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" tion rate. The grain pize increased from 0, 022 mm to 0,026 mm.

ABSTRACT e

The effect of temperature, environment and heat treatment on

the fatigue crack propagation rla.teﬂ in a fine grained pipeline stecl
| -
corresponding to' A, P, L specifications 51. Grade B And/or.‘sl.X—X‘}.&
we re 'i‘nve‘ati'gated‘ ‘Constant de(lectioﬁn bcnding"fatigue tests ai 640
c. p. m. were: cdnducted on single edge notched speéimena V‘Vh‘i(‘h con-
‘ o :

tained a 1/16 inch diameter ke‘;( hale notch as a atresa riser. A fatigue

v
LI

‘michine was designed and built apecificaliy for this project, The
" .

fptiéue tests were pqrfo;med at -50, -10, 21 and 7l °C in argon and at:

--50 and 21°C in‘hydm.gen at arnbi‘e;it pressure. One set of specimens

.
\ . ‘ ’

was heat treated to explbre the effect of grain size on crack propaga-

[ [

. The surface plagtic zopes and reversed plastic zones were

-

o < B St

' photographe'd to dete rmine if any corzelation could be {nado between

* the slae or ahgpo of thq zonas and the fatigue crack Qrowth ratasa, The

t‘atigup fracture aurnsn ware atudied with both the acanmng electron '

mtcroncopg and the transmisaion electron mlcmacopa. ,

l

tila taatn at a:uin rates.
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The values of m varied from a low value of 2. 66 at 71°C t‘o'\a maximum

- o .

N of 6. 81 at -10° C after which.it decrtased, to 4. 49 at -50 OC. The vames '

of C varied invetsely to those of m and it was found that a relation- \

ship of the form m - mg = A In C holds for a wide variety of materials,

The experimentally determined relationships were compared to a

theoretically derived crack growth law due to Tomkins (54) and a close

Y

A

»

(3 ?“. N

correlation is found if cyclic material properties are used. v

- »
Hydrogen at ambient pressure had no significant effect on grack
) * ) v

initiation life or initial crack growth rates, however after an incubA )

-

e . N

tion period cracﬁgrowth rates an order of magr}itudq'faster occurred,

A critical AK value of 20-22 kai JIn was sufficient te cause un‘stéble. Hrawn

crack growth. Reversed plastic zone sizes and cyclic stress-strain ' "." L

data show a much better correlation with fatigue properties as these ™.

N

N ' . § ' ! " ' ! ‘:l
properties are alfected by atrain ageing. ' Lot

-
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1 INTRODUCTION -,

With the recent advances in technology low alloy-low carbon

L

steels in the 50 to 80 kst yleld atrength range arg now a reality (1),
. a¥ ‘

The properties of these new ateels are obtained by a combination of
Cy
griin refinement by means of niobium, vanadium, and rare earth

additions, plus a change-in the atoel»proc«;auin&practicc auoh as
4 .
‘rolling to a lower finishing tomperat.ure (pr Temperature Thqrmal

Mechanlcnl Trentment ITTMT) and/or rnpid’ cq‘ohqg through s

\ apecul.q\xe,nchcu or coiling.procedure (1)(2)(3)(5).-- These steels have

. .

: e R
found uses ' In such structures as pifelines, ‘refrigerated storage
- 8 . , .

! 4
veasela, 'i\tomobﬂe bumpers, engine mounts and frame members (l).

FaNure of such structurea or components usually 'result in serious

[

damage.

Fatigue is one of the most common failure fmechanismas, Even

. though fatigue failures have been recognized and studied for more than

a contury, only recently haa atructural fatigue been recognized as a

{ield of major concern, The davslopmont ol\ low coat higb-atrgndm

moy- And tmproved. s.bmmon and jomng techniques have led to the .

o
producumt of large ptrucmrn m must sustain repeatad atmu" in
nwica. mron smblder c&n;nmnn can be designed to prevent

crack umm&o at oy wnqu in cost, lup ntmmnp must be dnlwpd

.

ocoqom&eﬁlly. /M m ﬁnvnﬂm of hmhul ciuck pwﬁm m\us




Because these advances have’taken place in a short period of ° ,
time much technical data is lacking. In a reeent symposium (1)

) repreae}fativea of putomobile manufacturers pointed out that more
.

b

d on formability, Torrosion reaistance, cyclic yield, and fatigue S~

-

) required. In another recent paper (6), concerned with metals
™~

and alloys for low tamperature use, it was pointed out that very little

information was available regarding the effect of low tempe r‘ature on

fatigue crack propagation, Clark and Trout (7), have stydied the effect

LY

of temperature (~100 to 75 °F), and section size on fatigue crack growth

rates in a forging grade Ni-Mo-V steel and found that as the témpe ra-.

ture decreased the crack growth rate decreased for a given stress
intensity. Rolfe and Munse (8), in a study of fatigue crack propagation

in miiﬁteel found t.hat as the tonrernture decreased (78 to ~40 OF),
N : [ )

the fatigue crack growth rate decreased, however these steela do not

.

resemble the recently developed alloys therefore a close comparison

can not be made, ' ’

»-‘Pecm&g little data is available for these steels a study of
fqti“gup crack propnxutlon'wfu' initiated. Although fatigue may not be | '
ﬁho cause d the ﬂngl f,uuuxe‘. u in oftan"‘tgum which causes sub-
critical ﬂun h gfrowtoa Qiu whezro nunn by some chu mcchmhm g 'S :

cm taks over (6). Fatigue crack gmmh i n::ochd by témr urhbln, 0(

‘.

hnt.t”t nmaomm mﬁ mﬁrm; unm to be most tmporm; and s
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” 2, EXPERIMENTAL PROCEDURE AND PROGRAM

2,1 Introduction O

)

The purpose of this investigation was tq\study the effect of

varying service temperature on the fatigue crack propagation rates
in a fine grained pipeline steel. The temperatures selected were
~50, -10, 21 and 71°C, thus ranging from.a low ambient tempera-

ture to a temperature range where strain ageing effects are signi-

»

ficant. - To delinéate environment effects tests were either performed
¢

3} \

in dried argon c;r hydrogén at ambient pressure.
The following data were recorded from the fatigue tests: total
fatigue life, number of c;rclea for crpchlzinltiation, crack propagation
. .
rate as a function of the range of stresB intensity, fatigue striation
spacings, and the size of fhe surface and reverased Plaatic zone,
: .

— ‘ .
In order to analyse and correlate the fatigua data the following

dd:tiongl tests were performed at the four different temperatures;

TPy impact tests, tansile tosts at two strain ratea (0, 00.?. and 0, 2 in/ /

| ln/n;'nin). and pycuc'tenailn tests, - ) , // ..
22 Ta -; Mm.-u a o~ o ; /,/ e |
.. Tha toat mﬂnrinl nlqcted meets. A,.P. L 5L Grade B md/or o \ ‘
‘A. P, I. BLX-X42 nppcmemtonn. Tb- mpm oi thc 3/ a" akalp by ' ‘
8T n LCO 4 .mmn; schimiglodped. '.rh. material was mmd e

o n ﬁu as mcotzm! sanndm wm: ﬂummm ax m owﬁ tan B
s ;; ;’mﬂmn s!ugh m 'hrnn s ﬁm mm by Wm !?ﬂ@"!‘ M l;e :
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minutes and thqf\ furnace cooled. The chemital composition and
mechanical properties are listed in Table 1.

2.3 Microstructure S

As in most materials which have been mechanically worked the
microstructure has an orientation relationship to the direction of
working. The micrastructure in the various orientations with respect

: »3to the rolling direct{orln is shown in Figure 1.. The notation used tol
describe the o-rientation‘with respect to the rolling direction is shown
. | . ,
sghqu").a‘tically in Figure 2 and v;'ill be used througbout the thesis,
The microstructure 90° to the roilirp‘ direction is a f?irly ev;n dis-
tribution of pearlite ar;d ferrite, Parallel‘ to the roilgnd direction
the mic rostructure is "bande&". A "banded" ntrgétu';‘q_"‘czonsista of
’ ™~

alternate layers of ferrite and pearlite.‘ ’ﬁle pearlite is ‘separated by
two to three gr‘aim of ferrite, the average size of whin'h is 0. 0223 mm.

Manganese nulphid,c; incluliox;u are present as indicated by~ |
. ‘Flg;:m 2A. A, S (T.‘M,.‘ Deaignation E45 wu‘umd to ‘d;'te rmine the ‘

RESE S

lhmluuiqn content (9) The micmacOpic method was used and 1; was A

found thgt incluuom o£ Type A were preqenq thelrdiize and distri~

“ip

: gcnlity pphm; thil ngel bclow ;he A 8, T, M. humqﬂc;l e

B v 'dntmtima oﬂ. tbm indtqgmx; » chm nnk

L)




iHustrated in Figure 2. Due to the original plate thickness, the
% : » . )
+ . samples were approximately 85% of full size Charpy specimens, As

a result the values obtained are comparative only within the group

- ~of uamplealteated. The results are listed in Table II ,apd plétte.d
‘:, Mn Figure 3. The heat-treated specimens tested went from a high ‘ ",
r; value of 73 ft.Jbé. (99 joules) at 70°C to a 1ow.:raluc of 4 ft.~ 1bs,
(5. 4 joules) at ~50°C, The as received spé(?#xﬁe;la.went~f;om a
. hjéh value oLf1 47 ft.-1bs. (63.7 joules) at 70°C to a low of 6.0 ft. ~lbs. .

.

(8.1 joules) at ~50°C, The as reFeived specimens peat;d Q0 degrees - ‘,
to the ‘rolling direction (see Figur.e 2) went frorrf a hiqh vavllqe‘of 55
ft.-1bs, (74. 5"jou1ea) at 70 °C to a low of 18 ft.~ lbs. (24. 4 joules) at
~70°C., The two seta of specimens tested parallel to the rolling

direction showed at sharp tranaition at about 10 °C, hov(rever the

specimens tested 90 degi-aes fo the rolling dix,ection did not 8
transition and at naQ time did the energy valuas fall below 15 it.<1bs, .
( 20,3 joulu) 'rhu diff@;ence is Attributgd to tha micxoatruﬁtnra. o
At‘ thiu point it may b( Qppropriqta to mention that'ho corrp- ‘_
htion in ob;o rved between the impact valuna and the fati;un life, -

' Kenneford (43) alsa quorved tw. in both nofched and unnotohed R

"-ppqimenq, R Lo R R A O A




P,

grain structure can remain stable at relatively high temperatures. ‘

¢

Niobium can stabilize grain growth up to 1875 °F in low carbon
s \

steels, The test specimens were placed in annealing bags and held ’

at 1750° F for fifteen minutes after the furnace reache!d temperature.

1

After the_}oaking time, the furnace was shut off and the test speci-f

mens were slowly cooled down to 500 °C before they were removed

from the furnace, The heat treatment did not remove the banding
but the ferrite grain size increased by 17. 5% from 0,022 mm to

0. 026 mm. The pearlite did not appear to be affected,

.
L.

2. 6 Specimen Preparation

Single ~edge notched specimens wefencut from the plate in the

orfintation shown in Figure 2. 'I'l'\e:nominal specimen dimensions were’
' —

51/2" (139. 7 mm) long by 3/8" (9. 53 mm) thick by 3/4" (19, 05 mm) deep,

) R o
The specimensa were cut from the plate using a continuoualy cooled band

. uvir. To assure ;he faces were all 90° to each othor. the apecnmena e
. ,'_wcx-e finiahed by milling, No machining opqr;tiom were ggrmxmd on . '

'

the faces pgmndiculu to the rouing directjon. A quhqle typg notch N

urd ae a ctmaa risdr was mndq by drming 1/16“ (l. 59, mm) m&m!h!‘ |

4

‘ ,hola alaz" (A 38 mm) in trom tha & Thq meoreticgl nmu cbmen;n-




) :
hole and the specimen edge was cut from the inside to the outer
surface with a jewelers saw. In this way damage to the notch root

was prevented,

) . ‘ ' g . ‘
: In prder to make the crack trace easier to observe in the -

\

" travelling telescope, the sides of the specimens were polished down |

to No. 600 grit abrasive. The polishing was done 90°mection .
of crack\px;opagation. Some specimens were given a f inal polish .. e
T g . L]

using 6 micron diamond paste, Whereas different finishes on the i .

a

notch root would gffect fatigue life through effects on crack in{)(étion

time, it is felt the effect of the two different finilhes on the 8pec1men

' siues is neghgib.le. ‘ '/',.,‘ o IS
\ 2.7 'Statifc and Cyclic Stresa-Strain Data Dete rmination -~
2,171 Statxc Tensile g'est_aj)_r 'Stregg.-.Strgin Data Dete rmination oo
' ‘ \ N . K

Tensile tests were carried out at two strain rates and at the , .-

. s ’
' . f . . .

four test tempe‘utu'rés u,nld'in this reaeirch. <‘Two strain rnma,

| 0.9 i.n/ in/ min and 0, 2 in/in/ min we re- chonen to indicat@ whother




calibrated to insure that the crosshead movement could be accyrately

- L4

Telated to the strain. The four test temperatures were maintained

by immersing the specimen in a suitable bath for the duration of :

[y

each test. The two higher temperatures were maintained by enclosing

the specimen in a furnace. Data resultir;g from these tests is listed

in Table IIL P . .

