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perature of previous deformation.
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ABSTRACT

This investigation was concerned with the fracture toughness of

steels which usually exhibit a good comblnatlon of strength and duectility.

- The principal_Variables investigated by fracture testing slngle-edge-

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

The toughness was found most sensitive to rolling temperature at

© low testing temperatures, but seemed to keep a constant value in the

- vicinity of Mye

Rolllng performed at 450°C depressed the temperature Mb and, thus,
the amount of martensite induced during straining. For this temperature

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

" content alloy. *

Good velues of toughness (100 - l}b'ksi'Jin) 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 (25%).
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- I, INTRODUCTION °

Early attempts to use high-strength materials in pressure vessels

- and other structures indicates that mechanlecal-property specifications

based on the usual strength and ductility criteria were not sufficient
to assure satisfacﬁory performance. vIt is the purpose of.this in-
vestigation to determine the ffactuﬁe characteristics of materials which
exhibit unusually good combinations of strength and ductility.

In spite of théif'low strenéth,_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

ha%e been made to increase thelr strength. They'can be strengthened
by cold working.1 But when the steels are stable against straih-inducedf'
transformation to martensite, the strengthening by cold-work is small

({ees, the strength is less than 125:ksi). When ‘the martensitic trans-

formation occurs during rolling, the strengthening 1s high but the
- ductility is losts.  Another way of strengthening is to induce pre-

‘ cipitation on sbtruectural defects in the austenitic matrix, Honeycombe

et a.l‘,2 who investigated‘this prbcess, obtained yileld strengths of
60 ksi.for stainless steels.

In the present study a high elloy austenite was stabilized against

© transformation by & thermomechanical treatment which simultaneously

produced the strengthening precipitate. It has been suggested that

‘,'precipitateS'produced during thermomechanic&l treatment may be more

effective thaﬁ those produced by heat treatment alone‘5 In thils way

. it was possible to obtain an austenite hardened by precipitates and |
- cold work. The purpose of thls work was, then, to determine whether
 or not high fracture thoughness accompanied the excellent combinatlons

- of strength and ductility achieved in these materials.



ks .in & magnetic field,. Since the materials studied here were very re- - o

IT. MATERIALS PREPARATION

The steelsuwhdohjwere used for thiS'study‘were prepared by induction -

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

"compositions are'shown in Table l. The ingots, after being annealed, = -~ DR

were forged at 2000°F to & thickness of l/E-inoh. This material was

then hot rolled'et 900°¢C - - 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 semples to 0,050 inch. Some of the materialirolled‘:':

- at room temperature was tempered at 450°C for one hour.

: Slngle~edge~notched specimens were then prepared. The tests were.

e

e performed on an Instron Testing machine at various temperatures ranging

R from -200°C %o +QQO C in various baths.,-The plastic zone and macro-

structure of the tested specimens were examined oy optical microscopy. '

. The transformation of austenite into martensite was qualitatively checked -
‘ with a simple magnet. Alloy I, whose carbon content was hilgher, receivedv5i
' ""_ a similar treatment but was deformed 20%, 0%, 60% and. 80% at 450°C and ;

v tested only at room temperature‘.

'A very interesting way of delineating the plastic zone in which

transformation has taken place was to spray flnorescent magnetized

,';;’ particles (Magnaflux) on & specimen which had previouSIy been placed - -~

-

L sistant to corrosion and etchants, this technique was very useful for **fff3‘~’,.‘p

M

"r‘obSermation of the transformed aree through the thickness.
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‘III."' @im’mmr, PROCEDURES
Thé'single-édge—noﬁchéd'specimen proposed by Sullivanh has been
used for determinafion dethé fracture toughneés. ‘Tts shape aﬁd size
are fully describea in Figc 1. With a standard notch length of g- the

normalized equation:

= o) - W

S is usedAfor_calculation. E is the Youngts moduius, G the'strain energy

P

K the fracture toughness, o is the gross stress (or load
divided by unnotched area) and W the width of the specimen. The numerical .

