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1) a bulge test through an illiptIcal die , which gives a stress state of a 0.9,
and 2) a plane strain tensile test , wh i ch g i ves a stress sta te of a 1/2.

The basic mechanical properties of the materials are given through their .true
stress-true strain curves. The equiblaxia l bulge tests at three strain rates
(e 10” sec-1 , 10-1 sec 1, 1O3 sec -i) on the isothermal ly transformed 300M steel
show that the fracture ductility Increases with Increasing strain rate. On the
bas i s of the reported correla ti on between a true effec ti ve fracture stra in from a
bulge test and the plane strain fracture toughness , a similar increase in fracture
toughness with Increastng strain rate is expected . At low stralh rate the frac ture
ductility of TRIP steel Is a function of the stress state at fracture .and of the
amoun t of warm-work during TRIP processing. The minimum value of the fracture duc-
ti lity of TRIP stee l at low stra in rates Is observe d for a stress state a = 1,
which is-In-agre ement wi th previous results on high strength steel and the critical

• mean stress fracture criterion proposed by Weiss. For the two high strength TRIP
steels (79% warm-work and .30% warm-work), the plane strain fracture ductility de-
creases with increasing strain rate. A similar decrease of the plane strain frac-
ture toughness wi th increasing strain rate is expected. Adiabatic heating and con-
sequent repression of the martensite formation is suggested as the pri ncipal re-
sponsible mechan i sm.
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FOREWORD

This report contains the findings of a research program entitled
“Exploratory Study of the Dynamic Fracture Ductility of TRIP and 300M
Steels ” under contract number DAAG46-77-C-0019 with Dr. M. Azriri of Army
Materials and Mechanics Research Center serving as Contracting Officer.
The study was conducted in Syracuse Univers ity ’s Department of Cnemica l
Engineering and Materi als Science under the direction of Dr. Volker Weiss ,
Professor of Mater i a l s Sc ience .
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EXPLORATORY STUDY OF THE DYIIANIC FRACTURE
DUCTILITY OF TRIP AND 300M STEELS

ABSTRACT F
The bul ge characterist ics of 33DM steel and TRIP steel were studied at

various strain rates and stress states. The 300M steel was heat-treated to
two conditions; isothermally transforme d , and normalized . The TRIP steel
was processed to fou r conditions by means of various amounts of warm work-
Inc . The inherent directionality of TRIP steel required the development
of a biaxial test for variou s strain rates other than the equibiaxial bulge
test wh e re the stress ratio ,~ = ci.,/~~~, is not equal to 1. Two testing
methods were developed: 1) a bulge test through an elliptical die , which
gives a stress state of ~ = 0.9 , and 2) a plane strain tensile test , which
gives a stress state of ~ 1/2.

The basic mechanical properties of the materials are given through
their true stress-tr~e str~in curves . The ~quibiaxia l bulge tests at three
stra in rates (

~ ~iO~
’ sec~~, 10—1 sec 1, 10’ sec 1) on the isothermally trans-

formed 303M steel show that the fracture ductility increases wi th increasing
strain rate. On the basis of the reported correlation between a true ef-
fective fracture strain from a bulge test and the plane strain fracture toug i-
ness , a similar increase in fracture toughness with increasing strain rate is
expected . At low strain rate the fracture ductility of TRI P steel is a func-
tion of the stress state at fracture and of the amount of warm-work during

• TRI P processing. The minimum value of the fracture ductility of TRIP steel
at low strain rates is observe d for a stress state a = 1, which is in agree-
ment with previous results on high strength steel and the critical mean stress
fracture criterion proposed by W eiss. For the two high strength TRIP steels
( 79% warm-work and 30% warm-work) , the plane strain fracture ductility de-
creases with increasing strain rate . A similar decrease of the plane strain
fracture toughness wi th increasing strain rate is expected. Adiabatic heating
and consequent repression of the martensite formation is suggested as the
principal responsible mechanism.
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• I . IN~R-J DJCT IO~