2.7.2 Cyclic Stress-Strain Data Dete rmination

' ' .
The cyclic tests were carried out in the fatigue machine using

a modified specimgn design as shown in Figurs 4, The cyclic tests
p . *

were carried out at the four test temperatures with the control accom-~
(%) P f})

-

,plished in the same manner as in the crack propagation tests,
The te@t' procedure involved cycling for a period of time and
Q . . e . ) ) ‘ ) . ,
once the hysteresis loop configuration appearqd to be stable a photo~ - = |

graph wan ta.ken. Immediately after the picmre was taken tha eccentric

- was reset to incxease the arqpl\(tudg md the procedure repea-ted until

. » ,
the apeeimen f’&iled Thh :l‘ata was evalugtcd in a mathod aimilar\m SR

0 :

that of&tunan mcf Koeka (10), whlch invelvad p;lemng ntrua \mraua

cumul;tivg plutie gqmin. Thq rgnultt from thue teptp Are liamd -




W »

/
. " . |
where A is 4,12 for cantilever loading, M is the bending moment,

L]

B and h are the specimen thickness and 'dep'th,"and o is equal to

. 1- a/h where a is the total length of c-l;ack,plus the notch. This
N equation was also used by Meyn (12) under similar conditions as in

f + . ' .
this program. The equation is c}y-lved for plane strain conditions

| therefore the plastic zone size should be small compared to the crack o
length and with the unbroken ligament, The validity of the equ*o;l is

only compared with experimental data up to a/h b‘eing equa} to 0. b. A

later equation (13) ‘which predicts the same K values for a giv'en'

.

specimen size and crack length is accurate up to a/h =$, 8, therefor

reached in this test program. A

» »
N 4 0 Testigg Machine and TestingP ocedurea e ' TS U
Testing was curi t at 640 cpm on & coqstant" deﬂect "Q . .
. S8

v fch was designed und bmlt g,,nm m\ae}

=4

‘R*

6 ﬂlputrata the .Ppu,m- -chemadg;l;y and an u,“ LY

'
ﬁ .*.'Fv '2 :,,’ o

.. mapmt!v‘glyg o Ter el S ,._'_&
\ ! , e ] L] ' * ’ . L " ’ "'" .‘b-,
; e

b’ AQ\ i éf!?‘ f" ’I‘xn -pqgimm in mcmntad womemy in tha b@ttom W' 194 m B R
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» A . o : o
/ ' adjusted to change the load range, The lower grip is deaigned to
N o “.'/‘ ‘ N ' B .
control the specimen ter,x;e_'peraiture_by either. heating or cooling a . : :

copper extension. The test environment is controlled by a trans - :

i L e r* ‘,'

parent chamber through which the desired gas is ﬂushed during the ‘ .
" —a e ‘ l .-

test, Details of the‘various parta of the testing machine and pro-
. . \ 1 ' o

~cedure are as follows: : .
4 N ‘ \‘ .

4.1 Eccentrics ' - . o :
. . ) *:‘ . f " . . .

Two parallel eccentrics,,ai:e uiid; .one which moves the entire

]

head forwa.rd or backward thus changing the center of rotatlon.of .'
" “,

the driving eccentric relative to the apecimen, the other which

. cha,ngee @he deﬂoctiﬁﬁ 'amplitudn. The -a?}plitude of the drivin'g\ \ | A

N

DT eccentric is chmged by a’ gear syltem which gtxay be lqcked in place

once the dgaired poaition is determxned ~ . '

. . NN ' . .
' . . A 0 : B

L 42 Coj 4'i_éctin' Rac land I.oad Cell I o W

Lo
[N

*‘ e tp xgﬂuce inertia gffgctq, ‘ A; Qa,ch eml MO sglqugmscrixpg bearing-

G

thq“ ma mgih. ,{m‘am
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outlined in Section 4/
} )

~in. w1th a Edm r;f){iel 8002 Oscxllograph which provxded' a visual

‘sen‘es of va{jo& v

A Tekt‘r‘onix"« 1B Qacilloscope cbmbipéd with a type 3C66
Jiare used to display the output from the lo.‘a.c‘i' cell,

carrier ampliﬁer/
Lo _ ~ S .

/

. The most sensiti#‘é'ﬂ?settings‘, 10 m strain/div and. full gain were used

\"

thrOuéhout the tgﬁf program. The output h'om the s'cope was“’tied

recording of load versus time. The oscillograph ‘was activated by
N
a timer {tq ntekvals o,f 12 5 mmutes fo, 8 seconds m order to provide

a load recordﬂﬂg ‘ ‘ o ST

| Tliq‘t t nsaq/n agm is made Irom a 3/4" stqel bar in which a
f" be »\l N .1 * N : \
Site holes are dnlled to reduce th.a maps. ,A ;Li'ngar'

!I; ! b

g‘;ﬁ\ Tm a‘qumer (DID'I‘) is connectgq to thg :
’.

b ‘the daﬂwtion ampumde. rand m con Junctign B

I
. v , LA

Loen b N 4 . L “',‘ \;

the. 16ad .ce’u‘ 5 ’?ééqgégng" bi’ t;m ‘lgard-g!é:rma‘

L v ! : g . ‘ .
.»as omaimd, ¢ }A typicgl 195@ verms t}"n

.'\. iy

A
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. .
. 1

of the chamber and to a plate f,ixed to the extension arm thus pro-

S o I . . -
; . Vo . : ,

. Mathenon Model 450 dryer and a cylinder of anhydrous CaSO4 . R

viding a ﬂex'iblq seal. The impurities in the argon and hydroéen

. ;“:‘ ' .
are shown below in parts pei.fnillion:

‘ Arxgon Hydrogen !
Argon ‘ remainder -- ‘
~ ‘Hydrogen 1 ppm remainder, KN
. Oxygen 5 ppm 5~ppm -, -
Nitrogen ‘0 ppm 5 ppm ; -
‘ - “Hydrocarbons - 1 ppm 1 _ppm
o Water ' " .5 ppm 5 ppm . -y
Carbon Dioxide 1 ppm 1 ppm ‘ LN S R

i o G . v

t
v
.

In addltxon‘ the ‘argon and hydrégen were paqsed through a .

h

E . v

desiccant to remove idditlongl moisturq- y

char.nben thmugh the mp pla.te a,nd a bapk gxeasu:e wnh maintgil}gq

,',k.
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. shim to reduce heat transfér'to the‘ t_e;'ti-ns machill"le- Another shim
wails pla;:ed at t};e>front 'edge of the specimen a.gai;wt \Ivhichv .t\';lb 'iocking
bolts ‘pushed. : When the specimen was in pl#ée the c'_opper lobs were
pressed by set screws, up to the specimen sxdes. The top eight
inches o" the copper rod is cente;ed insxde of the t}nck walled

_cylmder by a series of set sc:-eWTd’mimmxze contact area and con-

.
. s

L*"!‘a’eq.uently heat lossesd are re’ﬁ'uced. " The copper bar ia also ig);snlg&ed

.‘ _and 'seal'ed inside the steel h;lde 1. "The,. bottom t_iwelve ii"xches of w
copper rod .ca.n. be sub_!r.xerged in a Dy war containing ;.ither' liqgid : .
xﬁtrogm, dry 1ce‘ and acetone. or‘h ated parafﬁn oxl to obtain temp- o

, *~

. “eratures of - 50. -10 or .7 oC. The bottom grip holder ig sepprated L

fxorn the main frame by four amall stamless steql shims, aga.m to

minimizq heat transfer. o ' o . ‘f'vﬁ,"' ' ' g )

v o ;" ' ' : - "

e Thq top halt of the gﬂps which is ‘the. extenstbn a:m is a box-like At .

)" ¢ v

yste;n w}g;ich ﬁta ovor thq sm;ﬁmen and then i'g hgld iirmly the ra b’r :

M‘ v

Ak,._4; s

_‘tempexathx% wgn ,reqo,xd". ‘f ‘




Crack Length Measurement . .

L]

The crack length was measured with a 20 pewer travelling

N 1] '
‘lﬁpe. A rule with 1/64". divisions was plac?&vp the chambper
< ~ ’ . v ! I‘?'

baaide the upncim(in. . With this uyatom "the crack lohgth ould be

read to 0, 0078 in (0. 20 pam) with no difficulty &nd(could Be detected
. . i '

* il

at smaller léngtha." The .rna'ding\q'lwerop taken ev.er)." 8000 cycles (or

‘ q-\ R

lqve ry 12, 5 minutesn) pnd more Mtaﬂ"wk}yh ,rcﬁanh growth Tates

ki

wb.ﬁ \wed a8 an environ-

AR

‘
. . .
ment. . A st

" were faster as in the cases wheTe hydrogwn

- ' W
. ~

L

4.7 Calibration .» N . . .

The strain gauges of the load cel]l were calibrated using an
Instron testing machine over a load range of 5 1bs to 100 Iba,  Within

the load range tha load versus displacement plots were linear. A

statistical analysia was carried out on the data, Aa&’value of 0.903"

contlmata re displacement per ten pounds of load ‘was 'ﬁ‘d on the

Al »

’ olcilloncopo at 3 sotting of 10 micro atrain pcx flivuion and full gain,
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5 EXPERIMENTAL RESULTS J

L
The results of this seriea of tests indicate a definite difference
. ] \

in fatigue crack growth rates as the temperature and atmosphere are

Al

varied. Since the results were consistent within each set of tests a

large number of repeats was considered unnecessary, however 3 tq
7 tests were performed for each, testing condition. The expesimental'

data from the crack growth rate versus stress inten;lty relationship
is given {n Table VL

5.1 Crack Front

The typical appearance of< the' crack front‘ is {llustrated in F‘igure
9. In érder that the calculated stress intensity, K, be valid, the
deviation of the cfnck front frorﬁ linearity must be amall, To obtain
vlulid K values according to AL S T.M. - E 399.70T, the crack °

-
trace on either surface must be equal to or greater than‘tm % of the

15

"average' crack length; "average” being defined according to A, & T. M,

- E39-70T pbtnt 7.2, 3(19), Maeasuraments \]am mtdn on several
, specimana und sll t‘ell withir! thuo limitn. with the wongq of m"\

trnca rudings bqiul upprmslmauly 95% of tholr "unnp" erack

longth. The import ance of this is that X ,h then hiriy copstant ncrou

Cﬂu crack frmt n}mq K is a function of the crack lmph. ..
5‘ z c — ‘ L _, TL. ‘ W > "‘. _ d ‘lk' .




~

s of the apoclmans in the as

cyclea, N, (or thet
s rll .l

received co&ditfoﬁ.ﬁ [ T lamdfﬁtﬂ for the heat treated

atmosphere, Thuse curves

specimens and those \ L v'gu"'\
can be broken into\three approximate regions; an initial -I/.ono of slow
crack growt‘h rate,. a zone of increasing crack growth rate, and a
alz)wer final zone as the load’decreaseﬂ. The crack growth rates
(da/dN) were obtained by measuring thg instanfaneoua slope at each
actual data point on’the crack length ;rersua number of cycles curves.
In oonat'ant deflection amplitude tests both the load a‘;xii the
stress inte.naity vary as the crack propagates thus one obtains a
;-ange of Yalueq for the crack propag;tion yatea and the corresponding
stressintensities from a single test, It is often practiced to approx-
imate the curves of ‘Figure 10 and 11 by a straight line and correlate
this single crack propagation rate with an average stress intensity,

so only one pair of data is obtained from'a single teat,

5 3 Crack Initiation

Crack initiation times wnm determined by obse r»"';tiqn with a
30 powér travelling teleacope. The time of cuck i‘nmgﬁbn is taken ‘ . g
a8 tha nu&b&r of cyclu at which the cnck ﬂr-t became visible, Thia
was hn than 0, 0073 " (0,20 mm} of cuck, F‘or mu nnon all

cnch thmamm umn are rohclva to sach othom. Bgcguu of the

od -of d‘ﬁnm; ermk mmcm ;h- :mm Mtion nnm ug
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fact that there is a high probability that microcracks may be present

: - \
before cycling begins. Because of the above fact normal statistics
are not entirely valid. The crack initiation times are shown below

and listed in Table VIL

INITIATION TIMES IN CYCLES (X1000)

Temperature °C Environmeny : Cycles

- 50 . Argon 81.81 9.8x%

- 10 Argon 58. 724 15, 6
21 - Argon 34,02 4.7
71 Argon 50.0 2.11. 0%

~ 50 Hydrogen 86.0 ave, of 3 teats

~ 50 | Argon (heat treated) 86.0 ave, of 3 teats
41 Hydrogen 40,0 ave, of 3 tests
21 Argon (heat treated) . . 40.0 ave. of 4 tests

* 90% confidence :

A Rank test was used to determine whether the difference in the meana
of the crack initiation times as a function of temperature was signi-
ficant, At the 95% confidence level it was found that the crack
initiation times were iiﬁiﬁcmdv differont for each of the tempera-
t'u‘rqg except ~10 °C and 71 ;’G. |

LI

he t;;end- indicate that 21°C has the minimum crack mm.’t{'on

[

v o ’ 5 : ‘ i
timpe and the value increases as the temperature is decreased or k. .

mcrogud.
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5. 4’ Crack Growth Rate Versus 8 K \ ‘

Data on crack prapagatioq rateé as a function of stress inten-
» sity are commonly represented within' a certain range of A K by the
bequati;)n da/dN = C AK™, The stress fntensi;y rang&a, AK, is
defined as K maximum minus Kminimum. To check this relationship

and determine the constants C and m crack growth rates as calculated
-

1

! - from the crack length versus number of cycle graphs were plotted on
. logarithmic paper against‘ the stress intensity rax;ge, A K. Shown in
Figures 12, 124, 13 and 14 are the plots of da/dN versus AK for the
20 and 70°C tests, the -50 and -10 °C tests, the heat treated specimens,
and for those tested in hydrogen respectively. The data is normalized

- with' respect to the mean stresa which varied from test tc; test, The °
manner in which this is accomplished is shown in Appendix ], | |

The data pdint- from each test specimen huat be analysed
sepc'gaﬁly because the' density ‘diatrib\;tion of :datqv pointa varies with
'AK t‘rqm tast to teat. This would result in dif,f&cnt weighta of data
points if data from all tests mm‘coml';qu for amtt;ucsl ;mllynq. In

. order ‘to~ ufe these data }pxmrly sach test must be tndividudly atatis-
timuy umlynd to dohrmim &hg nlqtﬁ@mhip botman dn/ dN and. A Ko
Chm ma nhﬁmshlp fg: nch mut sgnd.mqn is dgta mtmd ﬂu nlmn
d ﬂm tw.\mam&a Q md m em alm bq dqmrmmd. ’I"ho vdm. of

M sm&m&n 4.'3 m Q tag@ﬁmr ’wma tho cqrnlgﬁm mﬁiﬁhsu gn T ;’;‘.{

P
L *
.




listed in Table VIII, The actual data points from each test are given
in Table VL The m value as a function of temperature is a
maximum at -10°C and decreases as the température is increased