quantity C has been established by the compliance method pending a

1"fvthéoretical stress analysls for this.specimen.h The stress used in

il

':>Eq. (l)-is the value reached at the onset of slow (stable) crack grcwth.v

" When the state of stresses throughout the loading has been predéminant

by'plane strain, the fracture tbughness isvnoted/Kic. In plane stress

conditions, the toughness 1s noted, Kﬁ.5 In any case the value. of K

“has been calculated according to the compliance curvevgiven by Sullivanh
and reproduced on Figs L. In the case of‘a single-edge notch of length

B 8, = W which ¥as éurrently used for thils Work;.K 1s determined by:

5

€ = 95 A @

l-v

To determine whether fracture occurs in'plane.strain or in 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 whqther or not the fracture mode

was depehdent-on the specimen thickness.
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All the attempts to solve this 'problem are fuliy described in
the apbé}xdix. A definite answer having not been reached for reasons
explained 'fur'thAer',: ’chle 1sbel X was used for the toughness camputed from

Eqe (2). The .stress ¢ was calculated from the maximum load at fracture. -
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IV. RESULTS AND DISCUSSION

e

The values of X, computed from the‘maximum load at fracture, are
shown for alloyéfA, B, C and D in Tables 2 to 7. Each table is related
to a particular'mode éf cold work an& includes the tests performed in
liquid nitrogen (-196°C), dry ice (-76°C), amblent atmosphere (+20°C),
boiling water (+100°C), and heated oil at 200°C. Tensile properties
(yield strength;”o&s, elongation, ultimate tensile strength: Uetes.)

determined under the same conditlons are also shown, and the character-

- istics of the fracture mode (i.,e., plastic zone size, shape of crack,
- speed of propagation, 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 1s thus noticed that all alloys are strongly merten-

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

- martensitic material after cold work if rolling has been performed above

'250°C, The magnet technique 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 showed very

Little transformation and only ih_a very small zone along the crack.

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

that the température MD sbove 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 énd D, A better approximaetion of the value of Mb ,

can be reached by tésting 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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,AQ .Influence of Testing Temperature

o

' The‘éffect'ofwthe marténsitic transforﬁation 6n fracture toughness“
can be seen on thé ploté]qf toughness versus tésting tempefatureé (Figse
2 to L), - The vafidtion of'K with temperaturefobserved below 100°C is
reversed or, reduced at 200°C where the induced transformatxon is no
longer a maln factor 1n the fracUure process, Some interesting con-
clusions can‘be drawn from these figures: ” -

Below Mb; the slopes of the curves for materials rolled at 250°C
'  aré negative aﬁa decreasing in their abso;uﬁé &alue as the carbon content‘f
* increases. Conversely, for méterials ralled at 450°C and 550°C the

sl;pes are posifives and keep an approximately constant value for differ-A
ent éarboh cqnténts. As an intermediste situation, the materials rolled.
| at 350°C show. & negative slope décfeasing in absolute value with increasing ;
carbon (alloy A—C) but ‘a positive slope for alloy De

t is also remarkable that, at almost all testing temperatures, the  ‘

-best value of X 18 obtained for all alloys when the rolling i1s done at

o 250°C, . In the v1cin1ty of Mb the toughness seems to become relatively

" insensitive to testing temperatures compared to the behaviour at lower

températures.

Although no straln ‘induced transformation can -oceur above MD’

-_iexperlments above 200 ¢ should be conducted in order to ascertain -

1 the constancy of Ke
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B. Influence of Rolling-Tempeiaturé;

-

-Tﬁé importance of‘fhe rollingntemperatufe on the‘toughnesslis clearly
"shown on Figs. 6-10s» Alloys A_and c afg very similarHin their behaviour.
As previously shown the toughness reaches a makimum for rolling at 250°C,
‘then decreases to a‘miniﬁum value at 450°C vefore increasing again at
550°C, Alloys B and D seem.less sénsitive to roiling temperatufe than
alloys A and C except for tests conducted at liquid nitrogeh temperatures.
There 1s no longer a drastic change of behaviour at Ls0%c. However, for
any of the four alloys the variations 6f toughness with rollingltémpe:a—
ture became more accentuated as the testiﬁg temperature was.decreased.