Hign stress transfo rmation p last ic i ty  offers a means of increasing the
strength as wel l  as the duct i l ity  and toughness of steels (.1..,2.). The add it -
ional energy absorptio n ass ociated with the martensit ic transformation dur-
ing deformati~ n is responsible for the enhanced fracture toughness ~~ . Prior
Studies at Sy racuse Un i versity c4-r&) have shown that the martensite content at
fracture is a function of the test temperature and that the notch toughness
is stron gl y tempe rature dependent. Gold and Koppen aal~6) have reported that
TRIP steel exhibi ted embr it t lement at a spec if ic  s t ra in rate and tes t ing  te--
perature . m e  studies by A zrin et al.4..?.-), Weiss et al.(.4~ and Zackay et al .4~~have sno~n that an optimu m combination of strength , toughness and fat igue
crack growth resistance require d careful control of auster iite m et a st ab ilit~w it n respect to tne service condit ion . For eAam ple , a T RIP steel tnat eA-
hibits hi gh strength and toughness under relat ively low stra in rates at roo~tempe rature may suffer a si gn ificant loss of uniform duct i lity at very hi gn
strain rates. Also the same TRIP steel may be inferior in fati gue c rack
propagation resistance to an ultra hi gh strength materi al.

- —

The studies conducted to date indicate that TRIP steel ’s may be “tailor-
made ” to possess a unique combination of properties tnat may make them ideal-
ly suited for special critical applications. Since their m~~nan~cal proper-
ties strong l y depend on tne inter-relatio n between de forma t ion and t he mar -
tensit ic transformation , a detailed understanding of these phenomena is
required.

The fracture toughness as a function of stress state (pl ane stress -

pl ane strain) and strain rate is of particular interest. To determine these
properties with the recomended procedures , e.g. ASTM £ 399, is usually time
consuming and expens ive . The diff iculty in producing TR IP s teels of suff ic ient
thickness and trie well known difficulties in machining TRIP steels lend fur-
ther impetus to explore other avenues of assessing the fracture toughness of
TRI P steels.

It was therefore decided to obtain information about the fracture toug h-
ness as a function of strain rtt~ ind?rectly from bul ge tests at various strain
rates , Including strain rates corresponding to explosive loading. The feasi-
bility of this approach has ~een demonstrated tnrough a series of research pro-grams at Syracuse University~8,9). Accordingly the fracture toughness is re-
lated to the true effective fracture strain as measured in an equibiaxia l bulge
test , a 02/01 1 , B 0

3
/0

1 
= 0 tF , • 1 , ~ 0, througn

K 147 ~ - KSIPIWIC F , a 1 , B — 0

2 162 CF 2 1 8 2 0  MNm 3”2

1
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Whi le  tnere eA is t s  some scat ter  in the data t’ ,at led to the above re lat ion-
snip characterized b~ a relative standard de~iati on of 33 percert(8) the
expected scatter with respect to the relative influence of stra in rate fror-
one heat and process lot of the TRIP steel studied is expected to be mucr
smaller , so that an e.g. 10 percent variation in bul ge ductility for a change
in strain rate by e.g. 3 orders çf m~gnitude w i ll closely reflect an identi-
cal change in fracture tougnnes sc6,9). It shoul d be further pointed out tna t
a metnod for estimating fracture toughness values for other tnan plane strain
cond itions (i.e. specime n thickness effects and ‘R Curves ”) from bul ge d~c-
tility values (10) has also been proposed and aopears to be in agreement w~tnR Curves determined from standard techn i ques (9).

Early in tne testing program of the TRIP steel the very strong dire c-
tional dependence of the fracture duct ility was observed as illustrated b1
tne results of tne tensile tests in the long itudinal and the transverse dire c-
t io n on 79~ warm-work TRIP steel. W hile the true tens ile fracture strain in
the longitudinal direction is 0.70, the t ransverse  frac ture stra i n i s on l y
0.34. It was therefore necessary to develop a biaxial test tnat al l ows tne
selec tion of a testing direction , whic n can also be performed at a wide range
of strain rates. Tne stress state requirement for such a test is ~, > -

~~

and o
~/~j~O .5 to insure that fracture occurs in the longitudinal dir~ctio~t.

Two confi gu rations readily meet this objective , a bul ge test tnro ugn an el-
l iptical opening and a plane strain tensile test (11). Both types of tests
were developed and condu cted as part of the program and are described in
Section III , Tes t Procedure s .

