
It 

RECEIVED 
LAWRENCE 

RADIAT'ON LABORATORY 
.< 

OtT J .1968 
Ll8RARY AND 

DOCUMENTS SECTION 

,./ i . 

Univer~ity--f-of --California 

Ernest O. 
Radiation 

Lawrence 
laboratory 

TWO-WEEK LOAN COpy 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 

\ 

Tech. Info. Diuision, Ext. 5545 

INTERACTIONS BETWEEN CRACK GROWTH 
AND STRAIN-INDUCED TRANSFORMATION 

Wo W, Gerberich, p" L Hemmings, Vo F. Zackay and Eo R. Parker 

September 1968 

Berkeley, California 

UCRL-18467 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of'the 
University of California. 



''''' 
r, 

;' . 

Paper to be presented at Second 
International Conference on Fracture, 
Brighton, England: April 1969 

UNIVERSITY OF CALIFORNIA 
Lawrence Radiation Laboratory 

Berkeley, Calif0rnia 

iAEC Cpntract No. W-74~5-eng~4$ 
, ,. 

" I, 
I 

INTERACTIONS BETWEEN CRACK GROWTH 
AND STRAIN-INDUCED TRANSFORMATION 

UCRL-18467 
Pre print 

w. W. Gerberich, P. 1. Hemmings) V ... , F. Zackay and E. R. Parker 

September 1968 



I 1 i 

! I ' 

2 

material with, and the other one without, the transformation phenomena 

at room temperature while, both exhibited it at -196°c. 

Materials and Procedures 

With respect to MD, there wer~ two alloy types of· the three alloys 
I 

,investigated. A tabulation of compositions follows: 

~ _C_ -.9.!:.... -1!L .J1sL ..§.L ...M!L 

A 0.26 10.1 8.8 5.5 2.0 1.7 
, 

A 0.27 9.0 8.0 4.0 2.0 2.0 

B 0.20 13.5 8.8 
I 

2.9 2.0 2.0 

The st'andard heat treatment was to austenitize at i2000C for two 

hours, brine quench, reheat and deform the aust'eni te 75 - 80 pe~cent at 

either 250°C or 450°C. As the only-variable was austenite' deformation 

temperature, these two treatments will subsequently be referred to.as 

250 and 450. Tensile s,amples were normally taken from o~080 inch thick 

sheet, although some rounds were evaluated from ~inch thick plate. As' 

long as there was a strain-induced transformation, a yield point was 

observed and is reported as the yield strength. For those few cases 

where the teat did not exhibit a yield point, the 0.2 percent, offset 

yield is reported. 

Several types of fracture tests were utilized. Because of material 

availability, initial plane stress fracture characteristics of thin 

sheet were evaluated,with 3 inch by 12 inch single-edge notch (SEN) 

• (2') spec~mens. However, as larger sheet became available, it was desir-

able to make a more conventional measure of toughness with center­

cracked 6 inch by 16 inch lon~ specimens. Thick plates wer~ evaluated 

with crack-line loaded samples of the type suggested by Mostovoy,' et ale 

(3) In general, the half-heiiht (H) of the specimen was 1.1 inches, the 

wU.th (W) 2.2 inches, the crack length (a) 0.5 inches and the thickness. 
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(t) 0.5 inches. All specimens were fatigue pre-cracked by extending 

the crack in about 10,000 cycles of tension-tension fatigue. Test pro-

) . cedures were those recommended by the ASTM (4,5) with a calibrated 

crack-opening displacement gage used to measure crack extension in the 

thick plates • One deviation was made in the case of the thin sheet in , 

which a few initial tests were run with ink inserted in the notch to 

follow slow crack growth. It was found that when the crack changed its 
1 

I , , 
ma;croscopic fracturle mode from flat to sh~ar, that the ink stopped 

,. , ' " I 
following. Thus, in subsequent tests the link was not used and the 

:1 '. '. 
-, 

fracture mode transition was used to mark the end of slow crack 

growth. It is emphasized that this is an Unusual circumstance that' 

should not be generalized. 

