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PRELIMINARY T OUGHNESS RESULTS ON TRIP‘STEEL
W; W. Gerberich, P. L, Hemmings, M. D. Merz and V. F. Zéckay
Inorganic Materials Research Division, Lawrence Radiationtlaboratory
Department of Mineral Technology, College of Engineering,
University of California, Berkeley, California
Recently,l it Wés shown that the strain-induced transformation of
austenite to martensite durihg testing produced unusuélly good combinations
'of stfength_and elongation. Tﬁeﬁphenomenon, designated by the acronym
TRIP,QEB@nsformatibn Induced Elasticity) was observed to extend to the
250,000 psi sﬁrength level. At these high streﬁgﬁh levels, it is impof#'
tanf to know 1f the ductility indicated by uniaxial ﬁéﬁsile elongation is

also evident under triaxial stress conditions such as those at a crack

~tip. This is particularly important in materials with complex microstruc-

tures where it has been showne’3

that elongation and reduction of area
measurements may have little bearing on the strain-energy release rate

or fracture toughness of a cracked plate., Some evaluations of both plane

gtrain, K. , and plane stress, K , fracture toughness were thus initiated.
- e _ _ 7 e’

MATERTAL AND TEST PROCEDURES

Preliminary results haﬁe,beeh obtained on the threé following allby ‘
compositions:
Heat*j G ~ Cr Ni Mo Si Mn
676-1 'o.26' 9.0 ' '9;6} b 2.0 2.5

676-3 0.26 10.1 8.8 5.5 2.0 1.7
6711-3 0.20 13.5 8.8 2.9 2.0 2.0
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The nominal heat treatment was to austenitize at 1200°C for 45

minutes, brine quench, reheat and déform the austenite above Mﬁ (e.ge >

-~

250°C). Subsequent testing at room temperature produced the TRIP pheno- ,
menon since Md was greater_thén ambient.

For measuring plane stress fraéture toughness, 2,75 inch wide single-
edge notch (SEN) specimens, about 0.08 inches thick were utilized. Even
though the SEN specimen is not commonly used fof this purpose, previous
datau;5 on D6aC steelvindicated that the SEN specimen did provide reason-
éble résults. For example, in the toughest D6aC steel condiﬁion, 8 X 24 iﬁ.
wide panéls of_thé Qonventionél_center-notéh configufation-pfoducedva Kc
value of 257'ksi;inl/2 from'duplicate tests. From 12 tests of_5-inch
wide SEN specimens, the average Kc value was 229 ksi;inl/g. These two
values are sufficiently close to give confidence in using'the SEN.speci-
men for s reasonable measure of Kc. Fufthermore, it was desirable to use
the SEN speciﬁen becaﬁse of its relative ease of fabrication and the greater
amount of material through which slow crack growth éan oceur,

For measuring plane strain fracture toughness, élcrackvline loaded -
sample of the type suggested by Mostovoy, et al.6 was utilized. The
half-height (H) of the specimen was 1.1 inéhes, the width (W) 2.2 inches,
crack length (a) 0.5 inches, and thickness (B) 0.5 inches. Stress-inten-
sity calculations-Were méde=from the_colléédtion results of Sréwiey; Gross -

7,8

and. Brown for both SEN and crack-line loaded configurations. In all

cases, Specimens were pre~fatigue cracked prior to testing.
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FRACTURE TOUGHNESS |

Both uniaxial and fracture toughness properties are given in Table I.
The general result is that for the thin sheet, the plane stress fractwre
tbughneés is about 250 ksi-inl/2 for a 230 kéi yield strength material.
1/2

This is comparable to maraging steel which has a Kc value of 270 ksi-in

at the same strength levei. The- fact that no plastic zone correction was

-made for the TRIP steel calculations would make this a conservative esti-

For the thick plate, an obvious determination_bf plane strain fracture

toughness was not possible at room temperature. A typical load-displace-

ment curve at room temperature, as shown in Fig, 1, illustrates the

difficulty; A definite slope change occurred at 95 + 6 ksi-inl/2 in all
cases.. The reduced slope after this point was constént and so plastic
deforﬁation does not appear to be the reaéon for this slope change. Further-
more, in one ingtance, érackiﬁg was audibly detected with coincidence of

the vf_‘irst slope change. There was then a second slope change which could
partially be due to plasticbdeformation. As the érack'waé stable between
the first slope change ahd the_deviaﬁion from linearity, there is some