. | . e
or decreased. The values of C vary inversely to those of m. The

’
m values for the heat treated specimens at -50 °C ape high while those
for the heat treated specimens at 21 °C are in line with the as
receiveci condltién. The effect of \hydrogqn is difficult‘ to analyse in

. that only the ‘initial crack growth rates can be correlated with the

| atres.a intensities before unstable crack growth occurs, Because only

a few data points are available the values of C and m cannot be used

comparatively for the tests in hyr’irogen‘

5 5 Fatigue Life
The number of cytles to failure are listed in Table IX.. The

values givén are the iverage numb&r of cycles fo:: the crack to grow
three-quarters of the way across the net Mcnon, ~The matexia.l .
nxhibimd the longga; fatigue life at ~50 °C and the minimum at 21°C
while t.he lives at -10 C and 71°C wen Apprc;xlmately the n.mg, The
emct of hydmm was to dao rouo' ﬂ'w fgttgm lug by increasing the

- crnok pwpggation rate, Hut trutment had mth :tsaqt on thq 3 - | '_ -

| meprtgl gtm °C but lnqx-e;ud»gnck gmwth qtnﬁo"ﬁ :hm d:qrunng : i'f ‘, ::

m:«m:mmma. _— w

R
.A'""‘,w 3

]
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5. 6 'mste resis Loops

Load-deflection hysteresis loops were recorde?\duiring some

of the teats. The area under these loops represeﬂts the mechanical

1

energy dilsaipated in the specimen,; the grfpa and conneq,tix‘l'g rod. To
estimate the energy dissipated in the testing machine calibration

tests were conducted using unnotched steel specimens. To calculate
‘ ' . i ) » .
"the energy dissipated in the notched fatigue specimens:the area from

the calii)rated unnotched specimens was subtracted from the area
recorded in the notched épecimens. The calibration data inciicated
that approximately 80% of the total damping energy ia dissipated in

the fatxgue tqstipg machine and 20% of the absorbed energy is due to

l

teversed plastic deformauon, The data given in Appendix 2 will be

fl\;lp‘d,;gf&e‘r to estimate the increaae of temperature in the reverqe@

plastic zone,

5, 7 (_nglicISt‘réesfSS;;;g Curves ' N I o
Th&,rémlu-df ‘cye.lié -tieu»gtuh&lmgta@m given in Table IV.

The nxau vqrmn tho cumulative m-m plpt tq nhovm in Figure 15.

: From thc eygllc d;t; itis obuxvod that the ordex 9( thq nqw gtnn " ,

fora Eiven strain in chmm wms xupqg:t tp nhndg.ﬁ mmuo /tqu

'v,mmq. “The flaw mm tor the a1°c and nec, ooty are o
nmrnd m :xm thq tt:mp tox g givm -mwxs me gt 'n "Gg
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. 6. ANALYSIS AND DISCUSSION
A n

"
1

In fatig(u_a, cracks develop progressively from the submicro-
scopic phase o{cyclic slip and crack initiation;, through & macro- \
B::Opic crack propagation period, to final fr‘acture.‘

There are two basic approaéhea to the development of a

-

matheimatical expresa\tm which describes crack propagation, ‘one

_ approach is empirical and the other is mechanistic’which relates

to the structure and properties of the material, To date the most

‘successful overall approach has been based on continuum mechanics. .

However, tat develop materials with high resistance to fatigue crack :
, - ' '
propagation the met\llurgist and materials engineer must combine

cgRtiaaem mech;nica with the results of fati«gue“fmdies in a mmechan-

istic approach to obtain an expression for crack propa'gation,‘

‘In recognition o_;‘ this, the axperiméntal results of this thesis

. - will be aﬁaiyéed fix:ét’sm the basis of continuum m'echanipq and secondly

5 ggzmmqmp bsmgn the srﬂch gmwm zmtg dglaN md the ntmgn - E

.on the basis of gatig'ma crack pmpaéafion mechanisms t.a_kkin'g into - : |
account mgtallurgiegl md envixonmental tqctorS.
6,] Am;lysia Bgnd gm Fra.;m_g Mochmi__‘_

l..l

Crack g:owth studiqn haw been diret:ted towarda oatabhah(ng -

4 :
' ' .

(IQ). m: ba:w?m hc«qnck sm‘"‘h ratp. ‘h’f' .
‘ 5;, 411(13)(1?);30)(#&,»*@&;»__*; R

. l




. A'giaﬂqcttcm p@inm ’I?hn lgng inﬂeetion pgi,nt ig tnkon M m tndicition- o {

da/dN = C(AK) (1)
and the latter relatxonship by

da/dN = A( A.eg)lml a® | (2)

where K = &g /Tta (stress intensity factor for a tensile loading

AN

of a center notched specimen), ©¢= finite width correction factor,

- OK = (K max - K min), m, m) and b are invariant integers, a is

the crack length, and C and A are related to material properties,

Frosi: and ~%Agdale (18), arguea from e‘?pe rimental observations
that m) = 3 and b = 1. Li\;, (22) (25.)'used the aaturatic;n of absorbed
h;/lstq relais energy as a criterion for the‘ onse; of cracl; propagation >
and arrivéd at m} ="2 and b = L. |

A‘work rate model of crack propagation was used by Paris (16)

Q‘
to ahow that the crack propagation rate should be proportional to the -
]
sttess intensity and after analyaia of nume rous expe rimenul'data -

arrived at m = 4,

. . ‘ .
. 4 . |

Crookyr (5) has ahown that’ the enﬁire fati.gue ¢rack gmwm rate

eurvg for most materiala is Y nigmqid when plotted on logaxlthmic

7 W

,'coordingteq as -hown in thuxe 16.. Thq powar law rglquonphip which O

a N \

: hgldp dn the cantxﬂ mxmm Qt cbg cnrva u bmm@ag by uppqx- md 1gm;- - : 4

[ ; iy

’ "hmpmspun; fgttm lcrgm. .




. (16’7 - 10"8 in/gcycle), (10'6- 107 -7 mm/cycle) ‘The upper
inflection {oint is caused by the onset of rapid unstable crack propa-

gation prior ta terminal fracture and thus Pla‘l’ces ‘a critical range on

the fatigue resistance of materials. B : S ? \

’

Thus all fatigue growth rates which lead to fatigue failure fall ° .

within,a range of stress intensity factors, bounded at high values by .

. .

Ke, the fracture toughness, and at low values by a threshold value,

)

- Kth. The value of K;h‘is very sensitive to environment and rﬁay be
shifted to lower values by an aggressive atmosphere.

' Recently Donahue et al.’ (24) modified'7equation(1).to consider the

v
[}

y‘thres'hold‘ stress-intensity,; Kth, below which no prlopagati‘on occurs.

The authors base their analysis on crack opening displacement which

results in m = 2. Their equation is of the form: e

. * da/dN = C(KZ '~ Kth?) | - (3)
In equation(l} ‘m'and C are considered sepératé and independent’ |

. quantities which xeprésam the cr‘_ac:k growth, rato dependemﬁ:eon t.h,e:

ftrna.intena ity and on mate mal propertiel mﬂpectively. In the a,bqve

c cua m is an invarimt mmag and the m;te ria.la mﬂugnea an cmck C

*
»

growth rate rgaidgs gxcluetv‘ely in Q, The uaeful.nen of puch m‘i .

( gqmtign io: pmdiqting ¢:qgk g;owth rg.,tes !,‘Qr,a givqm,mme risl iﬂ Lo
T "M'._‘;) F "\!‘ T N H ,. . : T ALt ST .
Moo IR

t;"fv,‘;L % ummd bpmmw C munbe wnlmte-cl s;syortqupmxy L e 2
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. I'. '." " .
that the power value can vary between 1. 5 and 10. However for most

. ‘~ . . . ]

materials of structural significance the values range from approxi—
mately 2 to 5, ( S _ S : G
N l ' '

This shok;vﬂ that®oth m and C depend on mate rial propertiea

0

be explorged whetber there 18 relationship betwaen these two valuea.

For this purpose data for m and ln C werg taken from this study
and the literature. The data is plotted in Figure 17. The m values
range from 2 to 7 for a wide range of materials such as mild steels,

¥
high stnﬁg\h nteela, atamless steels aluminum alloys, tltangum

.

’ alloys, coppe'r a_lloya, and cobalt alloys. The data indicate a linear
[ . o . )

relationship between m and ln C of the form:

mo-m=Ainc C(4)
'I‘he conatant mQ a-, 3569 and the slope A'~ -0, 1024 ;avith a corre-~ - o
lgtion coefftcient of 0. 993 Since\ the structure sensitive constant C

< e plottad in loggrithmic form even amall dev‘!aqus can be pi!ﬂiﬁa T

.cant. It ia thﬁxe{qre progoqad to modxfy eqmtim(l\to read ap follows*

S da/dnws@mm R X B
' ‘ LA R ) ) [

o ’ In thiq form Sc 1: a Nructnml cht;or wms:h rgpregems'qﬁgq:d ot
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¥

from -0, 058 ta +0, 0381 which corrgspmd to errars rangmg from ‘ N

' "Qs 173% L‘q +9. mﬂo. If the teat reaulta fmm both ;gmp@mmmg mo. : =

'Ihus the ;tructural factor Sc would cause a parallel shxft in the

" v

' .
da/dNiversus AK gurves. To check this pcﬁtulate., data from the e

.
»

literature were evaluated. The experimental data is ngen m Table

v ¢ s
' .

X. 'Tﬁe measurediln C values and the values as pre‘dicted from
equation 4 are shown together with the error analysis.

Anctil. and Kilé (27) investigated the effect of térmpe rlature on

' l’ . !

the famgue crack propagation rate in’'a 4340 ateel at -50° F and 80°F

The speclmens testzed at —SOOF we*re tempered in the range from

400 OF to 800°F, Statistical evaluation of the data coxjrespon_ding to s

'

equation 4 gave mo =-l. 240 and A %-0.;102 with a correlation coeffi- L

cient of 9, 998, ngiation from ln C rahged fx-'orn" -0\. 293 to t0. 1‘58

: which cor;‘espond to errors rangmg from -0, 66% to 10, 365%. The

%

tests condncted at room temperature gave mo —,-1 208 and A = ~0,1025

ood
; Lo Ve
- N .

‘with a qorrelatmq coeffiment of 0 '999, Deviation frpm ln C ranqu

. . / .
I [ K . N

1 .

-' T

cqmbined sha Mgluea are mo #=l, 212, A e »0 101 and the corralation - L



e o ‘ . - vy e
: ' _ _ ! ‘ ~ L0
"in 1n C range from -0.847% to + 0, 817%

These results indicate that for the range of dath investigated,
. ' ) ¥ ,

tempering temperature and test temperature have little effect on

the constant in equation 4, .i,e. Sc = 1. C , .

For Sc =1, and a g‘lven mg and A, there is a.-fixed relatlon—

ship between 1n da/dN and ln AK as shown in Flgure 18 This

+

elations}np is found by solving equatxon(«l)for C and substituting

this value into equation(l) wmch results in.

FI o “"E& [m o N
' f . A ' , ' ..
&K = (dajaN)V/ ™" | : (7)

O )

From the above equation vslses of AK. can be calculated for a con-
‘a"tqnt crack grovith rate‘ and ,‘vax_:ious vaiusﬁ of m, Valu'esvvof “AK.

i
and da/dN for constant m valnes c@}hen be ptotted. The relatlon-

., v ship between ln da[dN, lnAK ;nd m is§ expressed by a surface i? |

the three dimensions,l plot sl;mwn in Figure l‘h As nqted fnom Figugs | .
e 18 3 x:ommqn ;ntene(;tmn point fmr all nnss qctzﬁﬁs. | 'rm }htera

'
N R




mp-mz 1 : o ‘
‘ m2 - m] A . .
Qr: OAK{ = e L (11).
and: . A'Ki = le.ll,A -- | , - 12) o

For all the data ploﬁ'ed in'Figure 17 and using the value of A as .
R determined the value of AK at which all curves meet is 17300

pai J;’n. ‘The relatxonshxp below a AK of 17300 psi f— n8 longer

il

holds as it now predl c'{s that materials whxch would shaw s‘ower

.
.

-

crack growth rates for a given A'K value now show highqr crack ‘ .

v

~\growth ratés for a glvenAK In th}s form no dxffe rent;atxon is made

\

" from 'fnateri‘al‘to material as all intersect at <‘;ne value of AK, thus

.

,mdicating that a.ll materials have the same stress sensxthty and a

_ ,co_mmon c,ra.ck grbwth rate for,‘thi,s value of A Kj.\ This is addx- ,

qtlonal proof for the modxhcatxon made to ¢quatmn(n smcg this

% ! g

. change Will cause the approp‘ria,te shxfts in the da/dN versus AK . B

z A

S qurves wluch are. neceasary to fit observed data, NN : "
i . s
K “ y R . “-', o R S - | .

',l‘eqt resulta of this rasearch wg;re a,lso evaluated "to determi.ne T
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thus one can postulate that the ‘hl{t in the point of intersection is

cauded by strain ageing°whigh takes place during fatigue cyeling.

. v 4
The data for -50°C and -10 °C was analysed giving mg = -1, 228

and A = -0,1029. What has happened, since both slopes (A) are

and A = -0, 0986. |The data for\ZIOC ‘gd 71°C gives mo = -1 543

)
practically the same is that a parallal shift in the curves has occurred.
The two hi.gher temperature values have moved above the two lower
temperature values. The shift in the two parallel lines la.exprened
byithe difference in'the mo values which c‘orreapondn to a diffarence
in Le In Cvalues, Thia gives Sc as in equation 5, a value of 1. 545.
Thias means that -tuin ngeing increases the baasic crack gx:owth rate by
55%. As waa pravloully mentloned both C and m are affected by

material properties, tkiarefore luparimpbud to this ia the effect of

2yclic atrain ageing on m, which is decreased, thus indicating a reduced

sensitivity of tha erack propngnuon rm to the m&mttnclc of thg a’ou

..umnllty umo.