Stress intensity calculations were made from the collocation re-

sults of Srawley, Gross and Brown (5,6) for both SEN and crack-line 

loaded configurations,' In the case of the center-cracked samples, a 

secant correction for finite width was preferred to the more familiar 

tangent correction since it has been shown (7) to give results more 

closely in line with Isida fS (8) analysis. The B.tress intensity is 

given by 

K = [ 'lra]~ a 'Ira sec W 

where u is the applied stress, a is the half-crack length and W is the 

specimen width • 
.. 

Tensile and Fracture Characteristics 

Results of tensile tests are shown in Table I. Ail samples except 

alloy B tested at room temperature exhibited a strain-induced transfor-

mation. This resulted in elongations of 18 to 47 percent with ultimate 

strengths ranging from 222 to 367 Kei. It is interesting that the 
, 

yield strength of alloy A did not increase with decreasing test 
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temperature while the yield strength of alloy B did. In all cases 

there was a large effect of test temperature on ultimate strength which 

is a reflection of the large thermal component of yield stress in mar-

tensite. 

Stress intensity values are enumerated in Tables 2 and 3. 
I 

With 

respect to the thin-sheet data, two ppints are of significance. First, 

there was an effect of crosshead rate on tests evaluated at room temper­

ature. This is shown, in Figure 1 for alloy A whe~e the toughness· 
[ . l:::: 

incrE!ased from 199 to 289 Ksi-in 2 with a two-order magnitude decrease 

in crosshead rate. It is significant that at the lowest crosshead rate, 
J 

an instability stress. intensity value could not be measured since slow 

crack growth occurred all the w8¥ across the specimen width. This was 

verified by using ink to follow the growing crack. Significantly, 

alloy B did not exhibit a similar trend when tested at-196°c. This 
I 

will be considered in a subsequent section. Secondly, the toughness 
I 
i 

level was very high considering that no plastic zone size corrections 

were made. I This is particularly true at -196°c where a K/oyS value of 

1.1 is very unusual in steel having an ultimate strength of 327 Ksi at 

that temperature~ 
I 

As pertains to the thick plate tests, there was some difficulty in 

obtaining valid KIc results. In generals the ~-inch thick specimens 

yielded before any slow crack growth took place. This made it impossi­

ble to associate the K values obtained with a plane str~in instability. 

For comparison purposes, three K values were generally measured - one 

at the deviation in linearity of the load-displacement curve; one using 

the initial crack length and maximum load and one using the crack length 

at maximum load with the maximum load. The first two tend to bound ~c 

while the latter gives an estimate of the critical stress intensity for 

plate of a particular thickness. In general, the toughness results are 

• 
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.. ~ nearly equal to or greater than 100 KS1-1n. One very intriguing point 

is that there was no thickness transition even up toone-inch thick 
, 

plate for alloy A - 450 tested at room temperature. Observations 

during the test indicated that, even for this thickness,the crack 
i i 

" would slowly tear and not propagate rapidly. 

An overall observation of the toughness is that it is very good at 

room temperature ~d exceptionally good f~r the ultirilat,e strengths 
I ,. 

in,volved at -196°c.: For example, even bOdy-cerl~ered cubic martensite 
,i i, If, ' ' 

such as that found I,in maraging steel (5) does not have plane strain 

fracture toughness values greater than 100 Ksi-in~ for similar strength 

levels. 

Thus, it was not originally anticipated that this material would 

have exceptional toughness when te~ted at temperatures where a large 

volume fraction of body-centered tetragonal martensite would be pro-

duced. In the course of these tests, two additional points of signi-

ficance were noted: . 
(1) There was a fracture mode transition wherein at a certain 

point during the crack propagation process there was an 

abrupt transition from completely flat to completely shear 

fracture in the case of plane stress. Under plane strain 

conditions, the transition was from a flat, internally-

delaminated fracture to a flat, smooth fracture. ' These 

transitions are macroscopically shoWn in Figure 2. It 

should be emphasized that these transitions are not those 

J,)typically associated with a geometrical effect. 

(2) The plastic zone was clearly outlined by the surface tilts 

due to the strain-induced martensite. For example, a cen-

trally-notched sheet loaaed to a stress intensity factor of 

191 Ksi-in~ produced the plastic zone shown in Figure 3. This 
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allowed estimates of the plastic zone size to be made and led 

to an interpretation of the various energy absorbing mecha-

nisms involved in the fracture of these steels. 

These two points prompted the following hypotheses concerning the role 

of a s.train-ind~ced transformation in the fracture process. 