I I . MATERIALS

Prio r to the availability of a specially prepared TRIP steel by A*IRC
(Army Materi als and Mechanics Research Center) , tests were conducted on p l a tes
of TRIP steel available from an earl ier program . The chemi cal compositions
of all materials tested , TRIP steel plate , sheets of TRIP steel and 30DM
steel , are liste d in Table 1. From the prior program the TRIP steel pl ate (4)
was induction-melted unde r a blanket of Argon . The 203 m X 203 nm X 432 nm
(8” X 8” X 17”) cast Ingot was heated to 1177°C (21500F); soaked for 2 flours
and hani~ier forged to 70 nmn (2—3/4”) thick X 152 nm (6”) wide . The 70 mm
(2-3/4”) thick plate material was hot rolled at 1177°C (2150°F) to 38 nm (1-1/2”)
thick . The material was austenitized at 1205°C (2200°F) for 1 hour an d ice
brine quenched. The plate was warm worked 80~ at 425°C (800°F~ , then it was
cold worked 5%. The finished plate was tempered at 350°C (660 F) for 1 flOur.

The major portion of this study was conducted on TRIP steel and 3COM
steel supplied by A*IRC. Approximately 25 Kg (58 lbs.) 300M steel , 203 nmn X
305 ~~ X 50 nm (8” X 12” X 2”); and approximately 62.5 Kg (138 lbs.) TRIP steel
in the as-cast condition , 203 nm X 203 nm X 216 nm (8” X 8” X 8-1/2”), were re-
ceived. The 30CM steel and the TRIP steel were made by the Electro-Slag Re-
melting (ESR) method at A*~RC.

2
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The 300M steel was hot rolled by the Allegheny Ludkm~ Steel Coi~ oration
to 3.2 nr~ (0.125”) thick and approximately 381 nm~ (15”) wide . The 300~1 steel
was heat-treated to two conditions :

(1) Austenitizing at 900°C for 30 minutes followed by continuous
cooling to room ten~erature in air at a cooling rate equal to
that achieved at the midpoint of a one-in ch thick plate during
cooling in still air . To achieve this the 3 nm~ (0.125”) 300~•isteel was san dwiched between two 13 nmi thick hot rolled steel
plates , as illustrated in Figure 1. The entire heat treatment
was performe d on this sandwich .

(2 ) Austenit iz ing at 900°C for 30 minutes , followed by isotne r-
mal transform ation at 350°C for 2 0 minutes , and water quench.
The isothermal transformation time was chosen to produce the
maximum retaine d austenite as determined by X-ray analysis.

The TRIP steel ingot was processed by Allegheny Ludl um Steel Corporation.
Tne detail processing history is described in Appendix I. After the final
process four different warm-work conditio ns at two different thicknesses
were available for the program , as listed below .

Material Designation Reduction of Thickness Final Thickness
m (incnes )

A 0 no reduction 2.03 (0.080)
A 1 19% 1.55 (0.061)
A 2 30% 1.55 (0.061 )
A 3 11% 1.55 (0.061)
B 0 no reduction 3.96 (0.156)
B 1 80% 3.17 (0.125)
B 2 38% 3.17 (0.125)
B 3 12% 3.15 (0.124)

Tfle retained austenite content of the 3COM steel under two different heat-
treated conditions was obtained by X-ray diffraction (12) using COKa radiation.
The val ues of the retained austenite of the isothermally transformed and nor-
malized 300M steel were 15.1% and 6.5% respectively. The procedure was cali-
brated against the 4% austenite 96% ferrite standard supplied by tne National
Bureau of Standards .

III. TEST PROCEDURES

Ten types of tests were conducted on the 3COM steel and TRIP steel to
characterize the material s and to study the effect of strain rate on the duc-
tility under multi-axial stress states. They are :

3
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(1) Ha rdness tests

(2) Un iaxi a l tensile tests (~ ~~,/ : 1 • 0 and .)