’ " ' N
L3 ‘ "C'
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6.2 Analysis Based on Fatigue Mechanisma

-

Fatigue crack initiation and crack propagation is the result

of localized reversed plastic deformation. In the case of poly-

crysatalline metals, localized deformation can occur in grains whigh

[

are favorably oriented with respect to the maximum shaar stress, /

At stresses which are substantially lower than the conventionally

Al

defined yield atremfth of the bulk material. Since grains which are
located At.the surface are constrained less than those in the inte rior,
yielding at lower stresses occurs and this explains why fatigue cracks

normally-initiate at the surface. Becayse these gratns are also in
4 » :

contact with the environment, fatigue hoacomes a surface and

enviropment sensitive failure mechaniem, Superimposed ta these
, .

aspects is the offect of stress concengrations which result in localized

.

plastic strain concentrations. Strdss concentrations mypn caused

by elastic crystalline anisotropy, surface roughness, inclusions, and
’ |

diffex‘;nceu in elastic.and plastic properties 6!‘ multiphase materiala, |
6.3 Crack Nuclesflon | . \ ,,
, To precisely define what constitutes an inmnl htlm crack ia
very dmicurlAt.?k Micmcopic obnrvatiom of thn surface of npqcimmq
’una. rgoing cycuc loading indicate that alip bands and microcrackh
.form very early in the cycuc Mfe, bo\nnr the scale of this ddox- e
;**,'5gi,= 4 4mg§an u M@r m mp ‘that can’ bo dohcm hy mnnﬁmﬂ ’N‘r

g f l =

"-,

| - ﬁmnqnlpmn}. mmmmmmum fnrm”mmemg ﬂn
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crack" is sppropriately adopted. Manson and Hirschberg (27)

adopted a crack length of 0. 003 in (0. 076 mm) which can be detected
with a low-power microscope as the criterion for crack initiation.

In this thesis an average crack length of ‘0. 0078 in (0,20 nm) was
adopted ae a crack initiation criterion.

As w;ll. several dislocation models have seen develqped to
describe the nucleation of fatigue cncka.l - Almost all of these models
rely on the onset and localization of plastic déform&tion by sliph
leading to notching of the matal surface. Therefore, the discussion

will be based on this ""descriptive'’ model rather than the dislocation

models,

‘I.n singfo crystals of favorable orientation, cyclic loading will

cause the formation of uniform fine slip ‘hands on the‘lurface and

-

appreciable cyclic atrain hardenmg occurs after only a few cycleﬂ.

\ .

The matrix structure associated with this hardening consists of
dislocation debriu. After lons than 1% o the total life slip begins to

concentrate in "pqmaum quy bandl" m‘vﬁ\lch cracks nvanmuy

' 8

nucleate. Persistent slip band Iormaﬁg i, cqmmonly obn rved in

\ polycrynumm materisls as well, The dulonauon structure in those

V 'bméa sn a mu cwucmn witich u clmnctaruttc g( 8 Mg\&ampltmdq

Iid

' e?uum-mm ntmqmn, ﬂw n:nn. hn:dxmu and hyoturuu loap

ki

'mummnm mmm M ﬁa ponmmk sup m sve “nomr" tbm

m nm:mdm; mm. mu qpm m; Mu b m: sm T
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streas and a lower strain hardening rate. The strain amplitude,
te\(npe rature, and slip character influence the slip distribution and
crack nucleation characteristics. Aslan example, if‘ thg stress
amplitude is inc reased the entire specimen 8urface can be covered

with persisté&nt slip bands with a tendancy in polycrystalline material

for intergranular rither than transgranular crack initiation. The
behavidur of persistent slip bands in commercial alloys undergoing .

1ow—amﬁ\litude fatigue must be similar to the bulk material undergoing

) §
\
L2

large cycl\ic straiffs, therefdre, the cyclic stress~strains response

of alloys undergoing large cyclic atrains can be assumed to be

representative of what occura locally at amaller strains and longer

\
1)

lives, .

The effe\bt of grain sizo on fatigue cnck initiation has been:

‘ [

studied by agveral-authorn (28). Qencrany an increase in grain aize
reaults in a redu‘ﬁtion of crack initiation lifo, When llip bandn pro-

duced by high am ldtudas impingg on a grain bounduy it dp,qnn an. L

~offsat strain in the ,bouLxdny which resulta in a high streas ac ron e -

4’ o * R '
 boundary. As cycli k"continuu the affset and the ntreu increase - -

¢ ' . . .
i

until & crack initinfa f The effect of guin sine can m muntmtcd hr .

L .

nlgtim mm in twe snim of diﬁ(‘n mm alaq. ;

4

_Assuming the aame cu
¥ or thia éu!g tha plastit |

e m umg m uch v}

o Nﬁm‘ am,
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stress will be larger in the larger grain wﬁic}; causes shprte'r cra‘ck
initiation periods. Large differ‘ences' in grain size are required to
have a signifihnt effect on fatigue crack initiation times, The
increase in grain size from the heat t.reatment given the test specimens
in this thesis was 17. 5% and as a result no significant difference in

crack initiation times were observed.
\

In steels st‘ ageing may also affect fatigue crack initiation..

Strain ageing may be ‘h{ined as the tiine dependent pro;mr%:changes

which ocedr following plaatic deformation., Ageing effects steels

L]

result from the interaction of point defects, i. e. interstitial atoms

.

such as nitrogen or carbon with dislocations. The rate of chang;p of

-

@
any property depends on the amount and method of deformation,

. tem?crnture, titne and the solute atom concentratiAon. The inte ractxon
gfilgc,tq inhibit plastic flow (29). In-the mortal life range, mild steels
‘which‘;xhibit distinct yield points undergo 'a “aoftqnihg” at low atrain .

. - '
B ‘amplitudes and a hardening-at higher Amplit\{deh At low strain

-amplitudq; mftuni'n'g egaurs ﬂrat then MMehing oceurs (35). Thc
dlllgeﬁinn lockin} in %;glwn 4:i<>1b\ul during cycling a.nd the p;'onounch
yhld pgint dl!amqrc\ Strain ageing duriug ntisue (dymmic ctntn

l, ,"no. ' a

Q;ciah) dmnﬁn m mmy urhbtu md is uther cemplux. \Dymmac '

¥

mm; uﬂng iu beth n cynlo md ﬁmc dgpgnm; phammanon (31) ( 33)
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inte rstitial positi(‘)n‘are given in Table XL  As the temperature
increases from 21 to 71°2C a factor of 100 difference occurs in both

the above properties. One point that is commonly negtected is the

\

increase in temperature that occurs in the slip bands. If one

considers that almost 9.5% of the work of deformation is converted -

.

to heat substantial temperature increases can occur in the slip bands,

This may significantly modify the ageing kinetics above and I;eyond

overall temperature increase effects. Measurements performed in’

this research were used to estimate the témperature increase. The"}

maximum tempei‘aturea in fhe reversled plastic ,z‘one were calculated =
by two methods and both gave approximately the a;me' temperature
;raluen, A deécﬂption of the methods, and the calcullationiu are shown

\' in Ap.f;e%dicel_ 2 and 3, Ta&xpenture inc reases of at least 100 OC

*  occur, a.gxd it is considered that these values are conservative in
. * .

‘natjuro, The inerenp'ed temperature effects can also be very important

when analysing qnvi_ronmentﬂ effects as will be dtacqu'aed'ht‘e,r.
' ’

The obnrved effects of environments on fgtigﬁ'e crack inittu

2 ‘

'tion aro contrndictory, Bmo‘m and l(uqhohon concluded 0& cnck

a-’ N : d

) .’\‘\h‘ttigticm vnl l,ihcnd wirnnm(mt while Bruh;w nnd Whuln . o

""‘cqncmdqd ﬂu.t tha mn}or Qtfsct “WAS on thc nu m enck pmpgntton (33), e

' 5

In mmmuy prwim,m nudiap hmm ahovm': t'i;v.e cnck

'u

mehman dsp;m!q sm amh pr@arﬁu q! ﬂm; :tnn m ut:w\ hud-
e @ _’min; md u Mamm hy guin nin. smin nptn; AT




environment,

The results of this research will now be analyse‘?J
3 ‘ I
Inthe test temperature rarige used in this investigation, a . . °

wide variety of material properties occurred. Temperature depen- -

N
dent ageing reactions are superimposed on the effects which tempera-

" )

ture has on the material properties, therefore it is necessary to
" discuss these aspects be{ore analysing other‘pos‘aib_lye factors,
The aens}itivfty of this steel i:o strain ageing has beex{ explored,
Figure 21 shows an increase in the yield itrength 'and hardness during
ageing at room temperatnre following plastic deformatxon. | The uppcr

yleld strength increased by 23% in 100 hours while lhe Rpckwgil D

; '
\ I

hardness increased by 23% in 20 hours. These ngimg'tim.ea.dompare

\ with an avernge time of 1 hour Yor crack initiation and 6 hours for

~

-
oo SEaTl

»
5 nif
¥

total fatigue life, II: should be kept in mmd that loenumd héating cu}

guﬁauntig,lly ingrease the rate of ;geing. At highg_x- t@mpqr;tured

-trnin Agemg can be so upid that it apeu:n duxing -tplning luding O o

v | ' . / v,
. to tho wal known blye brittlmcu. P #y’ | Wﬁ‘ o S

AU Tp utudy tbp eﬂecu of hmpqntnm md pgam tima t@nailo tuu

N ',. /u,,t ‘ .

were p#ﬁpmd% the. nmpnntun m;a asoﬁ”c to 26@0 qt atuin rates’ .
] . v r

oL of 0, 3 inltnlmw wd_ Q. 903 in/inlmi.u, Sbmm in thmm 33 u /t._gf.;j




temperature. The ultimate tensile strength exhibits the commonly
obse rve(d trend with incrg?ﬂing temperatures; a monotonous decrease
with a minimum at approximately 100° C followed by an inc‘reaée in
the blue brittle range. Bec@use simultaneous or prior deformation

is necessary for the ageing reaction to occur the yield strength also

.

decreases as the temperatures increase. The values of yield stress °
incre;se as the temperature ldecrea,ses below 219C, At the lower
strain rateq, the atr-e.s,s values are lower but eihibit the same trends
indicating the material ‘is s‘trai’n rate sensitive, Although fhe bulk

yield strength and tensjle strength may indicate a trend similar to
. crack initiation times with respéct to temperature these properties

may not be assignificant as the flow stresa since fatigue is caused by .

raversed p].utie de'formation,

Flow ureuea at different atrninq are plotted as a function of

0

. tamperntum in F;guxa 24, The flow stresses show gddh1iona1 charnc-

Ay . . N .

B te r&nticl whtgh are du'foram from thone of yield ntrgng;h ;nd ultimate

SR mnma nxength,v'* e | i

s . o L

+

Aﬁ the high -tnin x:;te the now nxeu regchea a minimum valua

L)

J;t;-;bout &0 oc md 4 mnimum m thg blm brlttl, nnge at -.boqlt 190 PC. Sy

GRS indig&t&n; . lqmﬂnq ai ﬂmn ermsnl wmp’ramxu. Smm x-;;g hn

fay s Cy e e
L ; . P

’ Ty A ﬂ;nmqmt mact p&&tﬁkwllﬂ? At 5096 mq pm GC; : A; mqa tm
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d

flow stresses.lincrease, at about 20 C after which thewaollow parallel
to the high strain rate values., This type of behavic;ur indicates |
certain ageing reactions are occurrix)g' while a‘training in the 0°C to
20 °G temperature region. This meaps that two ageing reactions take
plaée, ane which ;ppéara at 180 °C and the other at about 20°C. It

is will established that the increase in the‘ blue brittle range is caused
by interactions of interstitial carbon with dislocatipns. Nitrogen has

a higher diffusivity (see Table XI) thah carbon which may cause a

similar increase of the flow stress at 20 °C and the low strain Bate. It
L4

is believed that nitrogen has the greatest effect. qn the étram ageing pro-

cesa (38) and coupled with the much greater solubility (approgc. 100 times)

(35) this lower temperature low strain rate effect iﬂ plaua:ble.- Data from

. Pugh et al (36) may partially hubstantiate this observation. Tensile tests

on high purity iron (C 0. 0034%, No. 00\\%) were performed at-two ntnm .

‘

rates as a function of te'mpcratute. A deqrease i3 engineering fracture

' o

atmu md tensile strength oceurmd al: tha low atrain nte below rogT

tempqutum. Altﬁough det«:ted in the courae of thiq woxk a detailed

v ;‘w

:n,

“m:smr: ;i 21
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This is evident from the cyclic yield stress data'shown in

Ny

Figure 25. The cyclic yield stress as a function of tempe rature

indiéates a trend similar to crack initiation time and total life which
-is*shown in Figure 23, A minimum occurs in the cyclic yield stress
at 21°C. The ¢yclic flow stress, however, does not exhibit a pro- (

nounced mjinimum, TRe increasp in the cyclic yield strength above

21 °C could result from the incrga,aea rate of strain ageing.
A comparison of fatigue crack initiation life with other para-

“meters such as strain hardening exponent, grain size, temperature

and environment is gi‘v'en on the follow'ing page and is also shown in .

Table XIL
From this table it 3ppeara as though the greatest effect on crack

initmtion time is the teet tempq rature. . The environment and grain

, . |
size do not have any aignif}cmt effect on crack initi;ti'on time and no

¢ Al

lppnrent correl;tion is’ obu rved between the atatic, cumulative cyclic, '

or nonagumul;ttve eyclic -trqin hqrdening coefﬁcicntn. It ia inte,rqlting'i

to observg that tha ltuin h;gdening exponent, n, from :he p;ttic ten-ile

[

' te-ts nll ohow assli 8ht1y highgr value ;t the lowe;- -tnin ratm Wh,mh

'hdtgaug that uoing ia occumtn; dpﬂng thq tent, duratioq. L . i;,,;f% R L
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6.4 Fatigue Ovack Propagation -

Gene rg’lly fatiguerc?rack propogation is dividod into two stages,
called Stage I and Stage IL. Fatigue cracks form as slip band'cracks,' | R
(usually crystallog;*aphio unless very high amplitudes are oaed), in the

“ _manner discubsed in the previous section. Stage I propagatxon is

. '
+

favored under conditxons of low stresses or corrosion fatxgue below.
the air fatigue'limit (37) During crack propagation in Stag.e I ahp A

band cracks continue to grow along planes of maximum shear stress,

In polycrystalline materials, Stage I.involves many mdiVIduAI alip

'band.cr‘acks vi(hich eventually link up. At this point the Stige II‘

-

propagation begins during which the cracks grow a.lbng pla'.“nep of
Co ~ maximum tensile streds (generally non - orystanograyhiq) until it o L
reaches a c;-itic;l t:rack 1ength f°1‘ thch the next 1oad peak produces o I

a tenpile f&ilure of the apecimqn. The fruction of the tottl fatigue T o

C

' m« 3pent in Stage 1) crack prPa,gatign inergues With increasmg lmd SRR

ke : i

Lo = pmudq, . e

,,..
Vv

e It il commonly thapted that -tmin harde;xing auogiqtéd m,gh
E ’ “‘ k I o "hg ::‘i’“

‘,,.(m: msqxs_ whi h Qonml
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crack tip mdhrd:\r hardening in this region, Ui)on reversal the crack ‘

\ facea- are"fox‘-cj‘e‘d tég'e'tl‘x.

