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ABSTRACT 

This investigation was concerned with the fracture toughness of 

steels which usually exhibit a good combination of strength and ductility_ 

The principal variables investigated by fracture testing single-edge-

notched specimens were the amount of carbon in the steels and the tem-

perature of previous deformation. 

The toughness was found most sensitive to rolling temperature at 

low testing temperatures, but seemed to keep a co'nstant value in the 

vicinity of ~. 

Rolling performed at 450°C depressed the temperature ~ and, thus, 

the amount of martensite induced during straining. For this temperature 

the toughness has been found very low, especially for thejlowest carbon-

,content alloy. " 

Good values of toughness (100 - 130 ksi ~in) found for alloys 

whose strength was varying from 130 ksi to 200 ksi should still accompany 

'higher strength levels (250 ksi) with a steadY, ductility (2;%). 
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I.. mrR ODUCTI ON 

Early attempts to use high-strength materials in pressure vessels 

and other structures indicates that mechanical-property specifications 

based on the usual strength and ductility criteria were not sufficient 

to assure satisfactory performance. It is the purpose of this in-

vestigation to determine the fracture characteristics of materials which 

exhibit urtusuaI!.y good combinations of strength and ductility. 

In spite of their' low strength, austenitic alloys are used exten­

sively because of their high ductility, their high corrosion resistance 

and their lack of ductile to brittle fracture transition. Many attempts 

have been made to increase their strength. They can be strengthened 
<. 

by cold working. l But when the steels are stable against strain-induced- . 

transformation to martensite, the strengthening by cold-work is small 

(i.eo-, the strength is less than 125 ksi). When ithe martensitic trans-

formation occurs during rolling, the strengthening is high but the 

ductility is lost •. Another way of strengthening is to induce pre-

cipitation on structural defects in the austenitic matrix. Honeycombe 

et al.,2 who investigated this process, obtained yield strengths of 

60 ksi.for stainless steels. 

In the present study a high alloy austenite was stabilized against 

transformation by a thermomechanical treatment which simultaneously 

produced the strengthening precipitate. It has been suggested that 

precipitates produced during thermomechanical treatment may be more 

effective tha~ those p~oduced by heat treatment alone.3 In this way 

it was possible to obtain an austenite hardened by precipitates and 

cold Work. The purpose of this work was, then, to determine whether 

'or not high fracture thoughness accompanied the excellent combinations 

of strength and ductility achieved in these materials. 
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II.. MATERIALS PREPARATION 
- -~ 

The steels ,which were used for this' study' were prepared by, ip.duction ' 
. ' ~ , 

melting of high purity elements in an helium atmosphere. Their respective' 

comp()sitions are' shOifIl in Table 1.. The ingots, after beirig annealed, 

were forged at 20000 F to a thickness .of 1/2 inch. This material was 

then hot rolled at 900°C o 
1000 C to a thickness of 0.250 inch. At 

room temperature the- samples were mostly austenitic. Cold rolling was 

then performed at room temperature, 250°C, 350°C, 450°C, '550°C reducing 

the thickness of the samples to 0.050 inch. Some of the ,materi 801 rolled: 
, " 

", at room temperature was ,tempered at 450°C for one hdur., 

. . ,: 
" , 
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, Single-edge~notched specimens were then prepared. The tests were, 
'r 

performed on an Instron Testing machine at various temperatures ranging 

from _200°C to +200o C in various baths., The plastic zone and macro­

stru~ture ,of the tested specimens were exami~ed i y optical microscopy • 

The transformation of austenite into martensite was qualitatively checked, 

with a simple magnet. Alloy -I, whose carbon content was higher, received ", 

a similar treatment but was deformed 2Cf/o, 4a{o, 6CP/o and 8CY/o at 450°C and,,"" 
:~ 

tested only at room temperature. , 

A very interesting way of delineating the plastic zone in which 

transformation has taken place was to' spray fluorescent magnetized 
,.: .. 

particles (Magnaflux) on' a specimen which had previouslY been placed,"' 

. in a magnetic field.,., Since the materials studied here were very re- ' 

sistant to'corrosion and etchants, this technique was very useful for 
., ; . 

, I 

,observation of the transformed area through the thickness. 

, , 
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In. EXPERJNENTAL PR CCEDURES 

4 
The single-edge-notched specimen proposed by Sullivan has been 

used for determination cifthe fracture toughness. Its 'shape and size 

are fully describe'd in :rig. 1" With a standard notch length of ~ the 

normaliZed equation: 

(1) 

is used for calculation. E is the Youngts modulus, G tne strain energy 

release rate;5 K the fracture toughness, r:f is the gross stress (or load 

divided by unnotched area) and W the width of the specimen. The numerical 

quantity a has been established by the compliance' method pending a 

, . 4 
theoret~cal stress analysis for this specimen. The stress used in 

Eq. (1) is the value reached at the onset of slOW' (stable) crack grO'Nth. 