Fracture M~de Transition 

It is first desirable to demonstrate what kind of microscopic 

fracture mode changes there might be, e.g. cleavage or microvoidcoa­
. :! 

'I 
lescence~ 

'I 

i I 
FractograPi~ically, it was found that crack gro~h was a; 

microscopically ductile fracture process both before and after the 

transition. For example, a fractograph taken from the ,flat, smooth 

region ofa thick sample fractured at -196°C is shown in Figure 4. 

Both waVY,slip (center) and dimpled rupture (tipper left} regions are 
! 

noted. Similar microscopic fracture modes were observed before the 

transition although there was a greater predominance of wavy slip. The 
, i . 

wavy slip regiort is thought to be a type of serpentine glide which is a 

restricted-flow fracture process. This wavy slip was also observed on 
i 

the fracture surfaces of alloy A tested at room temperature. 

Additional fractographic evidence of a ductile fracture process 

was (obtained from examining the stretched regions in front of the 

fatigue Ilre-crack. For example, Figure 5 shows from bottom to top: 

fatigue striations, a relatively flat region and a wavy slip region. 
i 

This flat region has been associated with plastic stretching of the 

crack opening just before the onset of slow crack growth. (9) In 
I 

Figure 5, it is seen to be about 2 - 4p in width. One further observa-. 

tion is that stretched regions also resulted along the boundaries of 

the wavy slip regions. A typical area is shown in Figure 6. The 

stretched regions here are also about 2 - 4p in width and thu~ are com­

parable in size to those observed in front of the fatigue crack. It is 

• 
i. I 

.. 
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hypothesized that the wavy slip fracture is in the martensitic ,phase,' 

and proceeds prior to failure in the austenite. Just as there is a 

transition region in front of a fatigue crack, there is a transition 

region along the austenite-martensite boundaries. However, at some 

point, the critical fracture criterion in the austenite is exceeded 

and dimples form beyond the stretched regions as noted in Figure 6. 

With respect to this, it is significant that t~e dimples form in a 
" 

, I 
I 

direction perpendi~ular to the wavy 

site fractures first; then fracture 

Slip.l! Thi~ means that the marten-

. 'I. 

III .1 

spreads out laterally in th~, aus-

tenite which is microscopically perpendicular to the macroscopic crack 

growth direction. 

Electron fractographs were also taken from the 'plane stress 

samples. There was not nearly the amount of wavy slip that occurred in 

the thick samples. However, upon etching the surface with a reagent 

that attacked martensite, areas similar to that in Figure 7(a) were 

found in the slow growth region. No such regions were found on the 

shear lips of the plane stress samples and only large dimples were 

noted as shown in Figure 7(b). In all probability, the transformation 

is playing a predominant role during the slow crack growth process. 

How can this explain the fracture mode-transition? There are at least 

two ways in which the martensitic transformation might be connected to 

the fracture mode, one being related to MD and the other to microfrac-

ture in the martensite. 

With respect to MD, if the temperature at the crack tip is locally 

raisrd above MD, then the volume fraction of martensite produced in the 
, I 

plastic zone would decrease. This could occur if the crack growth rate 

became sufficiently rapid so that the thermal diffusivity was insuffi-

cient to carry the heat away. As the crack growth rate is directly 

proportional to the crosshead rate, (10) perhaps this could explain the ,. 
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effects observed in Figure 1. One comment is in order about alloy B, 

which did not seem to exhibit a rate effect. As these specimens were 

tested at -196°C, the liquid bath could change the heat-flow conditions 

at the crack tip as compared to room temperature tests in air. Addi­

tional tests must be' run to clarify this p~int. 

With respect to microfracture of the martensite, it was observed 

fractographically that the martensite fractured first. It is proposed 

that ithese microfractures form fissures in the direction of crack pro-
, i 

, longation.* At this p~int , ,it is much easier :for the crack to move' 
I ' " 
laterally and connect up between fissures than to form a macroscopic 

shear fracture. Thus,the crack continues to propagate in a flat mode 

as long as the volume fraction of strain-induced martensite remains 

high. It is suggested that in order to accomplish this effect,that 

the microfracture of the martensite must be a cooperative venture be-

tween a number of plates. That is, the wavy slip region (martensite) 

was found to be about l5~ in width. However, the largest strain-

induced martensite plates in these materials are on the order of 2~ in 

width and in general are much smaller than this. Thus, groups of 

martensite plates may be fracturing along a similar crystallographic 

plane. 