.
A

causes the crack to advance by an amount which is proportional to

I' ’ :
_ the difference of the new surface formed by the extension in the tensile

\
] i, ’

stroke’ and that regained in the compreuion part of the cmle. The i

-

full compression resharpens the qrack and prepares it for the next .‘ L s
, L
tensile cycle, This "plastic blnnung" procears results in‘the ripples

. or ltrmtiona oftpn obaerved on fatxgue fracturé‘lsurfaces. ‘ L . o

)
)

Such atriations were obqe rved in acanning electron’ f raqtographs

\

and up.nsmisbion electron fractographg as shgwn in Figure 27. It

vy
5

’

'is genoxllly tg;reed that each’ gtriahon chrreaponds to one cyele of o

crak growth, thus locglized crack grqwth \-\atea cuvbe calculatﬂd by B Q‘

’ ' *

mea.lnring the diqttncg betwqen ntriations. . ﬁ(euure}\%nt of the ' ‘ PRI

:“gtri;tion lp;cing on sevarql electron n'p,qrqgmp\s ggve A cnck qu.

B gg;tion rate df l¢" _inlemle ""hi"h “‘“” Yory w

rll."":"l"‘“':\” 'A
scopiedly mnmrod valnqq, Fig\u-g 28 Qlao phqwg "

4'
“4\\

the rmqt Qf the tr#qtur
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elastxc-plasﬁc analysu however, there is 4 disti c/t du‘fe!xe}ace in &

the plastic. zone size caused by \midix'ectional loading and that caused

e f a ) . ,

L by fatigue loadmg. C ‘ . I
' )

\ f
. [

When a 8pecitnen contammg a crack is. sub;ected to zero-to-

W . Q

. tenaion loading the plastic zone ‘at the crack tip is subjected to con- PR

' . stant stram‘amplitude cycling. Under these co;ndxtions the tensxle SN

i /

. © mean Kaﬁress prssent in the plast;c scne on the\ If/u-st cycle gradually IR

" rellaxes to ;;co dunng subsequent cycling. 'fhxs is 1llustx'ated in ”. | o
s .' 'Figure 29, Thereiore after Aever:l cycles }he plastac zcne is subject“‘ ‘
oo : t° reversed stresaing rather tha.n zero~toete’xxfion vfba.c‘]il:ng.“ Conse- “ ! L

quently a large zone forms on the first cycle and- decreases on .

‘
'

~ subsqquent cyc’lixlg to the "rev*ersed plasﬁq zone" Rice (39) cal.- ; @, §

ety e | w

.

culated“g four fold red\;ction in the size of the R;astic zone for an ideal
&
ges dng t
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) ‘.N ‘
This initial or "monotonis plasti® zone' is larger at the

surface because of plane stress conditions than in the interior of

the crack front wi\e re plane atrain conditions exist. An'illuatra-

tion due to Liu (21) is shown in Figure 31. The size of the plastic
. .

-mone is alao affected by strain hardening or softening, strain ageing, o

temp;rnmre', and the o\‘n'vironmont.‘ For example, in steels which

rexhibit pronounced yielding plastic deformation initiates by forma-

-tion of Luders bands, Figure 32 shows a photograph of the surface

K

. plastic zone in a steel specimen from this series. One observes

>

L

the propagation of Luders bandas at the ehl‘tic-phlﬂc boundary.

o
Furthermore propagation of the plastic zone occurs in increments
as indicated by the sequence of curved bands along the crack boundary.-
Figun 33 shows the -urche plastic zones for the four test tempe ra~
L]

twrea, Shovm m Figure 34 are the reversed plastic zonos as revealed

by Mohlng-whtch indicates the dense substructure within the plastic

‘se0e. A farge difforance betwsen the 21°C' argon,enviranment and-the

21 °C hydrogen environment is evident, " The data forthe’ four tempera-

. . ¢ . : .
- tures is plotied in Flgun 35, The sine md shape of the reversed plastic

500 ware muuumd and t:bo data is listad-as follows and given in

L]

mugxm.* o _ | . ,

P



SIZE OF PLASTIC ZONES IN STEEL SPECIMFINSh

Environment

Temper-
ature °C.

Argon

Hydrogen

-50
- 10
21
71

-50
21

- not detectable

[ 9

reversed ry’

\

Radius of Plastic Zone, in, {mm)

surface ra

reg /1y

4. 5x10~4(0. 0114)

0. 0251 (0. 636)

7. 0x10 - 4(0. 0178) 0. 0270 (0. 685)
2. 0x10 -3 (0. 0510) 0. 0368 (0. 990)
1. 0x10~3(0. 0259) 0.0490 (1. 24)

0. 0335 (0. 85)
0.049 (. 24)

56
38
18
49

. Both the murface plastic zone and the reversed plastic zone

increase with increasing tempexature except in the temperature range
where strain ageing is significant, i e. at 71°C, and here the reversed
plastic zone decreased in size. The nurhée plastic zone is not affected

by strain-ageing which is plausible since it forms on the {irst tensile

atroke where strain-ageing ia not a factor. The surface zone is

_ actually larger here and'this can beé related to the decreased yleld

strength at 71°C, The effact of strain-ageing on fatigue has been

studied by several investigators (32] (40) (42) (42) (31) (29) (43). No

complets agresment between the investigations has been reached and

this can be well appreciated as dymamic -trdn-nptxig is a complex

43

problem nhﬁd'w many variables, However, Wilson (29), 1970, has '.

concluded that strain-ageing doss contribute to fatigue imn'ﬁqmy

"at around rm,ﬁmﬁonhn" by limiting the spread of ﬁuﬁ dmp.
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»* plastic zone ffize should decrease as the ﬁmpo rature is decreased

This result tends to correlate with the reversed plastic zone sizes,
as the size at 71 °C where .‘strain agoing is éig‘nificant, is reduced.

‘ A comparison was made between the plastic zone sizes, crack
initiation life, and total fatigue life. No consistant correlation

) \lil
could be found between the surface zone size and the fatigue life.

This was also observed by 'Weias and Méye rson (44) who made
) \

.

measurements of the aurface pl.autic zone. The inverse of reversed
plastic zone niz‘e, total fatigue life and crack initiation time are

. - -\.
plotted in a relative manner as a function of temperature in Figure

36. It is evident from this figure that fatigue life and crack initia-

tion life correlate with the reversed plastic zone size, i. e., as the

sone aiza increases fatigue life decreasea. This can be further

- expanded to include an observation made by Irwin (45) that the size of

the localized plastic zone at the tip ff a crack is proportional to the
stress intensity, to yleld strength T&tio squared, Tables IIl and IV
give the static and cyclic tensile tast data, From the static tensile

data it can he observed that for A common stieas intensit§®the aurface

-hwlew 219C, since the yield strength increases. However, above 21°C
the yleld strength docrunn‘"wmch wo‘uld-,#dlcuto s lhrger surface

» - 4 ‘»

plastic sonse, Tho static tensile dm cnruhu with. the irwin nlntton-

ahtp ia thn the mttm plntiq kcn-' follows the aornct tund -wm:

. Tespqct to mld nm.m M pnvtmﬂy mentioned the sufface plut‘e

L 4 ne - i . PR

a
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zones sizes do not corrolate‘ with the observed fatigue life. The refore,

it can be qordcluded that the static tensile data are not sufficient to
explain tl‘ﬁ results. If the cyclic yield stress values are used in the
relationship due to Irwin, the trend that tﬁe largest reversed plastic

zone size occurs at 21°C for a glven stress intensity is observed. It
follows from thia that as tho'stress intensity increases the crack

growth rate’lnc reaoe; as does the reversed pla!tic zone size. Another
intereating point is indicated in Figure 15 which shows the static t‘md

cyclic stress-strain curves, The order of the curves with fespect to

temperature ia modified in that the flow curve for 71°C is above that at

. 219C for the ayclic data. This falls in line with the observed trend in

fatigue life which can be correlated with the amount of plasticity. This
means that for a ‘given stress the amount of strain at 71 °C is leas tha;n
that at 210C,

The results of the above diacuuion deﬁmtely indicate that the
use of cycuc data and revenod plastic zone aizes Ara much better suited
to pred!cting obaerved fatigue beh&vlour than static tenlﬂ dgtq and

L -

surface plastic zone’ liaen.

!
]

‘R.As lntaxfunting to note thnt hydrogen increases. the surface plastic
zone aize but dacreases the ronxud plastic sone sizes to valuu wbleh
are lnlow detectability, Thi. indicates the mon,; inteuction of

.
(]

hydmpn with the unrnd plutic nﬁh whtch rnum in the bx-mh

k]
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acaqniné ;lectron micrographs shown in Figur.e 37. In hydrdgen
| fatjgue striations are absent which indicates a low level of plastié
deformation. There have been at least 3000 papers (48) concerned
with'the effect of hydrogen in metals which have resulted in three
proposed basic interactions bétwgen hydrogen and metals; howevek,’
most of these papers have de;alt with the effect of hydrogen under
static loading conditions or as in the case of dynamic loading, the
effect of hydrogen on high atrength alloys, | .,

Elsea and Fletcher (47) havq observed under static loading that
crack propngation is a diacontinuous series of crack initiations and
propagations. Williams, (48) found no temperat;lre dependenCe on
crack gro;vth rate between ~10 and 59 °C for a 4130 &eel in the presence
of hydrogen. Be m;tein (46), in a review, at;tea that hyd%ogen can \\
cause embrittlement between ~100 and +100°C With the most severe
effect around roomggempe rature, Vitovéc (49) haa found the plastic

] :

doformgtion‘ in the presence of hydrogen accelorates attack.' In creep
» teats the roducttc‘m in.area and rupture ﬁme- were also reduced,
J nckaon (50) hu also found that ltmining in the presence of hydrogen
can raduco the breaking atresa of steel, It has also been found that
ten‘uila stresses across iron and otenl mombrun?p nignific;ntly increase
' nolnbmty of hydropn in thon mnmbrmn (51).

J mt mmﬂy 3uct'bm (51) 19 72, has propo"ql 3 new model for

hﬁmn& Mﬂghd srgck!ng. Tha mcdol mugm thtt tha praqonca of

i




”mm bggm nxvy Aoon Q.ﬂ;ar tho cm;q. A phqtogmph of :hiu pqxtkml;r . *;

O

sufficiently concentrated hydrogen dissolved in the lattice just ahead
of the crack tip aids whatever deformation processes the micro-
ftruct‘ure will allow. This new model does not support the embrittlement
theories in that it predicts hydrogen unlocks dislocations thus allowing
them to move or multiply at reduced streases rather than lock them in
place. The model also p‘roposea that the fracture .rnodes are dependént
on the chemistry of the steel, tile heat treatment, the microstructure,
the crack tip stress intensity factor, and the rate of supply of hydrogen
to the crack tip which ;letermines the .concentration there.

With this background the test results will now be discussed, The
crack length, a, versus number of cycles graphs are shown in Figure
1. The A K versus da/dN curves for the specimens teated in hydrogen
are shown in Figure 14, As ran he observed the fati'gue livéa are
.cqnalde rab‘ly shorter at both ~50°C AndﬁoC in the presence of hydrogen.
Thg crack growth rate increased by an order of magnitude under these
conditions,

The test results indicate that an incubation period ia reqnimd ‘
either for the hydrogen to Atnzn some critical concentration within the

E; - ‘

material or for the ntran to*anch some critical value (46) (52) 'I'he

reaqlt oﬁ a 21°C teat which was begun Iﬁ%:gon then changed to hydrogen

mmm thnt the pmuncq & A oharp cmck. i. e, highcr strefs or . ‘ g’i{
4

strain, reduce the lncub&tiqn timq mqnirgd. an ﬁnqtsblq cnck propu o Al

z‘a &
oy
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test is shown in Figure 38. The surface plastic zone is almost non-

existant at the start where argon was used but becomes evident when <
as L

. I

the hygr%gen is introduced and rdpid crack growth begins. A critical
‘. S

m"

stress htensity factor range (AK.IC) of 20 -~ 22 ksiin is neceésary

for the onset of rapid propagation. This stress intensity range under

\\

the the other test conditions did not cause rapid crack growth.
Reference will now be made to the Table of reversed plastic zone

sizes and surface plastic zone sizea. These are also illustrated in

Figures 33 and 34. These figures and tables indicated that hydrogen

increases the surface zone size but substantially decrease the reversed

’

plaafic,zone size and the amount of fracture éurfa\.cg deformation. ‘The °

surface zone size increase tends to agree with Beachem's new model

»
-~

as this zone is formed on the first tensile atroke which simulates the
gemi-wta.tic wedge loaded tests ﬁsed in his report. This increase in °
,ﬁurfac; .pl'astic deformation may result‘frlom hydrogen réducing surfaceiy B
« .
layers which inhibit dinl;;cation motion. The déc rease in plasticity®
as obsarved on the Iracture surfaces and from reversed plastic zone
| measurements do not A.gree with @eachamiﬂ mpde'i, Uhglex dyna?nic -