When the state of stresses throughout the loading has been predominant 

by plane strain.,. the fracture toughness is notediK.'I' In plane stress . . ~c 

conditions, the toughness is noted, K. 5 In any case the value. of K 
c 

has been calculated according to the compliance curve given by Sullivan4 

and reproduced on :rig. 1. In the case of a single-edge notch of length 

W h' h ' tl d f thi k Kid tid b :ao = 3" w ~c was curren y use or s wor , s e erm ne y: 

(2 ) 

To determine whether fracture occurs in plane strain orin plane 

stress conditions, was a difficult issue since the specimens were very 

small and the sensitivity,of the Instron machine was not sufficient to 

detect the onset ,of slow crack growth. Then, for certain cases, thicker 

specimens were prepared to determine whether or not the fracture 'mode 

was dependent on the specimen thickness. 
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All the attempts to solve this problem are fully described in 

the appe~dix. A defini~e a~5Wer having not been reached for reasons 

explained 'further',' the .1ab~1 ·K was used for the toughness computed from 

Eq. (2). The'stress a was calculated from the maximum load at fracture. 
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rr.. REsULTS M'D DISCUSSION 

The values of K, computed from the maximum load at fracture, are 

sh~~ for alloys A, B, C and D in Tables 2 to 7. Each table is related 

to a particu~ar mode of cold work and includes the tests performed in 

liquid nitrogen' (-196° C), dry ice (-76° C), ambient atmosphere (+20° C), 

boiling water (+100°0), and heated oil at 200°0. Tensile properties 

(yield strength;f1 , elongation, ultimate tensile strength: u.t.s.) ys 

d~termined under the same conditions are also shown, and the character-

istics of the fracture mode (i.e., plastic zone size, shape of crack, 

speed of propagat'ion, mode of fracture) are also indicated. The mag-

netic response of each specimen, measured as described in the experi-

mental procedures and performed before and after the fracture is reported 

in the tables. It is thus noticed that all alloys are strongly marten-
I 

sitic when they are rolled at room temperature.' i But alloy A is the only 

martensitic material after co~d work if rolling has been performed above 

250°C. The magnet ~echnique always detected an increase in the amount 

of martensite along and at the tip of the crack except when the tests 

, were run at 200°C. At this temperature alloys A and B sh<Ywed very 

little transformation and only in a very small zone along the crack. 

No transformation was detected for alloys C and D at 200°C. This shows 

that the temperature MD above which martensite cannot be induced by 

deformation is slightly above 200°C for alloys A and B and between 100°C 

° ' and 200 C for alloys C and D. A better approximation of the value of MD 
can be reached by testing each alloy at intermediate temperatures be­

tween 100°C and 250°C and using the magnet technique before and after 

testing. 
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.~ Influence of Testing Temperature 

The effect of 'the martensitic transformation on fracture toughness 

can be seen on the plots of toughness .versus testing temperatures (Figs. 

2 to 4). The variation of Kwith temperature 'observed below 100°C is 

reversed or. reduced· at 200°C where the induced transformation is no 

longer a main factor in the fracture process. Some interesting con-

clusions can be drawn from these figures: 

Below ~, the slopes of the curves for materials rolled at 250°C 

. are negative and decreasing in their abso:lute value as the carbon content 

increases. Conversely, for materials rolled at 450°C and 550°C the 
I . 

slopes are positives and keep an approximately constant value for differ-. . 
ent carbon contents. As an intermediate situation, the materials rolled 

at 350°C show. a negative slope decreasing in absolute value with increasing 

carbon (alloy A-c) but a positive slope for alloji D • 

It is also r~markablethat, at almost .all testing temperatures, the 

best value ):;f K is obtained for all alloys when the rolling is done at 

250°C.,. In the vicinity of ~ the toughness seem~ to become relatively 

insensitive to testing temperatures compared to the behaviour at lower 

temperatures. 

Although no strain 'induced transformation can occur above Y~J 

. experiments ~bove 200° C should be conducted in order to ascertain 

the. constancy of K. 

. I 
. , . 
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B. Influence of Rolling Temperature; 
....... 

The importance of the rolling.temperature on the toughness is clearly 

. shO'..rn on Figs .. 6-10. Alloys A and C are very similar in their behaviour. 

As previously shown the toughness reaches a maximum for rolling at 250°C, 

then decreases to a minimum value at 450°C before increasing again at 

Alloys B andD seem less s~nsitive to rolling temperature than 

alloys A and C except for tests conducted at liquid nitrogen temperatures. 

There is no longer a drastic change of behaviour at 450°C. However, for 

any of the four alloys the variations of toughness with rolling tempe~a-

ture became more accentuated as the testing temperature was decreased. 