This suggests that the strain-induced martensite may be lined up 
I 

in one direction on a local scale. This may be possible and perhaps 

likely. Some evidence was obtained during the evaluation of a polished 

tensile sample with a width to thickness ratio of about eight. (11) 

During tension, a Ludersv band passed about half way up the gage sec-

tion. The specimen was then unloaded and it was observed that about 
i 

thirty percent martensite had been produced. A micrograph taken from 

* This would qualitatively be in agreement with the delaminations 
observed in Figure 2. 

<..\ 
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the strained region is shown in Figure 8. Six measurements 6fthe 

majormartensitic regions indicated that they occurred at an angle of 

53°18' to 56°32' with the tensile axis. The average was 54°40' which 

is nearly identical to the theoretical oblique shear angle of 54°44'. 

It is also seen that there is a sec6nd set of smaller martensite 

"hinges" lined up in the direction of the tensile axis. This type of 

martensite had been identified previously by Maksimova and Nikonorova 

(12) as "bracket" martensite. Both of t~ese, in effect, reduce,the ; 
J' il 

strain energy of the system and so there: is anienergy argument in favor . . , 
of the strain-induced martensite being lined up in one or perhaps two 

directions. Energetically, the conditions at a crack tip should result 

in a similar situation. 
, 

Effect of the Transformation on Plastic Energy Dissipation 

Assuming that the invariant shear of the martensite transformation 

does take place to minimize the strain energy in the system, then one 

may look upon this as an energy absorbing mechanism. The following 

analysis treats the separate contributions of the martensite, the 

invariant shear and the austenite as energy absorbing media. First, 

consider martensite that has already been formed in front of the crack. 

The plastic energy absorption in this martensite would be the vo~ume 

fraction that is present times the summation of strain energy density 

for the martensite throughout the plastic zone. Thus, 

211" R 

U.. = t 1 1 P V. 'W.' r f(O)drdO 

o 0 

(2) 

where V , is the volume fraction of the martensite, W , is the strain 
a a 

.. ' , / 

energy density of the martensite, t is the,plate t~ickness, Rp is the 

plastic zone length, ,(a) is a shape factor and r,a are polar coordinates. 

Both V , and W , are a function of plastic strain and hence a function 
a a 
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of distance, r, away ,from the crack tip. It has been observed that the 
I 

greater the strain, £, the greater the volume percent martensite that , ' 

is strain-induced. (13) Data have been obtained from magnetic field 

strength measurements which allows an approximate relationship between 

, Va' and £. As shown for two alloys in Figure 9, this is given by 

V, - 1.2£~ 
a 

For large strains, the strain energy density may b~ approximated as 

;, ays£ '; Thus, equation![( 2) becomes 

(4) 

where a , is the yield strength of the strain-inducedmartensi~e. From 
ex 

Hult and McClintock's strain distribution for longitudinal shear (14) 

the tensile analogy is taken which has been shown to adequately des-

cribe plastic strain distributions. (15) This is given by 

£ = 
a 

c 
E 

I 
where a is the yield point of the austenite-martensite mixture at the , c 

onset of plastic flow. Combining equations (3), (4) and (5) leads to 
I 

The shape factor was determined with the experimentally observed shape 

in mind. Plastic zones in these steels have been observed to be similar 

to the Dugdale (16) zon~ but somewhat fatter. Considering the total 

length of the zone to be R , the plastic strip height is usua.lly about 
p 

one-half Rp' Thus, the shape factor may be estimated approximately by 

• 
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assuming an ellipse with ~ for its major axis and ~p for its minor 

axis. Integrating fee) gives a shape factor of n/8. This, inserted.· -, 

into equation (6) and integrating from 0 to 1), gives 

A similar development for the contribution of the transformation 
I 

strain, EIS ' considers the strain energy density to be 0a'£IS- This 
I I 

I . 

would probably be an upper bound since str
l 

esses of 0a' are not neces-
i 

the austenite-marte~site interface. Again, using 
, 

sarily maintained at 

the shape factor of n/8, 

Urs = ~ t fl1> V. '0. -<rs r d r 
o -

(8) 