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

L

- of martensiteformed during the test. However,vit was observed that the
ambunt of transformafion was even less for the speciméns cold rolled at
450°¢ than for those rolled at 250°C, 350°C and 550°C. This 4s confirmed
by the'vefy Low values of the elongation and by the maénetic tests con- -
ducted on tensile specimen36 at testing temperatures of 200°C. These
results show that M) is the lowest for specimens rolléd at h5O°C.-YThis
suggests that the transformetion could slightly be impeded at any testiné
temperature when the materials have been rolled at 450°¢ and could explaih
the low values of K for,this rolling conditione.

The different behaviour between élloys‘A'and C on one hand, and B

: and D on the other hand might be explained by the different contents in-
‘ valloying eleménts. Table 1 shows that ailoy B has é low mglybdenum
content and &iipy D & low silicon contemt. Both elements increase the
'chemical stgbiliﬁy of austenite‘through their effect on MS and. Mb. The
formation of alloyed qarbides during the processing treatments is probably

- very importaﬁt with respect to subsequent martensitic transformation
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during testing. Bettér_magqetié measurements would be necessary to

ascertain the correlation between toughness and the emount of martensite

2
formed.
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C. Strength‘and Toughness
'vHigh fracture touéhﬁess is.oniy usefﬁl in matérials ifvit is

accompaniedeith géod tensiie éroﬁefties. The ductilitybremainsvfairly
.constant for all tfeatments except in the vicinity of MD where traﬁs—‘
formation does not ocecur, fhe variations of K/cys with cys are snown
for each alloy in Figs. 10-135. Due to the low values of toughness
" obtained by rolling at 450°C, tﬁe 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 pointé repregenting all tﬁe experif
ments conducted on the four'allo&s are inside the area bordered oy

lines (a) and (a')of alloy A. The slopes of these lihes are ﬁery im- . o
portant because one is és much ihterested in keeéing high values of X .
for high.values of d.(above 200 ksi) as getting them for lover values
of o+ Thus, if one follows 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 K/cys and the smellest slope ,

in absolute value, For an identical reason line (a‘) .represents the
leastvfavofable case below yield strength of 200 ksi, whereas line (o*)
which is the lower limit for alloy B, will represent the least favorable |
casé above yield strengthé of 200 ksi, This assumes that the same éattern'
of variations of K/o with cys willl be repeated above 200 ksl as 1t was
jbetWeen 130 and 206 ksl. Experiments conducted on alloy J seems to
confirm the right to extrapolate. This alloj, which contains‘more
carbon (0.3%) than the previous one, was deformed 255, LC%h, 504 and 8C%
at 450°C aﬁ& tested only at room température. The results reported on

Table 8 provide a range of yield sirength from 120 ksi to 220 ksi.
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The varlatlons of K and X/o with % are:drswn'oanig. 15. Line (1)
rom this figure flts perfectly in level and slope with the previous
lines on Figes 15 and extends the results to a yleld strength of 220 ksi
Cin a way which was expected by,extrapolation. Figure 1l shovs thet the
toughness keeps a fairly'constant.value when the &ield strength varies
" from 150 ksi to 220 ksi. Extrapolation between 200 ksi and 300 ksi has
been done in Flg. 17 in order to compare.with convertional and maraging
high strength steels.7 Tt is remarkable that the slope of the bend

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

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

" the variations of X /c and recalled (see appendlx) that thé Ki and

ys

K values. mlght be very close to each other in the case of TRIP steels. %

, All,these considerations suggest that high toughness combined with high ‘

" strength (above 250 ksi) can be obtained in TRIP ‘steels.
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»VU- SUMMARY AND CONCIUSIONS