(3) Unia k ia l tapered tensile tests (~ 
a

(4 ) Hydraul iL b iax ia l  oul ge t es t s  (
~ 1 , ~ 1J~~ sec~~)

(3) Hydraulic biaxial bul ge tests at medium stra in rate ti
(
~ 1 , lU~ sec~~)

(6) Explosive hydraulic biaxial bul ge tests (
~ 1 ,~ lu~ sec~~ )

(7) Explosive elli pt i cal bulge tests (
~ 0.9 ,: 1O 3 sec~~ )

(8) Plane strain tensi le tests (~ 
a l / 2 ,,~ l~J~~ se

1 )

(‘.))  Plane strain tensile tests at medium strain (
~~ 

a l/2 ,~ lu~ sec~~)

(10) Ex plosive plane strain tensile tests (~ l/~ , ~ 1O 3 sec 1 )

The stress ratios , ~~ , of 0 , 1 /2 and 0.9 correspond to the tests in
the longitudinal direction ,~ I represents an equlbiaxial bul ge test and

corresponds to a test in tu e transverse direction . Only the A-series
of TRIP steel specimens was used in this test program.

Tabl t~ 11 represents tne test matrix and lists the number of specimens
conducted for eacn test type - material combination .

For tne TRIP steel plate , hardness tests with bal l indentors and various
loads were performed to obtain some information on the flow curve of the ma-
terial . Tne specimen Is a 25 X 12 X 7 mm block cut from the TRIP steel plate.
The hardness tests were performed on three faces of the specimen , on the sur-
face perpend icular to the rolling direction , on the plate surface anu on the
plate side face. The surfaces were mechanically polis hed . The specimen was
tested on a Greiss hardness testing machine wi tn loads of 20, 40, ~0 , 1Z~ , 140and 187.5 Kg. The relationship between the applied load and the diameter of
the indentation followed Meyer ’s law which is:

P - Kd’~

where P • applied load , kg
d a diameter of Indentation , mm

The plots of log P vs. log d are shown In Figure 2.
The amount o~ t rue strain , c , Is obtained from (13).

c • 0.3(g)

4 
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where D • 1.59 rv ( 1 1’.- ) ,  the di ame t~ u of the bdl 1 indentor. m e  flcn .
stress V is c a l c u l a t e d  fre i