The magnet technique did not allow a quantitative measure of the amount 

of martensi~formed during the teste However, it was observed that the 

amount of transformation was even less for the specimens cold rolled at 

I, ° ° ° ° ~50 C than for those rolled at 250 C, 350 C and 550 C. This ~s confirmed 

by the very low values of the elongation and by the magnetic tests con­

ducted on tensile specimens
6 

at testing temperatures of 200°C. These 

results shaw that. MD is the lowest for specimens rolled at 450°C •. This 

suggests that the transformation could slightly be impeded at any testing 

temperature when the materials have been rolled at 450°0 and could explain 

the law values bfK for ,this rolling condition. 

The different behaviour between alloys A and C on one hand, and B 

and D on the other hand might be explained by the different contents in· 

alloying elements. Table 1 shows that alloy B has a low molybdenum 

content and alloy D a low silicon content. Both elements increase the 

The chemical stability of austenite through their effect on Ms and MD­
formation of alloyed carbides during the processing treatments is probably 

very important with respect to subsequent martensitic transformation 
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during testing. Better :ma.gnetic measurements 'Would be necessary to 

ascerta:in' the correla.tion between toughness and'the alnount· of martensite 

formed .. 

t' 
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c. strength and 'rouc;hne ss, 

High fracture toughness is only useful in materials if it is 

accompanied with good tensile properties. The ductility l'em<.1.ins fairly 

constant for all treatments except in the vj.cinj.ty of 1>1D .... 'here trans - . 

formation does not occur. The variat:tons of Kia "lith a arc shmm ys ys 

for each alloy in Figs. 10-13. Due to the 10l{ values of toughness 

obtained by rolling at 450°C, the band delineating the results is wider 

for alloy A (lines a and b in Fig. 10) than for alloys B, C, and D. 

Setting the bands delineating the results for each specimen on one 

single Fig. 15, shows that all the points representing all the experi-

ments conducted on the four alloys are inside the area bordered by 

lines (a) and (af)of alloy A. ~ne slopes of these lines are very L~-

portant because one is as much interested in keeping high values of K 

for high values of a (above 200 ksi) as getting them for lUlier val~es 

of a. Thus, if one follu..rs the comparison between the four alloys on 

Fig. 16, one will notice that line (a) represents the most favorable 

case since it shows the highest values of Kia and the smallest slope ys 

in absolute value'. For an ident:f.cal reason line (a') represents tl:e 

least favorable case belO'r'1 yield strength of 200 ksi, .... rhereasHne (b t ) 

which is the lower limit for alloy B, will. represent the least favorable 

case above yield strengths of 200 ksi. This aSSur.les that the sar.:e pattern 

of variations of Kia with a will be repeated above 200 ksi as it 'fas 
ys 

beti-reen 130 and 200 ksi. Experiments conducted on alloy'; seems tc> 

co nfirm the rie;ht to extrapol:=J.te. This alloy, ''it: icll contains more 

carbon (0.3%) than the previous one, '."as dei'orr.,ed 2'Yi~} 4C~} 5~ a:10. SC-:O 

at 450°C and tested only at room tempera.ture. 'l':1E~' results rep()r~ed. on 

'lIable 8 provide a ranee of yield GtrenC'th fro;:n 120 bi to 220 :csi. 
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The variations of K and Kia with a are 'drawn on Fig. 15. Line (i) _/ ys 

from this figure fits perfectly in level and sloPe with the previous 

lines on Fig~ 15 and extends the .results to a yield strength of 220 ksi 

in a way which was expected by . extrapolat ion. Figure 14 shOvTS that the 

toughness keeps a fairlY· constant value when the yield strength varies 

from 150 ksi to 220' ksi~ Extrapolation between 200 ksi and 300 ksi has 

been done in Fig. 17 in order to compare with conventional and maraging 

high strength steels.7 It is remarkable that the slope of the band 
( 

representing the TRIP alloys is much smaller than the slopes for the 

other two classes of steels. It must be added that Fig. 17 represents 

th~ variations of K /a and ~ecalled (see .appendix) that the Kic 'and. c ys 

K values might be very close to each other in the ca~e of TRIP steels. 
c 

All.these considerations suggest that high toughness combined with high 

strength (above 250 ksi) ·can be ·obtained i~ TRIP/steels .. 

. :' , . 

" 
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v.' SUMMARY AND CONCruSIONS 

Th~ objective of this study was to investigate the fracture tough-

ness of high strength stable austenit'ic steels. The composition of 

these steels and the~r preparation which had been pr~viously investigated' 

in this laboratoty, were aimed to depress the temperature M well below , s 

room temperatUre and to get a high ductility at the same 'time. The 

principal variables investigated were the composition of the alloys, and 

the temperature of deformation. Due to the difficulty of providing 

alloys ..... tith the same ,exact arrou.n;ts of alloying elements, the different 

variables we.re not satisfactorily separated and a systematic study of 

the effect of each variable could be performed. Nevertheless some 

valuable informat ion on the behaviour of TRIP steels against notched- ' 

. fracture was withdrawn from a large 'number .of'tests .. 