’The’objective of this study was to investigate the fracture tough-
ness of\high_strength‘staﬁle austenitic steels. The compositionvof
these steels and their preparation which had been pfeviously investigated -
in thie,labpratdfy; were aime@ to depress the temperature Ms well below
room temperature end to get a high duétiiity at the same time. The
érincipal variables:investigated were the composition of the alldys, andv
the temperature of deformatien. Due to the difficulty of providing
alloys Withlthevseme;exact amouxts of elloying elemehts, the different
variables were notAsetisfactorily separated and & systematic study of
tﬁe effect of ‘each variable could be performed. Nevertheless some
' valuable informetibn on the behaviour of TRIP stéels against notched- -
fracture was wifhdrawn from a lafge Yhumber,of’tesﬁs.w_

The toughness K was found very sensitive. to, Low testing temperature
. for low carbon content alloys. In the vicinity of M (about 200°C), ..
) K remainedf-:ather‘constahtj (5etweeﬁ 110 end 130 ksi'/in). The varie-je
 tions ef X ﬁith‘the temperature ef previeus deformation were smoother .
"except at 450°C for.eertein elloys. At this ﬁempefature the emount of
‘martensite induced duriﬁé straining seems unusually‘low. More sensiti?e
magnetic measurements hight‘sﬁcw that, in fact, a good balﬁe of toughnese'
is obtained with a:large emount.of marfeﬁsite indﬁced{ ‘

The‘combarison of the ratio toughneSs/strength with other high;
_stfength alloys allowed the author to foresee for TRIP steels a very .
 'good combination of strength (250 ksi) toughness (130 ksi/in) and
elongation (25%). This will be obtained if a deeper iﬁvestigetion is
'_ performed_on thé influenCe of each variable on the ihdueed transforﬁatipﬁ
and, thus, on the teughness; Mere sensitive teehniques than tﬁe ones

used for this work are suggested.
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APPENDIX

o

The - questlon of labellng the fracture toughness K by comparison ; - :
with the modes of fracture Qbserved in other materials arose during o
‘the‘experiments discuésed‘in this work, When the state of stress
throughoﬁt the loading is predominantly plane strain the toughness is
denotes.as Kic‘ Whenvthe statéybf étress is'plane gtress, X is denoted,
as K «» In ordervtO‘reach a decision concefning the TRIP alloys, many
ways of 1nvest1gaulon have been used. |

According to Boyle;8the step in the loadlng curve (or crack pop~1n")
is representative of plane-strain fracture. . This discontinuity has been
 ob$erved several times onvthe_TRI? alloys as it is shown in Fig. 17 for‘,'
alloy K. It sﬂould be noted, then, thét'every time a "sop-in" occurred,'
the:"Kic" value-éomputéd from the-correspénding stress did not dif?er.
more than 5% %rom the plane strgss value Ké compdted from the maximmﬁv
istress at fractures. This seems %o indicate that KC and Kic are very close
in value. At tﬁis‘time it is not clear why it éhould be.so.' The "Hop-in"
phenomenoﬁ, however, did not appear on all 1oading curves eand it could ﬁot
be decided 1f this was due to- the lack of sens1t1v1ty of the Imstron: or v
:to the lack of plane strain conditions a% the onset of crack propagatlon (Fig.’ 18).
Another way of investigating the fracture'mode was to cut sections, '
. in the specimens and observe the plastic zone through “the thickness. o o s
This tgchnique was performedﬁbn.alloys H and I_for spegimens'with 8
fhickness of'£‘¥ 0150 incha- Whereas the plastic zone through the
thickness in alloy I was'df‘constant size and shape, the one in alloy
H shoﬁed a. reductlon in slze and a change in shape toward the center

(Flg‘ 19-24). The_behavior“ of alloy I was,.thus, more represenuive of

plane strain conditiohs, whereas the transformed bands appearing in the
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center of the thiékness of alloy H represented_secfions of shear planes
of plané stress condition of fracture. | |
Even though the technique of thinning was the safest way to deterw
mine the stress state, it was not the quickeét and could not possibly be
applied on all specimens.
. Thicker specimens of alloy I and H‘were prepafed and tested. The

results are shown with their pictures on Figs. 25vénd 26. Although the

size of the plastic zone and the shape of the fracture in alloy I are

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

plastic zones and flatter cracks was observed when the thickness was

increased. . At the same time the value of X Was not drastically de-

creaseds This can account for the nearly equal values of Kc and,Kic._,

However, no "pop-in'" was observed, even for 0.250" thick specimens.
) ’ P 5 .