)

loading there are several conditiom whiéh would mglsa a bad nitua.tioin

worne, ’I‘heu are: thc prq-ence of hydmxen wh.ua pl.utic dotorm;tion E

Al r"‘ib ,
ia occurring. the Xormntion of a lgg-ge pluttc &grfaa sone whtch pro—-\

,vidgl a grutar mrt‘mp area for: hydg-ogqn to duﬁug thmngh. md a
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~ very important consideration which is the local témperature rise due
to cycling which can accelerate the diffusion of hydrogen into the

L}

matrix ahead of the crack,

‘6. 5 Analysis of the Tomkins Model

The fundamental problem in developing c‘rack propagation theories
Is the determination of the &isplacements in the vicinity of the crack
tip and relating these to the ngminal stress or strain by a realistic
stress-~strain law, This problem has been approacixed in seyeral
different ways, ‘Theae‘includ‘e the Bilby-Cottrell -Swinden (5;3) theory
of continuously distributed diélocatipns, elastic-plastic a.nalysit:,“_‘and

elastic-plastic measurements.. Ma.ny of these theories give basic

c¢rack growth laws of the form da/dN = C & K‘m' which is identical to

1
¢
»

v equation(l) In- these lawa m is a conatant not borne out by expenment
and C is the only parameter which depends on material propertiea
Fx:gm tbil point'of v;ew Tomkins ( 54) prqposqd a model which comes
#lasant to reality, He used the'Bilﬁy-S\;rinden ;;nglysia. a power
"‘ha'xdming ~1p,.w, t\,nd aq'phmc docoi;eagon crack advance criterion (55).
'I‘ho pong vpluc m 1a a mnction cf the cyelic -tntn hqrder;ing bah&viour. |
],?‘or ﬂpu xeuonq the Tpmkinl modql wm bq nnd to analyu the dlta "“

S ’ .-

W qt thi- ;nqqx;cb. It 1-'th9re£ore oxpeéignt m xeﬂew Tomkm: mdyﬂ' ,

o Lo

e

hmm mnng pf- nqmtim to nnlmtq m mpcrimqnm dam. R i




The model is derived for a ductilé&netal under tension-com-
pres‘sion\loading. A schematic diagram of the crack tip configuration

v

is shown in Figure 39. It was noted in some photographs (Figure 40), .
that élipv bands of this nature were present. '\ \\
During the tensile half 'of the cycle plastic flow occurs on two
narrow bands at + 450 to the crack tip. On increasing the strain to
the\\en;ile strain limit a new surface is formed by shear dec&besion
along the inner edges of the flow bands where the shear strain‘gradient
is’a maximum. The theory assumes that on the closing half of the #
cycle,the shear flow is reversed without significant re~cohesion, .It
| Qppears as though this assumi)tion is justified (33).
The Dugdale (55) model‘ of plastic cohesive fg)x-ceg is applied to
, thg'fatiglue'problem .aince the ah;am strain is concentrated in a narrow 4
band. The phetic zones are replaced by distributians of plastic Bhear
stress, S, a.qting on the ¥ 45° lines, of length D, For the plane strain <
—case the exact form of S’!ﬂe not known, but it is assumed that if should
‘. be above the mmimum .nominai !hclr atxen of mate rial near the tip

Q

and approximately at thg flow streaas at the other end of the ‘zone of
. lqngth D, The equilibrium ntreu condition iu given ky Bilby lnd Swinden
(53). txom an ln!-lyiil whg unnx dialoc;tion arrayq ta mpreunt a

Gncks 'L‘hq enck in mprnon“d by » cghtinugua dintrsbution gf edge

h

ndiqlcsf‘t mmwi%h mm Buxgarg qutqr! pqrpmdxculn to, the gtmk plu;g, R

bl ﬁ ,A




The dislocations irlx the regions of plastic rela);ation aré a'ssumled ta
experience a shear resistance acting along the slip lines afxd to be
gdge dislocations\ with their Burgers vector making an arlxgle + O with
the crack. The equilibrium stre'as condition is given by:

: D/a = fz"[sec(n s [2S2) - 1] (12)

! 3\ .
Equation(12) gives the ratio of plastic shear band length, D, to crack

length, a, for a given applied stress, 6, and p‘laatic shear stress.
Experimental results indicate ’that S can be approximated by g, an
average stress acting over the iength, D, aﬁd equation(12) becomes:

D/a = sgc(nG/ZEZ)-l (13) .
Equation(l13)is of the erm: o l‘

A'= sec X - 1 ‘ | ' (14)
If the G/ ZS ratio is small then equatxon(l4)can be. expa.nded by the power A

. )

aeric;s for sec x and the reault is: _.

Ma= 1?8 (6 /zS)Z +m?/8le /zsﬂ (s’
Equ_a.t'ion(if))ia approximated once more in that the second t'erm 1s
'mnltiplied by 1/32 wlwreaa the vdna from the secant expamion is 5/19 2,
Duq to the no.tn:q of. thq secant expmqim only th@ ﬁrst two tgxmn are ’
lignifiaant. Up to thil pomt the det‘orma\tinn zone nize D as a, funou.pq
of the erack length lnd -tmn is a.ppro;;imutnly k\:own. A tel;ttonqhip
between the nmonnt ot de cohqcion J’ ln#‘ the detormqtion zone nim i- .

' mcqnarys At tha cmck ﬁP Wb’" thq ‘FP“M Q“Fh‘ 9"‘5”‘“ ﬂ“ fnqthg ‘




. accomodated by-‘thu formaltion ()f. a new crack surface. The amount of '
new 'crack surface is given by: ,
i §- g, , ‘ T .
where § is the crack growth increment per cycle. The { is a geometric
factor which is approximately 1. 5 but due to the effect of the free ’surface '
reducing the transversé strain in the crack tip region is assumed to be
* closer to 1, therefore: | ‘
, &= €pD (17)
‘ ‘ ‘ ! I
F%quation(l?)is found to be gene rally true from experimental results.
Tl;is is .partially substantiated by Figure 36 which shows the si'ze_o%
the reversed plastic’ zone and fatigue life plozed versus the temper;tufe. .
As the zone size inc rea's'es the 'fatxgue life decreases which 18 What '
equatxon(l’?)predxcts. !Mv. > .‘ | | : o !
The cyclic stress-strain qurve of a matemal can. be represented'
by the following relatxonShip h
As=B(Ae ) . (18) |
"Smce crack gro\yth occura in the tenaile half of the cycle G A e/Z..
’ .this is substi;utcd mto equation(l‘})which givea' . IR |
, D/a = 2/32 (Ae/z"S)2 El o 2/32 (66/28)2] (19) ' <
: The asaumption that the crack extg;naion ger cycle i A g_lpp is now : \

+
J

o ““d A’Fh? N“F 31’0‘”% M cnqk lgngth. 2 increasqa and by ch- K

e ‘,vimmﬂs Qquﬂﬁﬂnﬂ’f,&dndm’ the dtmk grnmh mtg pax eycle ir

‘u;‘ ‘ r ‘ : : ./.\'
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:- \:f v:"[{ l .
The value of 2S is replaced by an equivalent tensile stress T. substi-
RE '1 ) . | , ‘
' @

tutipn of equation(IB) into equation(20) nges. ~
!

Uriles& very high strain fatigue is considered AG/ZT << 1 and equatlon

(21)

f‘
(ZIib?c rpeﬂ
ML - '
i ‘.\‘ \ " X “ 1
o da/aN = 172/8(13/2'1‘) Aepz“ t1 o, | (22)

t{pq(ZZ)can also be expressed in terms of the stress range as well

I’smtuting AE‘P = (AG/B)I/n . This results in:
(23)

| | da/aN = TrZAGZ’“ “/n .ass pl/n! (21)?

[ I .

[REN
A”‘éon};pa.nson of equation(23) and equatlon(l) us).ng test data of this

, Etxr\fesﬁgation will be made in the following sectlon. ‘
;, .\‘iFOl' comparison equation(23) may be rewritten to compare with
oo . . . : |
“da/dN ='cl Ae™t 5 | Co (24
Me = 1, | 1 da , AR -
m¢ = (20" + 1),/ n* an | , (24a)
1 ’ ' ’ s, f
[ 1 ‘ . 4
(24bl)‘l '

‘»,
'*ﬁ C = «rz/aB‘/" (zw)z | | o
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assumed. This gives a stress intehqity range of 20, 000 psivin. To
evaluate the Tomkins equation the cyclic strain hardening exponent nl
as calculated from the total accumulated strain, amdln11 as calculated

from the strain amplitude of each cycle were used, The da%a js listed

"
»

below and is alsa given in Table XIV. ‘ | ‘

4
1

Crack Propagggibn Rate (in / cycle)

n ' n'l
=50 . 7.85«x 10“'2 7.02x10°% 2,65 x10-7,
~ . -10 .. 1,90 x 10" L14x107° 1.90 x 10 -1
IR 3.13x107. . . 4.36x10 2’ 1.41x10" -9 .
.11 - 1,67%107 soleo. 1. 59x10

Y N

L, | R . .

The 'Pomkms equatmn gives crack propagation rates Wthh are’

\

reasonably close to t'he expé‘rimentally determined ones, prov:ded tha’t.\wj —
; . ;

cychc stress strain data ba.sed on acquxpulated Stra.m are uﬂed. ’I‘he

'
\

trend obaerved with® temperaeu:q ;s ﬂot well repmsented by Tomkms |

analysia bun thxs is not suxpnismg when consxdering the approx;ma-

u ’

txono.mgde m the d"i"‘mm‘- 'F “rthermore, atram c}fFling @xeeg‘imente S

‘i
- KL

!

. L ooy RN

o g [ t if
m:lM

ot fully xepx”ent the cys‘lis: 85&’5'4* a 'einq e:fqet of a smal S,




with..tlemperature compafx'-‘e'e."favorably. ~Strain hardenir_xg'ex‘p*o'nents

calculated fréni the strain amplitude show. no ¢orrelation.

A furth'ler check of the Tomkins' equation‘ was made by cﬁecking
: thé relation l;etweqn In cl apd‘ﬂlt according to equation(4). These are
plottéd in Figure 42, Onc; observes that the values calculated frbm‘
" the VT.ognk‘iné equation fa_il.‘alightij abéve the ex‘perimgntal‘ v;lues but
.the trend is the samje and linear rel‘ationahi;’rp{x?_lc‘lus., «r.

.
»
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with temperature compares favorably, Strain hardening exponants

SN
calculated from the strain amplitude ahow no correlation.

’

A.further check of the Toimkins equation was made by checking

the relation between In C! and M, according to equation(4). These are

plotted in Figure 42. One obsarves that the aalues calculated from

Y

the Tomkina equation fall alightly abova the exparimfntal values but

the trend is the same and linear re}atlon! mm
- wf“ ! “\-M i’mM«
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SUMMAR Y AND CONCIUSIONS \

{

¢ The main results of this investigation which pertajgs to cyqlic
bending fatigue teats in environments of argon and hydrogen in the

¥ i -
. temperature range from -50 to 71°C are summarized as follows:
' .

1. Fatigue crack initiation life and total fatigue life in a‘fﬁon

derrease with inc reasing temperature until a r.ninimum is
reached at roqom temperature from which they incroase as
'ntrnln ageing becomes aignificant at higher temporatures,
2, Crack initiation times are not affected by hydx;ogcm
3. The monotonic plastic zone at the :urface is very much larger
than the reversed pl.ltic‘, zone,
4, Hydrogen increases the pize of the monoltonic surface plasatic
zone, but decreases thv reversed plastic zone to values which
are below th; xi'ange of microscopic observation. This concurs
with the brittle crack }irop&gati‘on mede observed by scanning
j I ..

electron microscopy.

5. Within a certain nnqo of stress intenaities, the crack ﬁrpp&‘n-

tion rate can be aquaued by the equation, da/dN = C(& K)m

[4

The pqwar value m. ‘represonts the sensitivity of the crack pro-

» .

pagation rate to the stress tnnmtty range,
A docmq'n in the nnt t;mpontuxo cmua a doc:nu of tho

. pudk proptﬁum ntc ua,d a Qqcnro qt tbo nmmvity to tbv
!

-:nn -mmaty range, '




1. Cyclic strain ageing causes a decrease in the crack propaga-

tion rate at 71 °C compared with that of 219C and a decreaae in

the sengitivity of the crack growth rate to the stress intensity

range, ' »

)
8. .~ There is a relationship between In C and m of the form Mo, -~ M =

A In C which is the same for a material in different heat treated

conditions and at different test temperatures provided no strain
ageing occurs during eycling.

b
, 9, >-ir.\, *.nmkin- model for fatigue crack propagation cai‘x‘" teasonably \
C S

3

f
well represent experimental results but refinements of the

mathematigal analysis are possible and necessary.

10, A more detailed atudf into the effects of localized heating in the -
crack tip area is required so that one can better understand the
tip conditions for crack growth analysia,

1, Crack initiation life, total life, and crack propngat;on life are
proportionll to the .invern; of the reversed plastic zone size.

<12, Mean stresas has a significant effect on fatlgug crack propagation

0

rates within a certain stress range.

—
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TABLE I

CHEMICAL COMPOSITION OF THE TEST MATERIAIL.

- . ELEMENT WEIGHT %
Carbon - 0.2
Manganese . 0. 82
Niobium 0.012
Phosphorous 0. 006
| . _ Sulphu- 0.021 o
' Tin 0. 05%* 'Y
Nickel 0, 05%
Chromium 0. 05%
_ Molybdenum 0. 05%
' ”"'. Copper ’ 0. 05*
) Vanadium 0. 00 ~* "

GIVEN MATERIAL PROPERTIES 20 °C

PROPERTY VALUE Mega N/m?
Yield Stress 48, 000 pai . 33,2
Tensilq Strength 65,000 psai ‘ 448 4
Fracture Strain . 265 in/in at, 010 in/min
Reduction of Area 33%
., . 2
* Less than,
- ‘ L]
] .




CHARPY IMPACT TESTS

All values given are the average of two tests.

Q#l - Condition of material: 954°C full anneal

ientation: Parallel to the rolling'airection.