' | 1/2

question as to whether 93 ksi-in represents a‘realistic,value of K

Ic*
It may be noted in Table I that the deviation from linearity occurs at.a
reproducibie value éf 154vi 1 ksi;inl/g. In all of the room temperature
tests, fhe crack was'stéblevto a véry high stresé intensity factor. In
one .case ﬁhe'specimenlwas unloadéd.and additional fatiéue cracking was
performed to outline the previocus slow-growth regién. .This procedure
indicated that O.t inches of slow crack growth had taken place, and that

1/2

a K value of 256 ksi-in was reached without instability.
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- These observations indicate the plane stress fracture toughness to

be very high in this 0.5 inch thick material. _ g

Effect of Strain Rate e - W

Strain rate effects have been observed in the uniaxial behavior
of TRIP‘steel.9 There also appears to be an effect on the resisﬁance
to crack éropégation. For thfee orders of magnitude of testing speed,
datavare shown in Table I. Although the data are limited,_theié.appgars
to bé a defihite decreasé in toughness with increasing crosshead'rate.
It is'significant that .in the three faster tests, the fracture mode
changed from abflat mode to a shear mode at instability. The slowest
test, however,itore canpletely in a fiat mode with no fast fracture
instabilityo This. is pefhaps due to a gradual change from an adiabatic
- (fastest) to an isothermal (slowesﬁ) situation. If the heat transfer
- away from fhe crack fip was.not rapid enough at the fastef'étrain rates, .
it gould poséibly suppress the tfansférm&tiaﬁ,v However, in all #ases,
a magnetic phése, bresumably martensite, wasbdetected oﬁ the fraéture
surface.of all specimens. Thus, the exact reaéon fof ﬁhe strain rate

sensitivity remains unclear.

Effect of Test Temperature

‘The thick plate was evaluated at -196°C and was found to fracture
“in a flat mode. From Table I, it is seen that Ko (139 ksi—inl/e) was

very high for the 230 ksi yield strength of this 0.5 inch thick plate.

- However, following a conservative criterion, this measurement of toughness

may not represenﬁ a completely plane strain condition since the-plastic
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zone approaches one-third the thickness of the plate. Clearly, thicker

plates: must be used to evaluate the KIc of these steels. Macroscopic

. . . (5] .
views of specimens fractured at room temperature and -196°C are seen in

Fig. 2. Even though flat fracture is evident at -196°C, delamination

allowed internal shear lips to de#elop. 'A considerable amount of slow
crack growth'occurre& prior to fracture instability and the plane stfess
value might:even be high at -196°C. The other curious feature of the low-
temperature tests was fhat no‘iﬁitial slope change was detected in the

load-displacement curves as had been the case for the room temperature

Ie-196°C

tests (Fig. 1). It is difficult to conceive of K
than K unless, perhaps, the amount and effect of the transformation

being gréater

Ic R.T.

product plays'a key role. This anbmaly requires further invesfigationvover

_a wider range of temperature and specimen thickness before definite con-

clusions can be drawn.
FRACTURE APFEARANCE

It was indicated above that slow crack growth occurred in a flat

mode; This should not be confused with the small flat triangle that is

normally associated with the'transition from plane strain to plane stress.

In the present case, as illustrated in Fig. 3, the crack slole grew to

a substantial length (~ 0.5 inches) in a completely flat mode and then

rapidly fractured.in shear. The sharpness of fhis slow growth mode is
illﬁétrated‘in the side view of Fig. 3(b). It is normal fo asséciate

such a flat fraéture mode'with,brittle fracture but the high toﬁghness
VAlues in Table I discounts this possibility. Moreover, a fracture surface
replica taken from a similar flat‘area indiéates_in Fig. 4(a) that the
fracture mode is ductile rupture. Similar'dﬁnples or microvoi&s were ob-

served on the thick samples tested at room temperature. For the tests at

-196°C, fractographs indicated two fracture modes. In Fig. L(v), dimple
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rupture was evident.. In'Fig.'h(c), rivef 1 ine markings indicétive of
cleavage ngurred almost as often as the dimpled rupture mode. A tentative
explanation of the fractographic abservationsvis that the strain-induced
martensite is fracturing by microvoid coaléséence at room:temperature but
By cleavage at -196°C. The dimpled ruptufe observed at -196°C could be
associated with the untrgnsformed'aﬁs£enitic ﬁhasé.

In summary, both thejpla_né stress and plane strain f;'actﬁre tough-
ness of TRIP steels appear to be high. Thus it wou 1d appear that the high
~ductility observed under uniéxial conditions 1s also manifeéted under
friaxial conditioné. Anomalous strain rate and témperatuze_effécts'need

further investigation as well as larger spécimen configura‘tions to more

quan.titatively' define Kc and KIc"

| Acknowledgements - The a_ﬁthors are grateful to Professor E. R. Parker

for his commenfary on this work. The research was suppor‘t‘ed by the

United States Atomic Energy Commission.