The toughness K was found very sensitiv:e,torlow testing temperature 

for low carbon content alloys. In the vicinity of ~ (ab~ut 200°C), 

K remaihed~' rather constant (between 110 and 130 ksi lin). The varia-' 

tions of K with the temperature of previous deformation were smoother 

except at 450°C for certain alloys. At this temperature the amount of 

mar~ensite induced during straining seems unusually low. More sensitive 

magnetic measurem~nts might show that, in fact, a good value of toughness' 

is obtained with a large amount of martensite induced.' 

The comparison of the ratio toughness/strength with other high 
.. .., 

strength alloys allowed the author to foresee for TRIP steels a very 

good combination of stren,gth (250 ksi) toughness (130 ksi/in) and 

elongation (25%). This will be obtained if a deeper investigation is 

performed on the influence of each variable on the induc'ed transformation 

and, thus, on the toughness. More sensitive techniques than the ones 

used for this work are suggested. 
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APPENDIX 

The question of labeling the fracture toughness K by comparison 

with the modes of fracture observed in other materials arose durinc 

the experiments discussed in this work~ When the state of stress 

throughout the loading is . predominantly' plane strain the toughness is 

denotes as Kic~ When the state of stress is plane stress, K is denoted, 

as K... In order to reach a decision concerning the TRIP alloys, many 
c 

ways of investigat'ion have been used. 

8 According to Boyle, the step in the loading curve (or crack "pop_inn) 

is representative of plane-strain fracture •. This discontinuity has been 

observed several times on the. TRIP alloys as it ~s shown in Fig. 17 for, 

alloy K. It should he noted, then, that every tilne a Irpop_in" occurred, 

the tfK. It value computed from the corresponding stress did not differ 
~c 

more than '5fo from the plane stress value K compJted from the maximum 
c 

stress at fracture. This seems to indicate that K and Ki are very close c c 

in value.. At this time it is not clear why it shot:).ld be so .. · The "pop-inlr 

phenomenon, however, did not appear on all loading curves and it could not 

be decided if this was due to" the lack of sensitivity of the mstron) or" 

to the lack of plane strain conditions at the onset of crack propagation. (Fig. '18). 

Another way of investigating the fracture mode was to cut sections 

in the specimens and observe the plastic zone through·the thickness. 

~ : 
This technique was performed on alloys H and I for specimens· with a 

thickness of t ~ 0.150 inch~" Whereas the plastic zone through the 

ihickness in alloy I was of constant size and shape, the one in alloy 

H showed a reduction in size and a change in shape toward the center 

(Fig •. 19-24). The. ·behavior of alloy I was, thus, more representive of 

plane strain con~itions, whereas the transformed bands appearing in the 
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center of the thickness of alloy H represented sections of shear planes 

of plane'stress condition of fracture. 

Even though the technique of thinning was the safest way to deter-

mine the stress state; it was not the quickest and could not possibly be 

applied on all specimens. 

Thicker specimens of alloy land H 'Were prepared and tested. The 

results are shawn with their pictures on Figs. 25 and 26. Although the 

size of the plastic zone and the shape of the fracture in al~oy I are 

of a plane stress type for small ·thicknesses, a trend toward smaller· 

plastic zones and flatter cracks was observed when the thickness vTas 

increased .. At the srume time the value of K was not drastically de-

creasedo> This. can account for the nearly equal values of K and K. • 
. c. J.e . 

HOW'ever, no Ifpop-in" was observed, even for 0.250" thick specimens. 
i 

~ne best method for determining the plane s~rain value in order 

to compare it with the values found in this work, would be to test 

very thick spe~imens (1 inch to 2 inches). 

Another improvement would be to adapt, at the opening of the notch, 

a J strain gauge which would be more. serisitive to detect the lTpop_intr 

than, the load cell. 

--....;....-----.-
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Table 1. Composition of the alloys used in this work. 

Cr Ni Mo, ' Sl M, C n 

6698-1 A 12.23 7.69 4.1 1.6 0.68 0.047 

6698-2 B 11.64 7.69 2.5 1.3 0060 0.074 

6698-3 C 11.84 7 .. 71 3.0 1.5 0.61 0 .. 155 

6698-4 D 11.99 7.71 3.2 0.7 0.52 0,,198 

Q74-9 E 8.8 ' 7,,48 3.92 1.87 1.37 0.33 

674-10 F 8,,81 7.48 3.93 -1.81 1.40 0.,42 

674-11 G 8.79, 7.51 3.95 1.91 1.40 0.51 
.~' ~ 

675-13 H 12.23 7.69 4.1 1.6 0.68 0.092 

675-14 I' 11,,84 7.71 3.0 1.5 to.- 0.61 0.195 

676-4 K 10,,2 7.9 5,,95 3.7 1.3 0.28 

',' 



Table 2. Summary of test~esults - 8C!{o Deformation at room temperature. 