The best method for determinihg the plane strain value in order

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

very thick specimens (1 inch %o 2 inches).

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

a’ strain gauge which would be more. sersitive to detect the "pop-in" _

than the load éell, '
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Table L. Composition of the alloys used in this work.

~16m

37

Cr Wi Mo.. S M c
L n

6698-1 A 12.23 - T.69 b1 1.6 0.68 0.0L7

6698-2 B 1L.6k  T.69 2.5 1.3 0,60 0,07k

6698-3 C . 1L.84 TJ7L 3.0 1.5 0.61 0,155
6698k D 11.99  T.TL 3.2 0.7 o 0.52 0,198

674-9 E 8.8 .48 3.92 1.87 L.37 0.33 -

674-10  F 8.81  T.48  3.93 -1.8L 1.ko O.k2

67h-11 ¢ . 8.79. .,7°5l' 03,95 L.91 1.ko 0.5L

675-13 H  12.23 7.69 b1 1.6 0.68 0.092

675-1k I 1184 7.7 3.0 1.5 = 0.6L 0.195

676-4 K 10,2 7.9 50,95 1.3 0.28




Table 2. Surmary of test results - 80% Deformation at room temperature,

3 (1) (1) (2) @ ) ) 5y (3)
Testing Alloy X 9, q Elongation U.T.S. Magnetic Plastic Shape Speedi  lode
Temp, - psifin isi 4 ksi Properties zoue of of . of
. . : N i x P ) Traco
i  FeFore TFroy  Siée mm Crack 'Mrziag& ;jac
Test Test . T on  Lure
-196°¢ A 109 320 2,78 320 M M 0 s I
B- 125 362 . 2,h0 362 M M 0 s £ F
¢ . 106 386 L3 382 M M 0 3 f F
e A 130 258 2.8 258 M. M 5 e £ 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
420°C A 118 225 2.4 205 M M 0 E £ s
B 97 266 0,56 266 M M o - e £ S
c go 290 L.48 290 M M 0 e £ F
+100°¢ A 112 251 1.85 231 Mo M. 0 c . f s
B 80 269 L.l 269 M M 0 c - f S
c B 29k 1.67 29k M M 0 c f - 8
+200°¢ - A 105 . . 293 0,56 223 M M 0 ¢ £ S
o B 0 - 259 1.1 259 M M 0 e £ S
C 8L 282 1.7 28 M M Y e f §
'1) ' Results given by G. Chanani (Master Thesis).
'2) A TFor austenitic state; M for martensitic state; M! very small ameunt of maruensite.
'3) ZAverage dimension of plastic zone on each size of crack given in mm.
L) s for streight; c¢ for curved. :
5) g for fast; s for slow. _ S :
6) F for 100% flat; S for 100% shear; 8.L. for shear lips,
: = . = , . ===
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Table 3. Summary of test results - 80% Deformation &t room temperature end tempered at 450°C,

357

03T,

4

. (1) (1) (1) (2) (3) B (5 (3
Testing Alloy K g Elongation U.T.S. Magnetic Plastic Shape  Zpeed lade
. Temp, p;ifin_ izi 9 ksi Properties zone’ of of . of
A . . . FeFora Frer  Slize mm  Crack Erqgaga~'Frac—
Test Test o ﬁl°n  ture
2196°¢ 106 386 1.66° - 386 Mo M o s ¥
R 106 bor 0.8  ‘koy oM M. o0 s P
85 hos o1 . k5. M M0 s . F
6% 116 300 2 300" M M 0 s S.T.
91 355 1.3 355 M M 0. s F
86 367 1.5 367 M M 0 s f F
+20°¢ 136 298 2 298 M M s f 5
| X 331 037 331 M M s ¥
101 . ' st 8.1

. 1) Results given by G. Chanani (Master 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 in mm,.

4) s for straight; ¢ for curved.

5) f for fast;.s for slow.

6) F for 100% flat; S for 100% shear; S.I. shear lips.
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Table 4. Summary of test results -- 80% Deformation at 250°C.