It is noted that the contribution of the invariant shear is dependent 

upon the volume percent martensite, which is dependent upon 'the plastic 

strain distribution in front of the crack. Combining equations (3), 

(5) and (8) and integrating gives 

= 

A treatment for the contribution of the austenite is identical .to that 

of the martensite except for the volume fraction of austenite which is 

1 - Va" This leads·to 

(10) 

Using equations (7), (9) and (10) as estimates of the plastic energy 

dissipation, it was of interest to apply them to the experimental 

results. For the 6-inch wide plate of alloy B tested at -l96°c, the 
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following parameters are appropriate: 

o ~ 0 = 258 Ksi, E ~ 30 x 106psi y c 

0a' ~ 386 Ksi, €rs ~ 19°; €rs = tan (19°) = 0.344 

The austenite yield strength is not actually known but since there was 
,I , 

little yielding prior' to the yield point, this is approximated as o • c 

The strength of the martensite at -196°c was taken from some data by 

Chanan!i. (17) for an almost identical composition. His material had , ' , 

, I' 
I - ". r 

been cold-rolled to strain-induced martensite and was subsequently \ 

I: testeh at -196°c. It [is r~alized that COld-workidg of the martens1~e 
I' I 

might raise its strength slightly above ma.rtensite strain induced 

during a,trnsile tes\ However, the strength of alloy B tested at 

-196°c was observed to have an ultimate ,strength of 327 Ksi and so the 

386 Ksi estimate for 100 percent martensite is probably not too 

unrea1istic~ The invariant shear of 19° is typical for the several 

types of martensite that might be occurrin~ in these steels. These 

values in conjunction with equations (7), (9) and (10) give 

Alloy B - 450 
U I J a 174 R 2t 

p 
psi 

= 2300 ~2t 

314 ~2t 

= 2788 ~2t 

psi 

psi 

psi for one enclave 

= 5576 R 2t psi for entire plate (11) 
p 

All that is needed is a value for Rp. It was observed that the plastic 

zone was well outlined by the transformation as indicated in Figure 3. 

After, the fracture of the 6-inch wide plate (see last line of Table 2), 

the plastic strip height was measured as a function of crack position. 

This is shown in Figure 10 along with measured through the thickness 

strains. As expected, the p~astic strip height and plastic strain 

increased with increasing crack length, i.e. increasing stress intensity. 
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nle plastic strip height was observed to be about \Rp • Thus, Rp was 
I 

estimated from the data in Figure 10 which allowed estimates of Up from 

equation (11). These data are shown as plastic energy dissipation per 

unit thickness versus slow crack growth in Figure 11. An estimate of 

the plastic energy dissipation rate is obtained from 

G 
P 

au .. 1 = --E.. 
3at (12) 

which in this case gives 1880 Ib/in towarq. the .end of slow crack 

I 
growth. This is represented by the upper ,triangle in Figure lL In 

terms of stress intensity, 

K = p 
(13) 

and 1880 Ib/in represents a K value of 240 Ksi-in. This compares well 

with the observed value of 277 Ksi-in~. 

It was of interest to see if a theoretical estimate of the plastic 

zone size would give comparable results. The Dugdale (16) estimate was 

utilized as given by 

(14 ) 

This was modified by a Westergaard (18) finite width correction since 

this was shown by Gerberich and Zack~ (19) to reasonably represent 

plastic zone estimates in wide plates. This revises equation (14) to 

Combining this with equation (11) and invoking equation (12) gives 

5576 g!{tan 
'If ('II'a) 2 ('lfa) - sec -W W psi (16) 
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For the test under discussion, the applied stress was 78.4 Ksi, the 

yield strength was 258 Ksi and the critical" crack lellgth was 4 inches. 