Tempe rature - Energy

°C Foot-pounds Joules

70 73.0 99.0

22 " 55.0 74,5
0 . 10.0 - 13,55

-10 8.8 1190
-25 6.5 8.8
4.0 + 5.42

- 50

Set #2 - Condition of material: as received \
Orientation: Perpendicular to the rolling direction.

Tempg rature Energy
L G Foot-pounds Joules
70 55 74. 5
. 22 35 47, 5
0 : .25 33,9
~25 20 27.1
~ 50 23 3L 2 X
~70 18 24, 4

Set #3 -~ Condition of material: as received
Orientation: Parallel to rolling direction,

Temperature ‘ Energy
¢ KFoot-pounds Joules
70 40 63,7
22, 30,0 40, 7
0 8. 5 n,s
- 25 8. 0 4 IOQ 85
-’50 " 6,0 8.12
L ' ’ ‘ ' .
oy
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‘ TABLE IV
. CYCLIC STR,ESS-STRAIN DATA AS A FUNCTION
OF TEMPERATURE AT 640 C,P. M,
Tempera- i Fracture Strain Yield Strength Ultimate Strength
ture °C in/in mm/mm psi(mega N/nof) psi (megalN[mZ)
.50 0.2595 0.01862 4, 55x10:(3 14)  4.99x10% (344)
~10 0. 1756 0.01725 3, 28x107 (226) 4. 42x10" (305)
- 21 0. 1867 0.01676 2. 35107 (162) 4. 40x10°(304)
71 0.2126 0.01754 2. 75x107 ( 189) 4, 30x10°(297) .
» C)
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TABLE V

Experimental Data F rom the Cyclic Stress-Strain Tests

Temperature Stress Strain N

. Sc p8i (mega NLmZJ_ in/in cycles @ 640 cpm
- 50 " 6649 ( 45.84) 0.00150 | 1280
13305 ( 91.73)  0.00321 1280
21445 (147.86) 0. 00478 ' 1280
| 273# (188, 61) 0. 00629 1280
32543 (224.31) 0.00738 . 1280
38449 (265. 11) * 0.00855 +1280
45477 (313, 55)  0.01093 480
46217 (318. 65) 0.0123%0 / . 427
471411325, 03) 0.01332 ' 427
48066 (331, 40) 0, 01469 374
48066 (331, 40) 0.01572 320
49913 (344, 14) . 0, 01657 320
46212 (318.62) *0.01691 ' 2140
48988 (337.76) . 0.01811 214
48063 (331, 38) 0. 01862 " 214

[ r
~ 10 7079 ( 48.81)  0.00155 1280
13409 ( 92,.45)  0.00303 . 1280
20869 (143. 88)  0.00477 ’ 1280
28700 (197. 88) 0. 00645 . 1280
‘ 32800 (226, 15)  0.00740 - 1280
' R . 36531(251,87) 0.00887 . 960 -,
39134 (269, 82) 0,01062 . 640 '
40624 (280,09) 0.01156 362

ﬂ‘» *41376 ( 285, 28) 0. 01237 . 320
40624 (280, 09) 0, 01327 . 320

41003 (282, 71) . 0.01378 , 320 ° )

Failed, pr,em,atgrely‘d\,le to ac cidental ‘notc:'h.,
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Temperature . Stress * Strain N
____°¢ psi (mega N/m?%) in/in cycles @ 640 cpm ‘,
21 - 6867 ( 4%, 34) 0. 00147 1280
~ 16576 (114, 29) 0. 00354 . 1280
23680 (163.27) 0. 00516 1280
30386 (209, 50) 0. 00685 1280
34730 (239.45) 0. 00825 aad 280
, 37098 (255.78)  0.00958 - "M280
‘ 39466 (272. 11)  0.01142 640
40255 (277, 55) 0. 01238 640
' 41440 (285.72)  0.01326 320
' 41834 (288, 34) 0. 01444 , 320
42624 (293,88) 0.01529 374
43413 (299.32) 0.01621 374
44202 (304.76) 0.01676 / 320
]
. (g S 9039, °(.62.32)  0,00157 1280
13182 (90, 89) . 0.00322 .. 1280
. 21097(145, 46)° 0. 00508 I 1280
i 27499 (189.'59)  0.00680 | . - 1280
31277 (215, 65) - 0. 00802 - 640
34667.(239,02) 0.00981 480
35786(246.74) 0, 01059 427
N . - 36919 (254, 55).° 0. 01202 375
S .38058 (262, 40) 6. 01310 320
' 38804 (267.564) '0,01410 * 374
139550 (272.69) ' 0.01467 " 320
40493 (279.19)  0,01575 -~ 820 e
- 41449 (285, 78) 0; 01664 - 320 -
T 43321(298.69) 0. 01754 374
.~ NOTE: Metgllqg;-aphic inape tion ot thg‘acimens 1ndicatad that i
'+, many micro~cracke develop au'ing the test.’” This would mean o
‘s that the tme stress would be higher thap that calculated ba S .
Y true Cross. ac.ctiqm.l area been known, This is rticuls rly e ’ ‘ . ‘
na;u; the latter pqn 6& the t‘t where hiqh ptrains are.e) qggr'gxerpd. ]
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. TABLE Vi : .
EXPERIMENTAL DATA FROM THE CRACK GROWTH RATE |
AND STRESS INTENSITY CALCUIATIONS '
. ) l .
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. TABLE vl

INITIATION TIMES IN CYCLES (X1000)

-
Temperature °C Environment ' Cycles
~50 Argon o 81.8 £ 9.8%
~10, : Argon \ 58.71 15 6%
21 , Axgon 34,0 4 4. 7%
n o Argon 50.0 4 11.0%
. ~50 - Hydrogen 86,0 ave. of 3 tests
~ - 10 - Argon (heat treated) 86.0 ave, of 3 tests
' ' 21 Hydrogen 40,0 ave, of 3 tests
21 Argon (heat'treated) .40, 0 ave. of 4 tests *

* 90% confidence

S TABIE VI

CONSTANTS, in C and m AS DETERMINED FROM EXPERIMENTAL

~ DALg

Temperature °C .. m InC x
=50, . 4.491G25 -58. 57366 £ 2. 47434 0. 2
-10 6.81+ 0,687 -80,61415 4 6,76132 " 0.961
21 5.195+0. 421 - ~63, 86812 + 4, 26183 0,981
- , LTl e 2066 40,499 -39, 64566 4 4, 84359 0.994
. , L] l
| N
! . FATIGUE MFE IN CYCLES FOR 'I‘HE VARIQUS TEST CONDL'I‘ICNS .

,Numbar of Cyclen (XIOOO) to .
. fa,ilurg . \

295130 . .

zanza* Ly

JM-* 16 X

. 233 3 11* :

[l

zw , mmx‘gg' rl‘}tqat‘m
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1 S ‘ .
-/ . TABLE X
Expe rimental Data Illustrating the'ln C and m Relationship
With Error Analysis Included :
Anctil and Kula (25) 4340 (austinize and oil quench) Tests at-459C’
Tempering m ‘InC In C Oln € Error
Temperature °C actual predicted_ A %y
. . \
S Y 204 13,31 -44,27079 ' -44. 56357 -, 29278 4,6
i 260 2,95 -4l. 10966 -~41.03761 ~.0720%  .175
316 . 2,46 -36. 14817  -36.23839  :,09022  -.249
_ 371, © 3,05 -42. 16087 ~42.01704 . 14383 . . 341
' | 421 C315 ~43. 15419 ~42.97647 15772 .. 365
. Mg :-—1.!3994 .| T oo ' ' ¢ o',.
CA=-.10210° . : ' .
correlation coefficient =, 99818 . . \ ,‘ .
. Tests at 23 C , A T .
. 204 . 2,97 -~4L.20369  -4L.21557  -0.0188 -~0.0288
260 , 2,49 "-36.51809  '~36,47997 = 0.03812 . .0.104
316 2,23 ' ~33.,94951 ~33.91486 -' 0.03465 0.102
| 371 2,25 ,4~34.05335 !?p 11217 0, 05882 -Q.173 ‘
= : . 24 “ ’ LN
\ mo "1 20761 X , .‘” o . ) W
A =-0,10136 - SO B oo
! correlation confiCklent —~.99991 : P R i
- Mlller (26) 4340 815 (austmize and oilquench) Testg at 23 oct )
’I . N ) \ .
L93. 6 T3 /<18, 85654. -78 WM421 -0, 08767 ~0. 111
| 260 ' 3.29 " -45.01169 -45.39306 -0, 38137 -0, 847
o . 538 3,17 ~44, 27123 ~44, 22267 . 0. q4856 0. 109 -
R zbo C \~ 3.95 -A2,25742 - ~5L83020° 0, 42722 0,817 -
L e Y S E
F" . mo £ 91 364];5 ' / "‘ ‘ ; o o [N ‘i‘- - l"l:-?-‘\ L L el ‘
e . A se0,0253 L 0 el e . .

.cqrmlglton €0 ffmiam: = 99979 . f-&; e o . N
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Fxpe rimental Data used in Tomkins Fquation (54)

‘ Temperature  myg In ! in ! | A_lg(;l Frror "
of Test °C . actual predicted - . Y
- 50 5 B85  ~70.08638  -69.85155 0.23483 0, 335
- 10 7.69. -89, 15345  ~88.96664 0.18690 0,209
21 7035 ~85.49979 -85, 43450 0.06529- 0. 0764
71 6. 70 -78. 34404  -78. 68192 -0.33788 -~0. 432
mo = -0.87384 - , o
A = -0,09626 | » .
correlation coefficient =.. 9995 . e
- ‘L—‘ ‘ - A "o g
Tenipe‘rature m 1n C In C o lo-C Erxror
of test °C / sactual predicted , _( Y%
e - 50 . 4.49 A58, 57366  ~57.77986  0.7938 1. 3552 N
. - 10 6,81  ~80,61415  -80,52053  0.09362- 0,116 -
21 5. 19 ~63.86812 -64. 60697  0.73885 ), 157 ° R
71 ;2. 66 ~39,64566  -39.74432 -0.108 66 0. 274 p ot
mg, = -l 38699 . o ‘ ' | - X
A = -0, 1080 - ‘z
coirelation coefficient =, 99926 - s y

\ ! ' :

— M g
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TABLE X11I
. SIZE Of PLASTIC ZONES IN STEEL SPECIMENS
) ] .
‘Temper- Radius of Plastic Zone, in (mm)
Environment ature °C reversed rr surface rg rs/rp
X Argon - -50 4. 5x10~%0. 6114) 0. 0251 (0. 636) 56 \
' © .10 7.0x10-40.0178)" O, 0270 (0. 685) 38 ‘
21 2. 010~ X0, 0510) 0.-0368 (0.990p, 18
71 1. 0x10-X0. 0259) 0.0490 (1., 240) 49 .
. ’ ‘ ' ' ) ”:‘/‘q/ ’
. ) ' A ' . X ' - .
Hydrogen *~  ~50 ‘not detectable 0. 0335 (0. 85) ' N :
: 2y . o . 0.049 (L24, - . . oA
’ ‘ N \ ’ “ | ' ’ |
. ¢
M.* o a : v . ' '.
. Q" . . ' ' , ] ' "
, TABLE XV, e L
A . - : . | R
‘ S CRAQK PROPAGATION BATE (IngYCLE)n . s
i; " Tast Temporature f’C"nE_m#__ﬁ_’.- eximental '~ Tomkina |, L
50 7 aaxm—‘ . 7 ozmo"’ Czesx10tT
o 00 0 k1058 Ll4xdmet Lgouclonll
2. B 3..13;:10*6 436 x100% L 4nx2077 T
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Figure 2, Schematic drawing nhowﬁxg‘ the teat specimen orientations
with respett to the rolling direction,
A, Fatigue test -pccuincn (paidhl to Re Do b
//’2. 'Charpy impact test specimen (parallel to R, D, ).
. Charpy impact test apecimen (perpéndicular to R, D, ).
T D. Gyclic atress-strain specimens (parallel to R. D, ), .
‘ B, Static tensilg specimens {parallel to R, D, ), ‘*
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- Figure ZA, Manganese sulphide inclusion content ",
of test material (X200)
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CRACK GROWTH RATE, da/dN, in. /cycle
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. " Figure 26, Schematic illuatration of the fﬁxatic blunting
' model for fatigue crack gro-w;\:x (38).
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Figure 28, Scanning electron m‘icrogruph for a S
fatigue toat at 21°C in argon showing the * '
localized patches of fatigue atriationa.
'%'YV. ‘ ,'
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n : '
Figure 29. Cycle -depandent stress relaxation of a apacimen
initiatially subjected to a mean tenaile atress(63).
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Figure 30, Schematic illustration of the stress at the

crack tip showing the reversed -and
monotonic plastic zsones (39),
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Figure 3. Effect of the state of stress on the shape of
the fatigue crack front, Transition from 5
plane stress. at the surface to plane strain .

