted”in the table.
The peak streee reported in the table is the nominelu
 peak tensile‘stressldufing.tﬁe-iead cycle. The-minimumee
stress -used was 31,000'psi, compression.

'

‘Tese No. EnViroﬁment  Peak Stress , 'Ne..oflcycles
o air . :87,500‘psi; "“"_13,009 .
Cadr. .. 60,870 psi. 68,000
3 oil  © 76,090 psi. 4,500
4 dry H, | 75,oqo‘psi. : 24,000
| 5 wet Hz’ - o ., 19,500
6 air . " 11,500
7 eir | e 4,000
8 wet H, .“  , ~':"1j | | "
9 " | "

.dry H2‘

o



" APPENDIX I. (cont'd)

 Test No. Environment Peak Stress No. of cycles

o arym, 73,000 psi. 4,000 °
| il R .‘drf H, . (test ihvélid) o
12 dry H, |
Q3 wef H, .

14 © - dry H, 73,000 psi. 4,000

73,000 psi.. 4,000
(test invalid). |
15 : ‘we:t i "o ' , ' ) "
| r

H :
16  wetH, "
17 | wet!H

H

':.“18.. _bweit. " I
: 20 A d];yl H
.23 dry H, S
24 . dry s, o
25 arymy, L
s o dry'ﬁz IR B
27 °  wet H -.' L
;28H . _,wé#;H2i ?' R

o o . ..".*