(1) (1) (1) (2 ) (3) (4) (5) (6 ) 
Testing Alloy K CJ Elongation D.l'.S. Magnetic Plastic Shape Speed :':'Jde 

Tempo psiJ"in ys ksi Properties zOQe of of of ksi 'fa 
Before After size mm Crack J?ropaga--\ ?rac-' 

Test Test tion ture 

_196°c A 109 320 2.78 320 M M 0 s f F 
B· 125 .362 2040 362 M M .0 s f F 
c 106 386 1.3 382 M M 0 s 

.. 
f' F 

. -7~C A 130 258 2,,8 258 M. M .5 c f S.L. 
B 93 312 1.85 312 M M 0 s f F 
c 108 318. 1.85 318 M M 0 s f F 

-I-20°C 118 2,,4 t 
A 225 225 M M 0 c f S !-' 

~ 
B 97 266 0<>56 266 M M 0 c f S I 

C 80 290 L,l~8 290 M M 0 c f F 

+lOOoC A 112 23":L 1.85 231 M M 0 c f S 
B' 80 269 1<>1 269 M M 0 c f S 
c 73 294 1.67 294 M M 0 c f S 

-I-200o
C 0056 

,. 
A 103 223 223 M M 0 c f 8 
B 70 259 1~1 259 M M 0 c f S 
C 81 282 1,,7 282 M M 0 c f S 

1 Results given by G. Chanani (~ffister Thesis). 
2 A For austenitic state; M fot martensitic state; W very small amount of ID...'1.rtensite .. 
3 Average dimension of plastic zone on each size of crack given in rum., 
4 ~ for streight; ~ for curved. 
5 f for fast; s for slow. 
6 F for 100% flat; S 

>=t 
for 100% shear; S.L. . = 

for shear lips. 



" 

Table 3. Swmnary of test results - 8CP/o Deformation at room temperature and temperecl at 1~50°C. 
--'--------

(n (1) '(1) (2 ) (3 ) (4) (5) (6) 
Testing Alloy K (J Elongation U. '1' ~ S. Magnet ic Plastic Shape Speed ~·.'.);le 

Temp. psi-fin ys 
ksi Properties zone of of " of ksi cjo 

s,ize mm Crack Propaga-, '?r9.c-Before After 
Test Test tfon ture 

.:.;L96°c A 106 ,,386 1.,66 386 M M 0, s f F 

B 106 1~07 0.18 ,; 40 
, 7 M M 0 s f F 

425 O .. !~l 425, 
.- ' 

c 85 M M: 0 s f F 

-76°c' A 116 322 2 322' M M 0 s f S.L. 

B 91 355 1.3 355 Iv! M 0 s f F 

c 86 367 1.5 367 M M 0 s f F 

+20
o

C A 136 298 2 298 M M 0 s f S 

B, 94 331 0.37 331 M M 0 s f F 

C 101 . 337 0.37 337 M M 0 s' f S.L. 
, 

.... _- . t, 

1) Results given by G. Chanani (Master Thesis). 

2) A for auste~.ie state; M for martensitic state; W very small amount of lnartensite. 

3) Average dimension' of plastic zone on each size of crack given in mm., 

l~) s for straight; d for curved. 

5) f for fast; s for slmr. 

6) F for 100% flat; S for 100% shear; S.L. shear lips. 

I 
I-' 
(» 

I 
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1'able l~. Summary of test results --:_~Deformation at 25..:::.0_o.:::C~. ___ _ 

Testing 
Tempo 

-196°C 

-7~C 

-t'200C 

+lOOOC 

+2000 C 

Alloy 

A 
B 
C 
D 

A 
B 
C 
D 

A 
B 
C 
D 

A 
B 
C~ 
D 

A 
B 
C 
D 

K 
psi.fin 

157 
140 
140 

. -123 

140 
125 
132 
120 

127 
118 
136 
116 

116 
118 
109 
113 

140 
125 
131~ 
122 

(J 
ys 

(1) 

ksi 

193 
186 
191 _ 
209 
136-
142 
163 
170 

138 
148 
161 
190 
168 
193 
189 
208 

174 
175 
179 
186 . 

(1) 
Elongation 

'f, 

21.8 
17.8 
lB.3 
18.7 

15<>5 
18.8 
20 
20.7 
16.8 
18.8 
21.8 
26.3 
22.4 
22 0 6 
22.7 
16.8 

3.7 
9.8 
5 
4.3 

Results given by G. Chanani (Master Thesis). 

(1) 
U.'l'.S. 
ksi 

315 
322 
330 
31~6 

235 
250 
261 
267 
192 
205 
214 
226 

169 
193 
189 

- 208·~ 

174 
175 
179 
186 

(2 ) (3 ) 
Magnetic 
Properties 

Plastic 
zone 

size rum Before 
Test 

W 
A 
A 
A 

MI 
A 
A 
A 
-M[ 

A 
A 
A 

Mf 

A 
A 
A 

Mt 
A 
A 
A 

After 
Test 

M 1 
M .3-
M . .5 
M .. 4 
M 2.5 
M 2.;5 
M 2 
M 1 

M 2~5 
M - 2.5 
M 2 
M 0.7 

M 1 
-M 1. 
M 1 
M .~ 

M 1 
W 1 
A 1 
A 1 

(4) 
Shape 

of 
Crack 

s 
s 
s 
s 

c 
c 
s 
s 

c 
c 
s 
s 

s 
s 
s 
s 

s 
s 
s 
s 

~l 
il 

A for austenitic state; M for martensitic state; W very l;ltf.:le amount of martensite. 
Average dimension of plastic zone on each size of crack giveni'n rmn. 
s for straight; c for.curved. 
f for fast; s for slov7. 
F for 100{0 flat; S for 10CP/o shear; S.L. Shear Lips~ 