. SN . (1) (1) - (1) - (2) (3) () () (5)
- Testing Alloy - K o) Elongation U.T.S. Magnetic ~ Plastic Shape Speed  llzde
Temp., psiVin _ i:i % : ksi Properties _  zone of -of . of
: ' - size mm . Crack Propaga- Frac-
Before = After - tion  ture
- Test Test" : -
-196°¢c A~ 157 © 193 . 21.8 - 315 M* M 1 s £ S
B - Lo - 186 .- 17.8 . 322 A M 3. s f F
¢ 150 191 18,3 330 A M- 5 S £ o
- D 123 209 18,7 346 A M o4 s f F
~T6°¢C A 140 136 15.5 235 Mt M 2.5 c s S
- B 125 1h2 18,8 250 A M 2,5 c. s S
¢ 132 . 163 20 261 A M 2 . s - f F
D 120 170 20,7 267 A M 1 s f F
©0°C A 127 138 16,8 192 Mt M 2.5 e s S
‘B 118 148 18.8 205 A M 2.5 k c s S
c 136 . 161 . 21,8 @ 21k A M 2 s s S
D 116 190 26,3 226 A M 0.7 s £ F
+100°c A 116 168 o2,y 169 . M M 1 s f F
B - 118 193 22,6 193 A M 1 s f F
(o 109 189 22,7 189 A M 1 s f T
D 113 _ 208 16.8 .208 A " M o s s F
+200°c A 140 17k 3.7 17k Mt M 1 s f 'S
B 125 175 9.8 175 A M 1 s . f S.L.
¢ 1By 179 5 179 A A 1 s f. F
D 122 186 © 4.3 186 - A A 1 s f F

-2) A for austenitic state; M for marten51tlc state; M! very little amount of martensite.
3

Average dimension of plastic zone on each size of crack given in mm.,
“h§ s for straight; ¢ for .curved. - :

‘ l§ Results given by G. Chanani (Master Thes1s)

" 5) f for fast; s for slow, : S
6) F for 100% flat; S for 100% shear; S. T.. Shear Llpsa B

~61-
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Table 5, Summary of test results - 80% deformation at 350°C.

_OE—

W w e B W (5)
Testing Alloy K ‘ o ) Elongation U.T.3. Magnetic Plastic Shape Speed
Temp, psifin o izi % ksi Properties zone of of
' . : ' TeFora iFiey Size mm Crack Propaga- 7
' Test Test . . - . tion
~196°¢ A ko 177 20 327 Mt M 1- 8 f .8
B 12k 173 22 3k A M S 8 f F
¢ - 128 179 19 . 348 A M. 1 8 f F
_ D 106 188 14 - 323 A M o5 ‘s f F
. =T6°¢ A 129 125 17 219 Mt M 5 . c f S
' B 120 139 17.6 oh1 A M 1.5 s f F
¢ 128 _ 6 20 2hg A M 2. 'S f F
D 105 145 15 260 A M 1 s f F
$20°c A 130 128 18 177 Mt M 2 e s S
B 1e1 k20 . 205 - A M 1.5 - c s S
c 123 1k9 19 213 A M 1.5 s f F
D - 116 156 20 215 A M 1 s £ F
+100°C A - 113 149 25 152 M? M- L s s S
B 121 A 167 35 - 175 A M 1 s s F
o 127 7h 34 9 . A M 1 s s F
. D C 117 _ 182 29 - 190-— A - A o7 s f F
+200°C A 12k 158 3.9 158 Mt M. N s s F
B 123 166 542 166 A A o7 '8 S F
c 120 1tk 5 17k A A 1 s s F
D 122 18 5 183 T A A 1 s s F
1) Results given by G. Chanani (Master Thesis). :
2) A for austenitic state; M for martensitic state; Mt very small amount of martensite.
3) Average dimension of plastic zone on each size of crack given in mm,
4) s for straight; c¢ for curved,
5) f for fast; s for slow,
6) F for 100% flat; S for 100% shear; S.L. shear llps.