For the 6-inch wide plate, this gives a value of 1840 lb/in for G 
p 

which m~ be translated into a stress intensity of 236 Ksi-in~o Thus, 

again the estimate or K is very close to the observed value of 277 

.. ~ KSJ.-J.n. It should be mentioned that to determine equation (16) it 

do was necessary to assume that da was zero at instability. This was 

" 
essentially the case in that the in<;:rease ini'applfed load was almost 

I " 
negligible toward the ,end of the slow crack e;rowthl. process • 

• 1 

One other test of this proposed model was made with a 6-inch wide 

plate specimen of the A' heat tested at room temperature. It was 

loaded in tension until the loading-pin hole yielded. At this point 

the crack had grown to 2.15 inches and the stre'ss intensity from 

1:: 
equation (1) ~as 191 Ksi-in 2

• Just as before, the plastic energy dis-

sipation for the various contributions were calculated. The appropriate 

parameters for alloy A' tested at room temperature are: 

o ~ a = 201 Ksi, E = 30 x 106 psi y c 

0a' ~ 290 Ksi, €IS ~ 0.344 

These values in equations (7), (9) and (10) give 

U v = 90 R 2t psi 
Alloy A' - 450 

a p 

UIS = 1590 Rp2t psi 
Tested at 20°C 

U = 200 R 2t psi y p 

Total = 1880 R 2t psi p 

U = 3660 R 2t psi p p 

for one enclave 

for entire plate (17) 

Using this result,a derivation for G similar to equation (16) gives a 
p 

value of 1620 lb/in for G ~d a stress intensity of 221 Ksi-in which p 

compares reasonably well with the 191 Ksi-in~ value observed. 

One comment is in order ~bout the various contributions of the 
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plastic energy dissipation. If the invariant shear contribution is 

about 5 times as great as what is normally obtained in' high strength 

steels, why is the toughness not 15 times as great? The plastic zone 

in these steels is long but narrower than in many materials having some 

degree of 'work hardening. Thus, the shape factor of ~/8 for the 

materials of this investigation compares to values nearer ~/2 for other 

steels. Consequently, even though the plastic energy dissipation is 

greater per unit volume ,of material involved, the contributing volume 
.J . 

is smaller. One might say that the strain-induced transformation allows 
" 

more efficient use of a narrower plastic zone. This may have some ad-

vantage under plane strain conditions where the plastic zone size is 

limited by geometrical considerations ,such as plate thickness. Per-

haps this is why no toughness transition was detected in the room 

temperature data of alloy Ai - 450, even with one-inch thick samples. 

Conclusions 

1. The toughness of steel undergoing a strain-induced transfor-

mation at the crack tip is very good. 

2. The transformation interacts with the crack tip to allow 

propagation in a macroscopic flat mode rather than a macro-

scopic shear mode. 

3. Fractographic observations indicate that the microscopic 

fracture process is a ductile one. Initial fissures in the 

direction of crack propagation form by wavy glide in strain-

induced martensite followed by lateral tearing of the aus-

\,_: tenite between fissures. 

4. Both fractographic and microscopic evidence indicate that the 

formation of strain-induced martensite acts to reduce the 

strain energy of the; system. 
t· 

5. An energy model is proposed to explain the effects of the 
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strain-induced martensitic transformation on crack propagation 

in steel. This model indicates that the invariant shear ma;y 
, f 

be about 5 times as effective as those plastic dissipation 

processes normally occurring at a crack tip. 
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Table 1: Uniaxial Tensile Data 

. Material and Treatment Test Condition 

A-250 RT - 0.001 in/sec. 

A-250 -196°C - 0.001 in/sec. 

A'-450 RT -- 0.001 in/sec. 

A'-450 - -73°C - 0.001 in/sec. 

A'-450 -196°C - 0.001 in/sec. 

B-450 RT 0.001 in/sec. 

B-450 -73°C - 0.001 in/sec. 

B-450 -196°C - 0.001 in/sec. 

(a) Average of Duplicate or More Tests 

(b) Almost no strain-induced martensite 

Yield Strength, (a) 
- Ksi 

234.5 

256.2 

201.0 

185.0 

195.2 

181. 7 

211.7 

258.0 

'e 

Ultimate Strength,(a) 
Ksf 

235.5 

.294.0 

239.5 

284.0 

366.5 

196.2 

-222.0 

326.9-

~-

- E1- - - . (a) ongat:lon 
(1 in), % 

31.5 

13.0 

36.6 

21.0 

18.0 

9.6(b) 

46.6 

38.9 

f-' 

'" 



Table 2: Plane Stress Fracture Data 

Material and Thickness Width AEElied Initial- Critical Stress 
Treatment Test Condition in. in. Stress._Ks_i _ CracJ<.~ __ :in. Crack, in. Intensity, Ksi-in~ 

A-250'(a) RT - 0.0002 in/sec. 0.079 2.72' 34.9 1.06 None (b) 