H
~~~~~~~ 

(Kg iiv’~~)

w~iere H 4P. ~~~ Me,e r hardness.
For tri e SI units, tne flow stress ~i is:

• ~~~ H (Mr~)

Us in9 these relat ions one can obtain some p~ ints on the stress stra~n cur~~in the p l a st ic range.

Uni axi a l T~n sil e T~~ ts

Un~axiai tens ile tests were conducteJ on sheet specime ns shown in Fi gure
3. Tne effective fracture strain , j~, was ca lLu la ted  using :

• • in

where A is the init i a l cross section al area and Af ~S the f i nal  cross
sectiona~ a rea.

Un la xi al Tapered Tensi le Tests

Uniax ia l tapered tens ile tests were performed on sheet speci~lens Illustrated
In Figure 4. Inden tations we re made every 5 mm (0.2”) along the axis of the
tapered section to serve as reference marks. A lin e was drawn perpendicul ar to
the axis and through each Indent ation. A poin t micrometer was used to measu re
the width and the thickn ess at each line. The true strain at each line was cal-
culated using :

‘F ‘1 
— ln ~.2.

The maximum true stress at each lIne was calculated using :

H p

where P Is the maximum load recorded during the test. This type of specimen
Is well suited to obtain the true stress vs. true pl astic strain curve up to the
tensile in stability str.ln , c

~

5
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F~ydrau.lic Biaxial Bulge Test

The hydrualic bulge test fixture is schematically illustrated in Figure
S. The system consists of a cylinder, a piston , a top support and a set of
flanges. The cylinder is pressurized by placing the entire system in a Bald-
win Testing Machine. The top flange is held immobile by a fixed crossnead
and a compressive load is applied to the piston t~ til the specime;-i fractures .
In order to prevent hydraulic oil leakage during testing an 0-ring is used
between the specimen and the cylinder and between the piston and the cylinder
wall.

The hydraulic bulge specimen configuration is shown in Figure 6. The
specimens were either machine ground so that the variatio n in thickness was
no greater than 2 percent or in the as-received condition (wi thout grindi ng
to remove the surface layer). In tne central region of the specimen , where
the measurements were made , the thickness typi cally was unifo rm to withi n 0.03 mm .
Tu e frac ture ductility was determined from :

‘F 3F 
-ln~~

1

£3
1F 

£2 
a —

where to is the initial thickness and tf the final thickness.

The 3COM steel hydraulic bulge specimens were heat-treated and machine
ground to the final thickness.

Hydraulic Biaxial Bulge Tests at Medium Strain Rates

This hydraulic biaxial bul ge test is essentially the same as the one de-
scribed above except that the piston Is driven by the ram of a 900000 Newton
hydraulic press wi tn a higher cross head speed , 762 nui./min. (30 in./min.).
The test fixture is shown In Figure 7. The specimen configuration is shown in
FIgure 8, which Is a modificat i on of the Azrln-Backofen geometry , developed at
Syracuse University (5). A point micrometer was used to measure the thickness.

The fracture ductility was calculated from :

tf
‘F 3F 

-ln~~-—
C

3
C
l ~

2F 
-
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The 3COM steel hydraulic bul ge specimens were heat-treated and machine
ground to the final geometry .

E~plosive Bi axial Bulge Tests

Expl osive biaxial bulge tests were conducted by the System develo ped by
Biegel (14). It is essentially a hydraulic bul ge test activated by the pres-
sure generated by igniting a cartridge containing a hi gh-burning rate smokeless
powder wi th an estimated 3500 MPa maximum . The testing fixture is shown in
Fi gure 9. The fracture ductility was calculated from :
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The specimen configuration Is the same as that of Figure 8. The 3COM steel
expl osive bul ge specimens were heat-treated and machine ground to the final geo-
metry.

Di rectional Biaxial Tests

Because of the Inherent directionality of TRIP steel it became necessary
to develop biaxial tests for various strain rates , where the principa l stresses
are not balance d , (o , ~ c2). Two possibili ties were explored , namely, a hy-
draulic bulge test U?rougFi an elliptical opening and a plane strain tensile test.
An added condition Imposed was that It must be possible to conduct these tests
over a wide range of strain rates. Thus , the design and preliminary testing of
a suitable fixtu re for such tests became a major secondary task of the overall
program .

A. Ell ipt i cal Bulge Test

For this test the stress and strain biaxlalfty is con-
trolled by the ratio of major and minor axi s of the ellip-
tical opening , a/b, and depends on the total strain. Tests
on annealed 304 staInless steel specimens , provided with a
square grid, were used to experimentally determine the strain
b laxia lity at the center as a function of geometry. The
bul ge specimen , w ith a square gr id , made of this stainless
steel was bul ged with the circular die at a medium strain
rate . The gri d at the apex of the bul ge ex tended equally
In both direction s indicating that this stainless steel is
mechanica ll y isotropic. Final ly , a geometry of a/b • 3.00
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was chosen . This produced a strain biaxia lity gradually
decreasing with increasing strain to approxima tely

0.75, Figure 10, or a stress biaxia lity of approxi-
m~teTy 2/ c 1  • a 0.9 (15) for an isotropic material. The
geometry of tne elliptical die is shown in Fiçure 11. Al-
though the stress ratio achieved was still close to unity ,