Table 6. Summafy of test‘résults —480% deformation at 450°¢,

: ST (1) (1) (1) - (@) - (3) (&) (2) (5)
Testing Alloy K o Elongztion U.T.S. ‘Magnetic Plastic Shape Speel inde
i i ys . . . - R
. . Temp, ~psiin ksi 4 _ ksi Properties zone of of , of
: . N L : size mm Crack Propaga-~ Frac-

Before After ~%4on ture

Test . Test
-196°c A 83 o187 11.95 235 M* M L5 s s F
S B 102 167 . 23,4 - 322 A M W5 s £ F
co 96 17k 23.7. 348 A M 5 s f F
- D 88 188 2,6 361 A M1 8 £ F
-16°c A 100 155  16.6 215 Mt M "5 s £ S.L.
' B 110 1h1 19.8 . 235 A M L c s S.I.
¢ 103 12 20.7 248 A M 1 s f F
D 9T 165 13,3 239 A M 1 s f P
420°C A 100 15% 22,5 185 Mt M 1.5 s f S
B 110 150 21,k6 198 A M 2 s s S
c 111 152 23,7 209 A M o5 s s S
D 102 161 . 22,6 218" A M s £ F
+100°C¢ A 110 168 5.3 167 oM M o7 s s F
- B 117 159 27.8 163 A M- 1.5 Tos s F
c 11k . 181 . 28,3 182 A M 1 s . s F
D 1k 176, 35,9 1817 A M 1 8 £ F
+200°¢ A 98 171 ~2,7 171 M* M 5 s f S.T.
. . B 115 162 3.7 . 162 A A 1 s s S.I.
C 114 - 169 ‘2,6 168 A A 1 s s S.L.
D 109 ‘ 4 R 30 S & A A 1 .8 s F
1} Results given by G. Chanani (Master Thesis).
2) A for austenitic state; M for martensitic state; M! for wvery small amount of martensite.
‘3} Average dimension of plastic zone on each size of. crack glven in nma.
k; s for straight; c for curved.
5) f for fast; s for slowe. o co o ’
6) F for 10C% flat; S for 100% shear; S.L. shear Iips., =~ " 0 [ 1.7 . vl




Swmary of test results - 80% deformation at 550°C.

g,

NVl =\WN O
4WWVV

Results given by CG. Chanani (Master Thesis).
A for austenitic state; M for martensitic state; M% for very small amount ‘of marten81te.
Average dimension of plastic zone on each size of crack given in mm,
s for straight; c for curved.
T for fast; s for slow.. : ' [ T
F for 100% flat; S for lOO% sheary S. L. Shear Iipsa‘ ‘

Table T,
- (1) (1) (1) (2) (3) () (5 (5)
Testing Alloy %_ Uys Elongation U.T.S. ‘Magnetic Plastic Shape  Speed Code
Temp, ' psivi ksi o ksi Properties zZone of of of
| | S Before — After Size ™ Crack - Propaga~ Frac-
S Test Test tion  ture
-196°¢ A 110 170 1542 265 5 M M 1 s £ F
. B 95 176 15,2 ,280. . _A M .05 s f P
c - 98 ATk 22,2 " 337 " A M. . 0.5 s f F
, D T2 185 13 260 - A M - 065 8 f F
-76°¢ A 115 1kg 15.5 225 M* M 1 5 s S
: B 105 131 18.3 237 A M 1 s f F
c 108 140 20,2 255 . A M 1 s £ F
D 92 143 19,2 251 A M T 1 s f ¥
! . ]
+20°¢ A 102 ‘161 18,7 . 191 M* M 3 ¢ s S 82
" B 104 136 19,8 207 A M 3 ¢ s S !
c 121 1k 19.2 215 A M 1.5 8 s S.L.
) 101 128 . 22,6 25 A M- 1 S f F
+100°C - A 119 158 10.7 157 Mt M 2 c s .S
s B 122 157 26.8 17h A M 1 s s Seli
¢ . .- 128 150 35.2 176 A M 1 s s F
R 123 178 30,3k 189 A M 1.5 s f F
S4200°C A . . 11k 11 3,15 1h1 Mt M 045 s f S.L.
B 120 .. 1k 5,55 147 A Mt 0.5 s s Foo
. C - 115 157 hohh 157 A A 0.5 s s F
D 118 163 Sl by 16% B A 0.5 s s F