Table I. Strength and toughness of TRIP Steel

Ultimate

A o . _v; "Thickness » . e Yield .Eiongation .Apparent
Heat No. :Treatment (in,) Test ¢ondition strength strength % X _ X
ksi ksi ¢y C 1/2
. ' : Do kgi-in kei~in
676-1 - 30% at 450°C 0,083 'RT-0.002 in/sec & 225 245 26 - 252
676-3 304 a£'250°C 0.082 RT;0.000E in/sec ) - - - Specimen Tore
676-3 30% at 2505c 0.081 RT-0.002 in/sec- ‘ 23k - 234 31 - _ 289
676-3 80% at 2jb?c - 0.082 RT-0.02 in/sec 236 236 52 - 250
6763 B0% at 250°C 16.085 RT=0,2 in/sec - '199‘, 1
. : . o ‘ |
6711~3 7% at 450°C 0.19 —-RT-0.0005 in/sec - . ' 99b d
' : L . : 173 186 38 153¢ > 213
6711-3 7% at 450°C 0.48 ~ RT-0,0005 in/sec 176 185 36 T
: : - : . ‘ : 153¢ No failure
6711-3 5% at u5b°c O.AS -196°C -~ 0,0005 in/sec o , 139.2° > 18
6711-5 75 at 450°C  0.h9 ~196°C. - 0.0005 in/sec| 20 258 29 139.3¢ > 1449
6711-3 75% at 250°C 0. 475 " RT-0,0005 in/sec 92,4
+5% at -196°C - ' '| Loading pin broke
6711-3 75% at 250°C . 0,475 RT-0.0005 in/sec 12;'5c > 2568
+5% at -196°C o

'fAeréoagt-T&on
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Crosshead rates iny'appiy to fracture tésts; tensile data run at
0. 0005 in/sec. '

From first deviation of linearity (see Fig. 1 ).

From second deviation of linearity in same specimen (see Fig. 1 ).
Lower bound since no slow crack growth or plastic zone incorporated.

From pop-in.

-
£



ol

l.

3

.

Te

9o

A

L.

Y.

Ce

C.

Se

Je

We

Je

-9~ o " UCRL-1820% -Rev.

REFERENCES

F, Zackay, E. R.'Pafker, Da Fahr,’and R. Busch, ASM Trans. Quart.

60, 2, June 1967, De 252, o

Raymond, We W. Gerberich.and W. Gs Reuter, "On the Microstructural
Sensitivity of Fracture Toughness,' Aerospace.Report'Tﬁ-669(6250-

10)=7.

Katz and M, D. Merz, "Notch Toughness Variations in Steels with the

Same Tensile Properties,” Univ. of Calif. UCRL-18015, December 1967.

-Ee. Hartbower, We We Gerberich and P. E%'Crimmins, Final Report by

Aerojet General Corporation, Langley Contract NAS 1-4902, June 1966.
E; Hartbower, We. We Gerberich and P. P. Crimmins, AFML-TR-67—26,

Vol. 1, February 1967.

Mostovoy, P. Be. Crosley and E« J. Ripling, J. of Materials, Vol. 2,'
No. 3, Sept. 1967, p. 661,
E. Srawley_and'B. Gross, "Stress-Intensity Factors for Crackline-

Loaded Edge~Crack Specimens,” NASA TN D-3820 February 1967.

F. Brown, Jrs and J, E. Srawley, ASTM STP 410, Am, Soc. for Test,

Mat'ls., Philadelphia 1966.

P. Bressanelli and A. Moskowitz, ASM Trans. Quart. Vol. 59, 1966,

Ds 225-



-10- UCRL-18203 -Rev.

. FIGURE CAPTIONS

~

Fig. 1 Room~temperature lcad-deflection curve for 0.5 inch thick . S
‘specimen-.

Fig. 2 Macroscopic views of fractured specimens (0.5 in. thick)
tested at room and liquid nitrqgen temperature.

Fig. 3 Macroscopic views of fraéture specimen (0.07 in,‘thick) tested
at room‘temperature. |

Fig; 4 Electron fractographs taken from (a) plane stress; R;T. test

and (b) (c) plane strain, -196°C test.
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(a) Top View 3%

(b) Side View 3%

XBB 684-2332



s

10,000x

XBB 684-2330

UCRL-18203

-



This report was prepared as an account of Government
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