the test was sufficiently directional to produce fracture
In the direction norma l to the larger principal stress.
For this geometry the fracture strain is given by:

~F C 3~~ -ln~~~

These tests can be conducted over a range of strain rates
including those using smokeless powder as the activating
med i um.

B. Pla ne Strain Tensile Tests

The plane strain tensile test uses a test specimen con-
taining face notches . Such a configuration has been wi dely
used for material characterizations in biaxial tension (11).
Part of the task consisted of developing a test set-up for
conducting a plane strain tensile test at very high strain
rates. A solution to this problem was achieved by designing
a test specimen that could be pulled hydraulical ly in a pres-
sure chamber. The specimen geometry and the test chamber are
Illus trated in Figures 12 and 13 respectively. The specimen
was held by two rapidly movable grips inside the test cham-
ber. Gun powder was used to generate the high pressure re-
quired to produce a high strain rate. This pressure applied
force and motion to the movable cylindrical grips resulting
In the fracture of the specimen . The plane strain tensile
test at medium strain rate is essentially the same as the
plane strain tensile test at high strain rate, only the hy-
draul ic pressure is generated by a moving piston Instead of
gunpowder. The piston is dri ven by the ram of a 900000 New-
ton (100 ton) hydraulic press wi th a crosshead speed of 762 mm!
m m .  The test fixture is shown in Figure 14. The plane strain
tensile tests at a low strain rate were conducted in an Instron
testing machine . The crosshead speed is 0.51 nm /mm . The
fracture strain is given by:
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The initial thickness of the specimen was measured by
using a point micrometer. The final thickness of the speci-
men was measured unde r a traveling microscope with a magni-
fication of 35X. The scale of the traveling microscope was
calibrated against a standard supplied by the optical company
before taking the measurements. The accuracy of the final
thickness measurement is wi thin 5 urn.

IV. RESULTS AND DISC USSIO N

Res ults

Ha rdness Tes ts

Hardness tests wi th a 1.59 mm (1/16 in.) indentor and loads vary ing fron~20 to 187.5 Kg were performed to determine parts of the flow curve following
the procedure attempted in a prior res earcn program under AMMRC sponso rsh ip( 16).
The resul ts are compare l with the true stress-true strain curve obtained in the
previous TRIP program (4) and are presented in Figure 15. The values of flow
stress obtained on the two faces parallel to the rolling direction were higher
than those obtained on the face perpendicular to the rolling direction. The
observe d discrepancy suggests that the proposed correlation (16) does not apply
wel l to TRI P steels.

Tens i le Tes ts

3COM Steel

Un l axial tensile tests and uniaxial tapered tensile tests were performed
to obtain the true stress-true strain curves of the TRIP steel (four warm-work
conditions) and the 300M steel (two heat -treat conditions). The results are
gi ven in Tables III , IV and V. The true stress-true strain curves for the 3COM
steel are shown In Figure 16. Young~ modul i of the two heat-treat conditions
for the 3COM steel are E • 1.76 X 10~MPa for the i sotherma lly transforme d P
300M steel and £ • 1.50 X IO5MPa for the normalized 3COM steel . The fracture
stress and strain of the normalized 3COM s teel is about 25% above that of the
Isothermal ly transformed 3COM steel . Before the test the amount of retained
austenlte of Isothermal ly transformed and normalized 3COM steels is 15.1% and
6.5% respectively . After fracturing the amount of retained austenite near the
fracture surface of all 30DM steel specimens is not measurable by X-ray , i.e.,
close to zero .

TRIP Steel

The true stress-true strain cu rves of the TRIP steel (four condi tions) In
the longitudinal direct i on are shown in Figure 17. The tensile properties of
TRI P steel (four conditions) are presented In Table IV . The true stress-true
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strain curves of the TRIP steels were obtained by pulling tapered tensile
specimens in the Instron Testing Machine . The crosshead speed was 0.51 mm
(0.02 in.)/min. for all tests. LUders bands were formed in the straight
section of the tapered tensile specimens during the early stages of the
tests and propagated into the tapered secti on . The L~Jders bands propagatedthrough the entire tapered section of the 0% warm-work TRIP steel tapered
tensile specimen , through about 1/3 of the tapered section in the 79% warm -
work tapered tensile specimen , and through 1/2 of the tapered section in the
30% warm-work tapered tensile specimen. The true stress—true strain curve
for 11% warm-work tapered tensile specimen could only be determined for
strains above 0.15. Another tensile test was conducted to obtain the entire
true stress-true strain curve . The tapered tensile specimens of 79%, 30%
and 11% warm-work TRI P steel material s fractured wi thin the straight section ,
but the tapered tensile specimen of 0% warm-work TRIP steel fractured at the
bottom of the gage length , at the fillet , at a strain which was less than
the maximum strain obtained from the same specimen ; therefore , the true frac-
ture strain for the 0% warm-work TRIP steel could not be determined from
this test.

A tensile test was conducted on the 79% warm-work TRIP steel In the