(5) 
Speed 

of 
Propaga­

tion 

.f 
f 
f 
f 

s 
s 
:t 
f 

s 
s 
s 
f 

f 
f 
f 
s 

f 
f 
f 
f 

(6.) 
."::)(le 

, of 
\ 

Fyac-
ture 

S 
F 
F 
F 

S 
S 
F 
F 

S 
S 
S 
F 

F 
F 
F 
F 

S 
S.L. 

·F 
F 

~ 
I 



} 

_!ab1e 5. Summary of test results - 80fa deformation at 350°C. 
---.-

(1) (1) (1) . -(2) (3 ) (4) (5) (6) 
Testing Alloy K (J Elongation T· rn ("'1 Magnetic Plastic Shape Speed \...' •. l.~"). ....... .... ~ 

pSi,fin 
. ys .' ~ ....... A. "-

Tempo 
ksi ofo 

ksi Properties zone of of I of 

Before After size mm Crack. Propaga-\?~e.c:-
Test Test . tlon t,l.lre 

-196°c A 12~0 177 20 327 M' M I- s :f S 
B 121~ -173 22 344 A M .5 s :f F 
C 128 179 19 - 348 A M .- 1 s :f F 
D 106 188 14 323 A M .. 5 s :f F 

- -7~C A 129 .125 17 219 Mt M 3 c- :f S 
B 120 139 17.6 241 A M 1.5 s :f F 
C 128 146 20 21~9 A M 2 s :f F 
D 105 11~5 15 260 A M 1 s f F 

I 

~-200 C A 130 128 18 177 Mt M 2 ·c S 
fI) 

s 0 

B 121 142~ 20 205 A M 1.5 - S I 
C S 

C . 123 149 19 213 A M 1.5 s f F 
D 116 15? 20 215 A M 1 s :f F 

+100
0

C A 113 149 23 152 M' M" .1 s s S 
B 121 167 35 175 A M 1 s s F 
C 127 171~ .34 _ 179 ." A M 1 s s F 
D 117 1.82 29 190-< A A .7 s :f F 

-I-200
0

C A 124 158 3.9 -158 Mt M .7 s s F 
B 123 166 5.2 166 A A .7 s s F 
C 120 174 5 174 A A 1 s s F 
D 122 183 5 183 ·A A 1 s s F 

1) Results given by G .. Chanani (lifaster Thesis). 
2) A for austenitic state; M for martensitic state; M' very small amount of martensite. 
3) Average dimension of plastic zone on each size of crack given :Ln mm~ 
l~ ) s for straight; c for curved. 
5) f for fast; s for sI01". 
6) F for 10Cl/o flat; S for 10C'./fo shear; S .L. shear lips. 



Table 6 .. Summary of test results - 8a{o deformaiion at 450°C. 

(~,) (1) (1) (2 ) (3 ) (4) (5) (6) 
Testing Alloy :K (J EloliS'lt ion U.'lI.S. . Magnetic Plastic Shape Spee.i :. .. ·.0(~e 

Tempo pSi,fin ys ksi Properties zone of of , of ksi % \ 
I size mm Crack Propaga:- :?~ac-Before After 

Test Test tJon ture 

-196°c A 83 187 11..95 235 Mf M .. 5 s s F 
B 102 167 23.4 322 A M .5 s f F 
C' 96 174 23.7 . 311B A M .5 s f F -.! 

,c 

D 88 188 24.6 361 A M 1. s f F 
_76°e A 100 155' 16.6 215 Mi M • 5 s f S.L • 

B 110 141 19.8 ·235 A M 1 c s S .L. 
e 103 142 20.7 248 A l.f 1. s f F 
D 97 165 13 .. 3 239 A M 1 s f F 

. -1-'20° e A 100 153 22'15 185 11' M 1.,5 f s b 
s r-' 

B 110 150 2Ll~6 198 A M 2 S 
I 

S S 

e 111 152 23~7 209 A M 2,,5 s s S 
D 102 161 22.6 218" A M 1 s f F 

+100oe A 110 168 5 • .3 1.67 Mt M .7 s s F 
B 117 159 27.8 163 A M 1~5 s s F 
e 114 181 ' ·28 .. 3 182 A M 1 s s F 
D 114 176 ' 35.9 1.81·~ A M~' 1 s f F 

-tQOOoC A 98 171 ':2.7 171 Mt M 0 .. 5 s f S.L. 
B 115 162 367 162 . A A 1 s s S~L. 
C 114 169 '2.6 168 A A 1 s s S.L. 
D 109 171 ' 4.4 171' A A 1 .S s F 

1" Results given by G. Chanani (Master Thesis). " 

2) A for austenitic state; M for martensitic state; W for very small amount of martensite. 
3' Average dimension of plastic zone on each size of crack given in mm. , ) 

~~ s for straight; c for curved. 
f for fast; s for slavT .. 