Table 8. Tensile and fracture characteristics of alloy.XK for different thicknesses and amount of deformation.

o (1) (1) vy = (2 - (3) (&)  (5) (6)
"Amount  Thick- X o a S Elcngation ULT.S. Magnetic Plastic Shape Speed  Mode
< of | ness psivin isi S - ksi Properties zone - of of . of
Deform- - : . : P size mm Crack “Propa-. Frac-
ation _ : o : . Before After _  gation tur
- o : - ‘ : Test Test : c
20% - 0,050 . 119 - I ke 163 A A 1 s - S.T.
B 0,100 11k | ' A A 1 S £ S.T.
0,150 112 A A 2 s £ F
0,200 ~ 120 . A A 2,5 s - f F
hoh 0,050 130 - 175 36 190 A A I s s S.L.
0,100 120 A A 1.5 s £ S.L.
0,150 12k A A 2 - s £ F
0,200 122 A A 2,5 s £ S.L.
60% 0,050 . 115. 200 26 200 A A T s ¢ S.L.
0,100 125 | - A A L s 1 S.L..
0,50 124 = A~ A .5 s £ S.L.
0,200 | | o | '
80% 0,050 118 - 220 20 210 A A 5 s £ S
0.100 |
0,150
0,200
lg Results given by standard tensile specimen: 1 inch gage length. M; s for straighﬁ; ¢ for curved.
2) A for austenitic; M for martensitic., 5) f for fast; s for slow.
3) Average size of plastic zoné on each size of crack. - 6) F for 100% flat; S for 100% shear;

S.1.. Shear LipS.
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FIGURE GAPTTONS

Compliance curve and notched specimen used for determination
of Kv.

Relation between X and testing temperature for alloy A.

Reletion between X and tésting temperature for alloy B.
‘Relation between X and testing temperature for alloy C«

- Relation between X and testing temperature for alloy D.

Relafion between K and rolling temperature for alloy A.

“Relation between X and rolling temperature for alloy B.

- Relation between X and rolling temperature for alloy Ce

A

Relation between X and rolling temperature for alloy D.

'Relation between K_/GyS and o__ for alloy A

¥ys

_Relation between K/c’yS and o__ for alloy B.

NES

" Relation between K/o'ys and o__ for alloy C.

s

Relation between X/o__ and o__ for alloy D. .
: ys ys

Variation of X and K/o&s versus o for alloy K.

Variation of K/cys versus o, for alloys A, B, C, D, K.altogether.
. Situation of the TRIP steels in the plot of K/o’y_S versus Uys

. compared. with conventional and maraging steels.

Loading curve of alloy X for two thicknesses showing the "pop=-in"

' at bso°c.

Ioading curves. of alioy,K for two thicknesses showing the ”pqp-ih" ~

previously deformed 40% at 450°C,
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Drawing showing the section of specimen X in which the plastic

zones were examined.

Picture taken of the crack and the plastic zone in the core of

specimen X.

Plastic zone at the surface of the specimen,

Plastic zone at t/6 under the surface.

Pléstic zone at t/3 under the surface;

Plastic zone at t/2 under the surface or at the core‘of the
specimen.

Picture showing the variations of the shape of the crack in
élloy T when the thickness of the_speci?en 1s increased.:

Picture showing the variations of the shape of the cfaék¢in

-alloy H when the thickness of the specimen i1s increased. .

Picture showing the variations of the SEape 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 PROPAGATION ——
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SECTION (a)
DEPTH: SURFACE

Scale: 1 cm for 1 mm.
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Fig. 22

SECTION (b)
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ALLOY H

o i 0.050 0.100 0.150 0.200 0.240
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UTS. IN ksi 204 158 192 198 206
vy 18 22 25 25 29
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Fig. 26
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This report was prepared as 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 1in 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 eémployee .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.