A-250(a) RT - 0.002 in/sec. O.OBI 2.71 41.1 0.97 1.47 -- 2B9 

A-250 (a) RT - 0.02 in/sec. - 0.OB2 2.72 36.9 _ 1.01 1.45 250 

A-2S0 (a) RT ~ 0.2 in/sec. 0.OB3' 2.75 33.5 1.04 --.- _ 1.37 199 

A'-450(c) , RT ~ 0.0001 in/sec. 0.OB25 6.00 96.0 2.05 2.l5(d) 191 (d) 

B-450 (c) -196°C - 0.0005 in/sec. O.OBO 5.00 71.0 1.B3 3.47 244 

B-450 (c) ~196°C - 0.005 in/sec. O.OBO 5.00 BO.O 1. 75 3.B3 314 

B-450 (c) -196°C - 0.05 in/sec. 0.073 6.00 7B.4 1. 75- 4.00 277 

(a) Single-edge notch specimen 

(b) Crack Slowly teared giving no instability 

(c) Center-notch specimen 

(d) Pin-loading hole failed; specimen unloaded. 
(\) 
0 

~ ~. -,-. 

l . . __ . ____ .. __ .. 
c·- ·c . (. .. 
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Table 3: Plane Strain Fracture Data 

Material and Test Thick- Width 
Treatment Condition ness ._in. in. 

A'-450 -196°C - 0.005 in/sec. 0.49 2.12 

A'-450 -196°C - 0.001 in/sec. 1.06 2.38 

A'-450 RT - 0.001 in/sec. 0.495 2.14 

A' -450 RT - 0.001 in/sec. 0.493 ·1.38 

A'-450 RT - 0.001 in/sec. 0.968 2.37 

A'-450 RT - 0.001 in/sec. 0.877 2.38 

B:"'450 -196°C - 0.0005 in/sec. 0.48 2.11 

B-450 -196°C - 0.0005 in/sec. 0.49 2.18 

B-450 RT - 0.0005 in/sec 0.49 2.10 

B-450 RT - 0.0005 in/sec. 0.48 2.19 

(a) At Linear Diviation 

(b) At Maximum Load and Initial ~rack 

(c) At Maximum Load and Crack Length at Maximum Load 

(d) Specimen unloaded. 

Initial 
Crack, 
in. 

1.17 

1.25 

0.71 

0.57 

1.35 

1.31 

0~60 

0.65 

0.64 

0.56 

Load at 
Linear 
Deviation 

-- - - --- --- ----

6,300 

9,900 

8,500 

6,750 

8,700 

10,200 

14,700 

13,500 

16,500 

18 ~OOO 

-'c-----"'----· . 

Maximum Stress Intensity 
Load Ksi-in. ~ 

M M 1£L 
6,460 108 111 

12,600 67.5 86.0 106 

14.750 81.3 141 206 

10,500 83.5 130 

15,150 74.6 130 173 

15,100 90.6 134 177 

15,800 133.0 143.0 

16,050 -121.0 143.5 

23,000 153 213 

19,800 153 16S(d) _ 

I\) 
~ 
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List of Figures 

1. Effect of crosshead rate on plane stress fracture toughness. 

2. Crack propagation mode in plane stress (a) and plane" strain (b) 

samples. 

"3. Plastic zone in a" thin plate load~d to a, stres,s intensity of 191 

!.: 
Ksi-in 2. 

I 

4. 
i·' /-
" J: Typical fractograph taken from a thick sample of B-450 material 

tested at -196°c. 

5. Fractograph showing slow crack growth emanating from fatigue crack. 

6. Wavy glide, stretched regions and dimpled rupture on fracture sur­

I 

face of austenite-martensite mixture. 

7. Fractographs taken from the flat (a) and shear (b) regions of a 

thin sample of B-450 material tested at -196°c. 

8. Brackett martensite forming on tensile and shear axes of tensile 

specimen. 

9. Relationship between strain and volume fraction of strain-induced 

martensite. 

10. Measured plastic strip height and thickness. strains as a function 

of crack length. 

11. Estimate of plastic energy dissipation as a function of crack 

length. ,., 
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This report was prepared a~ an account of Government 
sponsored work. Neither the United States, nor the Com­
mISSIon, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 