A in the center of the specimen.
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Figure 41, Power valuea m and mg, a function of teat tenfperature,

B S O —

R 3



SLOPE,m,

8;0
\O\
O,
6&-
o
~ ~
4 I 1
~-90 ~-80 -T0
inC
\

Figuxe 42, Slope mq vernuo. In C! which jlluatratea the
linear, relationship as shown previously in |
Figure 17 for m versus In C,
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The Effect of Mean Stress on Fatigue ‘
Crack PrOpagatlon Rates, : :

APPENDIX 1

Several researche rs havé explored the effect of mean stress
on fatigue Qrack‘propagatioﬂ rates. Brock and Schijve (64), McMillan
and Pelloux (65), Roberts and Erddgan (66), and Walker (67) have

proposed a geheral equation of the followm% Lg‘n . L
da/dN = C Kmax™l A K ™2 , (1)
The explicit form of equ;tion(l)may vary by rearrangement of the
variables. I-bwever, the abave res;archers have evaluatea‘ only data
for aluminum and thei@al form of equatlon(l)indmates that m) is
approximately equal to mz, therefore, equatxon(l)ca_n be rewritten as:
da/dN = Cj (Kmax A K)™3 ' (2
For the purpose of 'evalﬁa.tirig the data t:rom this reso;;irch the
sgeneral form of equation(llis ‘expa,nde‘d in the mwing manner with 'nyo
preyioun aaaumptions regarding the power ‘values, |
da/dN = C(AK/Z +Km)m1Asz | | .(3)‘

where Kmax 5, AK/2 + Km and .AK/Z is the atrésé in'tenéity 3dmpli‘tude

: equgl to Ka and'Km is the maan‘ress mtcnaity. LK is defined as

Krriax Kmm, Equanon(B}begomea' e ' : R

. - :
\ ' \ ‘y . . L »

[Satia}

da/dNac AK“” /z"‘“ u+zxm/Amm1A&mi " I

qmm:c uaml (m zkmmm“‘l Asz+m1 s

*

which ig equ;l to. | o
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The stress ratio is (i!efined as A = Ka/Km. Equation(5)then becomes:

\

\

da/dN = C /2™ (1 4 118) Mok M2t mp (6)
*‘The data of this research were converted fdr the effect of mean

Stress, i. e. mean stress intensity factor according to the following

equatioln.; ‘<
' da/dN=C [1/2"(1 t1/4)" a K] m (7)

By taking log (1 + 1/ A) versus log AK for a constant crack growth rate the

power value n was calculated usmg a regression analysis, The results

for the tests in argon are as follows: .
Temperature T B o
P "‘50 : 1- 45 . 0 931
- 10 2,17 . 0.997
. | 21 | 0.58 . 0.851 |
P ’ 71 ‘ 6.80 « 0.971 ‘

Comparison of equation(6) and (7 give the following identity;

’
'
:\ N .
. ' . N
. '

'

© . m]1’s nm o | ‘v ' | B -
| ml+ mzsem . _ o .
. T}f“; an’"‘;,&!’l‘ w;itg'equ‘atioh(&;s fgilqw's; - : @ ., W : " ’ ‘
: )’f*/dNé”Q’z 1;/2‘?‘1.:(1‘; yayPlagm . ki
v where: ' i : ' L R . | ‘ . ) ,. |

o [P . s v L ey KR N

.




Given below are

effgct:

‘Temperature In C gvev.' .lnAK ave, mave, s#* lnAK .s;k In, da/@N
-50°C  -58.57731  10.34455  4.495  0.07740 0. 39744
~10°C -81.50162  10.05730 6. 81 0.06614 0. 45907 ._

21°C -65. 12777 10.06434  5.195 041443  0.60097 . . .
71°C -41.07833  10.49487  2.66 0. 15401  0.39786

Shown in Figures 12 to 14 inclusive are the crack propagation rates ve rsys; °

.
‘

the stress ir,tensity range for the various tasting conditions. - The dashed.
. ‘ oy

'

.

'
'

b \

border lines represent the standard dexiatién of the stress’ ir‘xtensit');

and the solid line represents -the mean. -

"
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’APPENDIXZ N :

) ‘ Calculation of Tempe ralars Maximum in the Reve sed Plastic Zone
v .+ Calculated from a Cylindrical Heating Source bmbedded m
a Similar Matrix ’ Ry
- \

Approximate Calculation of Tempe rature Maximum Within
I - Reversed Plastm Z,one

. , \ '

<

In this analysls the system is approximated by a Cylmdrxcal ‘wire
. &
‘, embedded in a matrjk of the. same mate rxal The heat is generated '

. within the wxre and dxsmpat&ed into the surroundmg materlal Thg heét e ‘

)

\

; fluk per aecond is calcu’lated from hyste resis loop measurements‘ The
B . volume of the' reversed plastic zone, assumed to be a cyhnder is then }
&' ) 'Y .

dxvided into the heat flux and the hea: per aecond Per unit volume is then

.

L known fox each ternperature studied. The amount of energy converted to

.
. ’ Yoot il ’

AT

o o “heat is assumed to be prqportxonal to the radiua p;{ the reversed plastic

1

zone, i, @, the larg:r the zone the more ene rgy quverted tc‘heat but
. ™) : \ Lk .
Moo . the he‘fnt Rer unit volume may be less It; is furthgx &ssumed that at some‘ , ‘w

!l‘.'. 'v' M' i

J ‘ A * [ R S .
S S i 1< L ,
' lstancg from the\!qente;r 0 the re\{ersed l Q &one t.he t er&tu:@ 13 "; o ,’\l
e P :

sﬁmperati\(e puquéee Vhia distamaeus As

'J ?h/

ra inncme. Tl;ge tempep 7@ |

tls mne ie gpt’cp'

}‘p\n si; ?

."«‘,‘
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Wy

ia the temiperature calculationa,

The solution for the temporature in this case is;

[
.

T = q(Rg% - Re?) 4 a Rg? (In A Ry - In Rg) + To
1k 2k
T 3 maximum tempe:a(ure in the raveraed plastic zone,

heat flux cal/ em b fec

=
4

k = thermal conductivity cal/sec cm °Q = .12
Rg = radius of large plastic zone (cm)

Rr :'radlun of reveraed plastic none (cm)

A = ratio of Rg/Rr

To = ambient temperatire

q " Temperature °C ”
2784 cal/cm 3 sec - - 50
1289 cal/ecm 3 nec - 10 .
626 cal/cm 3 s8¢ 21 : .
1126.cal/cm 3 sec 71

The values of the Rg and Rr are given in Section 6, 4, The temperature

“ yalues e; -
) Ambiont Temperature . Approximate Tnﬁpe'rnture in’
L1 9 . : —...Reyersed Zone ' , -
-850 162 °C ]
« 10 N ' 135 °C ’ » '. ‘
al o 98 °C .
- * 71 . 389 °C | \
o f '
” Tho v&imu af,ﬁu uwruun c:lculuod in tM! manner range from
W“ﬁ toJW ‘C whils thase cnlm}gnd mmppondb: 3. uun. nquun" L

qapmea nm mm wmmmy m% to !oo T, Inbothcasesp . ..

,’u




temperature rise of approximately the same magnitude occurs.  From
this it can be concluded that a rise in termperature occurs although it
“is thought to be of a much more localized and intense nature in the

slip bands found uding tho-above solution,
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APPENDIX 3

——

Maximum Tempe rature in the Reve "hed Plastic Zone
as Calculated from a Slip Plane Model
1 ' \"
Introduction ) .

- i

: -~
The concept of localized hoating in tha crack tip region has bean

LR

. ‘\‘\.4
studied by Freudenthal and Weiner (56), Willians (57) and Rice (58),

Overall or homogeneous tempe rature rlaes have been observed by Qates
e
L Y Ll

(40) and many others. The maximum temperature rise will be cal-

culated according to the method dgrivml by Freugenthal And% as

it applies more directly to fatigue, \

Thermal Aspects of Fatigue

N

The baa‘ic criterion is that a highly localized temperature is
developed in the front of any active slip plane resulting from the con-
version of work into heat, When slip proceeds by motiona of dislbcations
ufider forces applied to the external surfaces of a crystal the work of these

) \ ! .
forcea, W, is transformed into potential energy of elastic distortion, We,
and kinetic energy o.f'tho moving dislocations, Wk, and the energy, Wd,

irreveraibly diuipated in this motion by producing pormanent change of

shape, Wk is neglected and for ralatively lnrge permanent daformntiona

. ’ §
and' We .<Wd which results in Wd = W, Tha di-locationa are al]l con-
b e
- #idered parallel o the proceas is, two dimomionnl It is mrther nuumad

¢
that the conversion of mechanical energy into heu take s plqce ‘on thq allp

. L‘\
phm over ngipns of -i”ﬁcmt atomic misfit, tMt is over widg? of the

»

. dislocations, and ‘also chat'the‘ugbra'gnte-' of duchnionu requirad to #

Y . # - .
N & . ‘ »

* S .5
P . ) . § : N
. . . A . » m' . . N »
| i . [ L W, . : .
s . A Ch, : Ca oA
. ‘ B . L . L3N : N " * A ‘ )
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produce the total slip aro m'.}‘):-\raled by the width of an individual dis- O
location so dislocations form a piled up group. The trail of dislocations
on a given slip plane represonts a moving band heat source, Thg heat
rvlvasvd\nvv v the band source may be esatimated as follows:

Wd = W - .’T.’nl):\
whe ve T is the component of applied stress on the ship plane, a3 the
area swapt out by the dislocation, b is the unit step produced t;y the
motion of a single dislocation and n the number of alip stepsa to produce
Y ) | ,

the total slip' distance 5 = nb, ‘ ,

. The dislocationa move with an ave rage velocity, V, and the work
is completed during the time t = afV so the ave rage rate at which work
is done W/t = dW/dt = TdV. The width of the dislocation in a slip
plane is equal to mb, the length A of a moving heat source is A= nmb
and dW/dt is dissipated uniformly over this.length, the uniform hea‘t—flux

: \
density q released ov;r a band of length Ais q = TJV/nmb = TV/m,
The velocity, V, of the maving trail of dislocations T8 assumed .to be
between 0.1 and 0.9 the velocity of sound in the mateTtia) g§nd the distance
m befween consecutive dialoca;tion'a 1s roughly between 3b an!d 7, The
solution for a moving heat ;oux:co in an infinite medium can apply to a
tiny reversed plastic zone at the tip of a fatigue crack, Conaide;ing the
band heat source of lemyh // , which is taken aa the radius of the

reve ruadfpu“hc gonc and the flux aﬁ‘rgy q moving in an infinite medium

the heat conduction is gove med 2‘* thﬂ fnllowing aquuion-

., , ’ « */'( L *
. , . * N r .
o ' : . . L ‘:.: . N
-g?’ N ‘ . - . , S . . .
R y : 1] * Lo ' , - i
*?‘ ) R ,*@’ . v \ ‘ o
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k(a2 T/ dx2 1+ 82 T/éyz) -~V bT/éx.: 0

The boundary conditions are:
|
|

-K | 3T/'by)=q/2 f()r0<x</{;y::0 and
‘, (3T/dy) =0 for x<0, x>A Ly =0 and

lim T =lim T = 0 '

X100 'y—-ﬁ t co

T = 0 is taken as the temperature of the undisturbed temperature of the

|

medium,  Heat conduction in the direction of the medium is neglected and

’ ' /
the maximum temperature T occurring at  x = A » ¥ =0 is with the use
'

of 9= TV/m; T= T/mK (kA V/n )”Z

The calculation of the maximum temperature is made substituting
! ! R
in various values of A and corresponding values of T for a given strain

for each of the four fatigue test tempe ratures. * The maximwum temperatures
' \
calculated serve ohly.to show that the tip tqmpeyatujis increased and

\

the values are not to be considered exact. There are many possible

P .
_ . reactiona and effects?hat increased tempe rature may promote, veral ‘

ﬁﬁof these are listed below and some could become a research t;Opic: \\

l thermal softening
2, iocnl plrecipitation '
3. heat ltfniniqg and oxide formation ‘ ‘ , .

& ‘ mcreu:,td rate of a;’x:"ai.-n—._ngcingv »_ Yo o .

_ é, . resolution of fine precipitates under action of shai\r and tempy rature | . *

.
b. dccrﬁuo in lpcal tonsfle and yicld strength depcnding on acty; ;1
'*, tempersture rise,

, . Lo
e W > o~ A
. v

. N . B ! ' T P . 3 R
- e i L X P § .
LT %, L oo f Q" .- S £ o a3
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Possibility of over ageing

. Much faster diffusion rates of interstitial solute atoms

-

In the case of hydrogen, a much faster and deeper penetration
into the specimen due to faster diffusion rates,

Formation of compoundsa such as nitrides, carhides, possible
hydrides, which required additional energy in the form of heat,

In the case of local heat flashes on individual slip planes, very
severe thermal stress gradients which may be in the order of

the tensile strength which may be a plausible mechanism of crack
initiation.

Calculation of Temperature at Crack Tip

T
r]/

-
-

-
-

= thermal conductivity 0. 12 cal/sec cm °c ‘ o

L)

b N

A,.‘_/v/

.

moving heat source q

» X

Solution for Moving Heat Source in an Infinite Medium

T= T/mK (kA v M2

maximum temperature °C

stress = 1/2 cyclic stresa at 0, 01 strain

E thqrmgl.diffuﬂivity = K/E"QS b. 1388 cm 2/ sec

=
\

Q

.
densiiy 7.86 gms/cm %
quc ’fic heat 8’ 1 cal/ gm °C DR . : ~ .
’ : , ) S“f
veloc[lty of dialocation 0.1 Vg -~ 0.9 Vg s U R
Vo = paﬁd of sound in matqria{a 5L 3.% 10 cm/aec, T e
+ ) X " , ‘ : " . . N ‘ = £
E . IV B . ,
U ; ‘ S ’ . 'y
row ! A , ¢ 4 iy ,
A * 2y <t
.’f ﬂ¢ %
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/’ * = length of band heat source v
' * is taken as radius of reversed plastifﬁzphe as measured for

each temperature \!
|
) W, Temperature ©C d )
\‘.7}'
. ~ 50 1143 x 1073 ¢m
~ 10 L 778x10"3 cm
21 R 08 x10°3 ¢m
71 2.539x 1073 cm
Vo = 5L 3 x 104cm/sac v
.1 Vo = 51.3x103om/-sec

n

.45 Vo = 23 1x10% cm/sec
.9 Vo = 46.2x104cm/se(‘-

Temperature °C T psij T (dynes/cm?)

~ 50 22,750 , 1.568 x 10
~ 10 19,500 o L 3444x 10
21 18,750  1.292 x 10
71 17, 250 l. 189 x 10 )
Tempe rlature oC Maximum .
Dislocation Velocity , Temperature 9C
~50 .1 Vo | 100. 46 , _
.9 Vo “ *301.3
. 45Vo 213. 1 ' -
) . '
~10 1% R 107,52 . . .
.9 Vo . 322. 54
»A5Vo - 228, 07
21 .1 Yo ‘ " 174, 65
‘ .9 Vo - 523,9 ,
. ' .45Vo " 370,46 :
71 .1 Vo . 1136 B ﬁ i
‘-i 99' VQ v . " 340-8 . '..‘ ¢ )
) !"r"vf 4§v0 ’ . 24 1& O ) )
Y ‘ . : . N - »
| e e R A
. . ! » L4 .“ » . " y q
l; ' ,?. * l ‘::‘ . ' > ‘r:"!; ‘
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