6) F for 10Cffo flat; S for lOaf, shear; S .L. shear lips •.. , " 

I. 



Table 7. SLwmary of test results - 80% deformation at 550°C. 
------------

Test.ing 
'l'emp. 

Allo~r 

-19~C A 
B 
C' 
D 

_76°C A 
B 
C 
D 

-t20oC A 
B 
C 
D 

+100°C' A 
B 
C 
D 

-t200°C A 
B 

,C 
D 

\ 

Y.: 
. I. ps::..'.' :;.n 

110 
95 
98 

S92 

115 
105 
108 

92 

122 
104 
121 
101 

119 
122 
128 
123 

114 
i20 
115 
118 

(1) 
() 
ys 
ksi 

170 
176 
174 
185 

149 
131 
'140' 
143 
'161 
136 
142 
128 

158 
157 
150 
178 
1hl 
11~7 
157 
163 

(1) 
Elongat.ion 

% 

15.2 
15~2 
22.2 
13 

15.5 
18 .. 3 
20.2 
19.2 

18 0 7 
19 .. 8 
19 .. 2 
22.6 

10 .. 1 
26 .. 8 
35,,2 
30 .. 3h 

3.15 
5~55 
l~<.> 41~ 
4~41} 

(1) 
U _ '1' _ S. 

ksi 

265 .. 5 
.r 280 
, 337 
, 260 

225 
237 
253 
251 

191 
207 
215 
225 

151 
174 
116 
189 
141 
147 
151 
1.63 

(2 ) 
'Magnetic , 
Propert.ies 

Before 
'}'est 

. After 
Test 

Ml 
A 
A 
A 

W 
A 
A 
A 

W 
A 
A 
A 

W 
A 
A 
A 

W 
A 
A 

'A 

M 
M 
M 
M 

M 
M 
M 
}II 

M 
M 
M 
M 

M 
M 
M 
M 

M 
Mt 

A 
A' 

(3) 
Plastic 

zone 
size rnm 

1 
,0 .. 5 
0.5 
0 .. 5 
1 
1 
1 ! 

L 

3 
3 
1~5 
1 

2 
1 
1 
1 .. 5 
0.,5 
0.5 
0,,5 
0.5 

(4) (5) 
Shape Speed 

of of 
Crack ' Propaga­

tion 

s 
s 
s 
s 

S 

8 

S 

S 

c 
(j 

S 

8 

c 
s 
s 
s 

,8 

S 

S 

s 

ft.. 

f 
f 
f 

s 
f 
f 
f 

s 
s 
s 
f 

s 
s 
s 
f 

f 
s 
s 
8 

(,~ , 
, 'J I 

.. ~ .. 
• -::;("1.'2 

of 
?~"B.(;-

tl~ye 

F 
·F 

F 
F 

S 
F 
F 
F 

S 
S 
S.L. 
F 

S 
S.L. 
F 
F 

S.L. 
F 
F 
F 

r:==r:::: ii-$3 i'""'"'f"?±3 t E"l=t: -;.s~~;;a:;:;;;:.~:tP<="".t.~~; '* i 4~-- l ~i • ...... ==S=~ --= 
1) Results given by G .. Chanani (:~Iraster Thesis). 
2) 
3) 
l~ ) 

g~ 

A for austenitic state; M for martensitic state;W for very small amount 'of IlL'1..rtensite. 
Average dimension of plastic zone on each size of crack given in nnn. 
s for straight; c for curved ... 
I' for fast; 8 for 81OYl ... 

F for 10Cfh flat; S for 10Cf~ shear:; S.L. Shear I,ips" 

" . 

", 
.-~ •. _., .... ~_, .................. _ ... ~, __ ~. ___ ~ .,_ ....... _ " ___ •• ___ ....,._,,\.-=,-".~""._ ~--'- .-= ... _, • .....,. . _M~'" _--'.~ _____ ~ 

I 
rJ 
[\) 
I 

. ~ 



Table 8 .. Tensile and fracture' characteristics of· a110yK for·different thicYJ1esses and amount of c1eformation~ 

(1) (1) (1) (2 ) (3 ) (4) (5) (6) 
'k'nOU.!1t 

.. 
K a Elongation D.T.S. Magnetic Plastic Shape Speed Mode Thick-

, of . psiIin ys . ksi Properties zone of of . of 
Deform- ness ksi % \ 

size nun Crack -P-.copa- . Frac-at ion Before After gat ion ture Test Test 

20{0 0,,050 119 127 42 163 A A 1 s s S.L. 
0,,100 114 A A 1 s f S.L; 

0.150 112 A A 2 s f F 

0.200 120 A A 2.5 s f F 

4Cf{o 0.050 130 175 36 190 A A 1. s s S.L. 

0.100 120 A A 1.5 s f S.L. I 
f\) 

12i~ 
'vl 

0.150 A A 2. s f F , 
0.200 122 A A 2.5 s f S.L. 

60{0 0.050 115· 200 26 200 A A .7 s f S.L. 

0.100 125 A A 1 s f S.L. 

0.150 12L~ A' A 1.5 s f S.L. 

0.200 

80{0 0.050 ' 118 220 20 210 A A .5 s f S 

0.100 

0.150 

0.200 

~~ Results given by standard tensile specimen: 1 inch gage length. 4~ s for straight; c f'or curved. 
A for austenitic; M for martensitic. 5 f for fast; s for slm;. 

3) Average size of pL')~stic zone on each size of crack" 6) F for 100ib flat; S f'or 100% shear; 
S.L. Shear IJips. 
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Fig~ 1 

:'.Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

Fig~ 8 

. Fig. 9 

Fig. 10 

Fig .. II 

Fig. 12 

Fig. 13 

Fig .. ll~ 

Fig. 15 
", 

Fig. .16 

Fig .. 17 
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FIGURE CAPTIONS 

Compliance curve and notched specimen used for determination 

of X .. 

Relation between K.and testL'1g temperature for alloy A. 

Relation between K and testing temperature for alloy B .. , 

Relation' between K and .I.. .... ' lJes lJ~ng temperature for alloy C .. 

Relation between X and testing temperature for alloy D. 

Relation between K and rolling temperature for alloy A. 

Relation between X and rolling temperat;ure for alloy B. 

Relation betvreen X and rolling temperature for aU.oy C. 

Relation between K and rolling temperature for alloy D. 

Relation between KICf and Cf for alloy A.. ys ys 

Relation between xl Cf and Cf for alloy B. ys ys 

Relation between KICf and Cf for alloy C. 
. ys ys 

Relation between xl Cf and Cf for aJ~oy D. ys ys 

Variation of X and x/~ versus Cf for alloy K. . ys ys 

Variation of xlCf versus Cf for alloys A, B, C, D, K.altogether. ys ys 

Situation of the TRIP steels in the plot; of xICfys versus Cfys 

compared. with conventional and maraging stee~s .. 

Loading curve. of alloy X for .two thicknesses show'ing the "pop-in" .' 

before fracture. This alloy had previously been deformed 60% . 

at 450°C. 

Fig. 18 . Loadipg curves of alloy X for two thicknesses showing the "pop_in" 

. before fracture in the .150" thick specimen. This alloy had been 

previously deformed 40% at 450°C. 
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Fig. 19 Drawing showing the section of speci."l1en K in which the plast'ic 
./ 

zones were examined. 

Fig. 20 Picture taken of the crack arid the plastic zone in the core of 

:specimen 1(. 

Fig. 21 Plastic zone at the surface of the specimen. 

Fig. 22 Plastic zone· at t/6 under ,the surface. 

Fig .. 23 Plastic zone at t/3 under the surface. 

Fig. 24 Plastic zone at t/2 under the surface or at the core of the 

specimen.· 

Fig. 25 Picture showing the variations of the shape of the crack in 

alloy I when the thickness of the specimen is increased. 
L 

Fig. 26 Picture show·ing the variations of the shape of the crack in 

. alloy H when the thickness of the specimen is increased •. 

Fig .. 27 Picture showing· the variations of the shape of the crack in 

alloy X when the thickness of the-specimen is increased. 
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HIGHLY TRANSFORMED REGION (H.T. R.) 

CRACK PROPAGAT ION --;> 

SECTION (0) 

DEPTH: SURFACE 

Scal e : 1 em f or 1 mm. 

----

Fig. 21 
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- Fig . 22 
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ALLOY I 

THICKNESS 
0 .050 0 .1 00 0 . 150 IN INCHES 

TOUGHNESS 
108 · 98 94 IN k. s. i. vrn. 

Y.S. IN k. s.i. 133 145 148 

U.T.S. IN k.s.i. 230 237 232 

ELONGATION 12 16 18 IN % 

ALLOY I 

XBB 679-5726 

Fig. 25 
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ALLOY H 

0 .050 0 . 100 0.150 0 .200 0 .240 

150 150 148 147 141 

Y. S. IN k.s.i 147 123 130 138 146 

U.T.S. IN k.s.i. 204 158 192 198 206 

ELONGATION 18 22 25 25 29 IN % 

ALLOY H 

XBB 679-5727 

Fig. 2 6 
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This report was prepared a~ an account of Government 
sponsored work. Neithe~ 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 

8. 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 
Commis~ion" includes any employee or contractor of the Com­
mission, or ~mployee of such contractor, to t~e extent that 
such ~mployee 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. 