transverse di rection . The true stress-true strain curves of the 79% warm-
work TRIP steel In longitudinal and transverse directions are compared in
Figure 18, and their tensile properties are listed in Table V. The fracture
strain in the longitudinal direction is twice the fracture strain in the
transverse direction . The fracture stress in the l ongitudinal di rection is
about 1.5 times that in the transverse direction . This strong directional-
ity made it necessary to develop biaxial test methods for several strain rates
where the principal stresses are not bal anced 

~°2~°l ~ 
1).

The data indicate that the fractures stress of the TRIP steel increases
as a function of the amount of warm—work . The fracture ductility of the
TRIP steel increases to Its maximum val ue at 30% reduction of thickness and
then dec reases , Figure 19.

Bulge Tests

3COM Steel

The resul ts of the hydraulic biaxial bulge test at three strain rates
are given in Tabl e VI and V II. The quoted strain rate represents an approxi-
mate value which is obtained-by dividing the fracture *trainiby the test time .
Two hydraulic bul ge tests at low strain rates (L 10 sec ) were conducted
on the I sothertna l ly transforme d 300N Steel - both fractured at the apex of
the bulge; one broke Into three pieces and the other broke Into four pieces.
The fracture zone of one specimen extended into the hold-down area. Otherwise
the two tests gave the same results wi th a fracture strain of 0.11 and a uni-
form strain of 0.09 (as measured some distan ce away from the fracture point).

One hydraulic bulge test at low strain rate (L 10~~ sec4) was conduc-
ted on the normalized 30011 steel . The specimen fractured at the apex of the
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bulge and extended through the entire specimen resulting in two segments.
One segment of the bul ged region was separated from the ma in portion of that
segment. The fracture strain is 0.18 and the unifo rm strain Is 0.13.

One hydra ulic bul ge test at medium strain rate (
~ ~1O~ sec~~) was con-ducted on each heat-treat condition of 3COM steel . The fracture line of the

isothermaUy transformed 3COM steel specimen formed an “S” shape , with a frac-
ture strain of 0.14. The normalized 30CM steel specimen broke into three
pieces with the fracture strain of 0.21. Both 3COM steel specimens fractured
at the apex of the bul ge.

Three exp losive bulge tests were performed on the isothermall y trans-
formed 30011 steel. All three specimens fractured on the apex of the bulge,
two broke into four pieces and the other broke into five pieces. The frac-
ture strains obtained from the three tests are 0.28. 0.29 and 0.28. The
average value was 0.28.

One exp losive bulge test was conducted on the normalized 3COM steel.
The thickness of tne specimen was not uniform and the specime n did not frac-
ture at the apex of the bulge . Tne fracture strain (0.17) obtained from
this specimen did not appear to be representative of the material .

TRIP Stee l:

Hydraulic bul ge tests at low strain rate (
~ ~10~ sec~~) were also con-ducted on the TRIP steel sheet (four warm-work conditions) in the as-received

condition (wi thout grinding to remove the surface l ayer). The thickness of
these four specimens was within 0.05 mm . The 0%, 30% and 79% warm-work TRIP
steel specimens fractured at the apex of the bul ge with the fracture strains
of 0.58, 0.40 and 0.32 respectively. Two 11% warm-work TRIP steel spe-
cimens were tested. One of them did not fracture at the apex of the bulge
but on the side , half-way towards the bulge where the stress state is a ~ 1
and ~ ~ 0. The fracture strain (0.40) obtained from this specimen cannot
be regarded as the true value of bulge ductility . The other one fractured at
the apex of the bu l ge with fracture strain of 0.45.

Prior to the availability of the new material explosive bulge tests were
performed on the TRIP steel plate. The fi rst specimen was machined and ground
to a fInal thIckness of 1.14 nm. The specimen was strained twi ce wi thout
fracture. The thickness at the apex of the bulge was 1.04 mm . This is a
strain of 0.09. The bulge extended 5.46 mm above the base pl ane of the speci-
men .

The second specime n was machined and ground to a 0.64 nm thickness. The
thi ckness at the fracture zone was 0.56 nm for a fracture strain of 0.13. This
specI men was also strained twice . The fracture zone extended into the area
under the hold down . Two segments of the bulge area were broken away from the
rest of the specimen .
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The third specime n was machined , ground and pol ished (the d i rec t ion of
the final polish with respect to the rolling direction is uncertain althoug~observation indicates that they w~ r~ near ly perp ’~ndicu lar ) .  This spec imen
was also strained twice with a reduction in thickness from 0.6S mm to O .5~ nvIn the fracture zone. This is a Stra in of 0.10. The fracture line did not
pass through the apex of the bulge ~ihere the final thickness was 0.56 m
wi th a strain of 3.15. The fracture originated from a hole In the peripi-
er) of the specimen (used for hold down during machinin g). Another f ra c t~ ’-~started to propagate from another hole at the periphery approximately 93 °
fror’ the other fracture line . One segment of the bul ge was broken away f ro ’
the main portion of the specime n .

The fourth specime n fracture d into two pieces , the fracture :one ex-
tending approximatel y througn the center of the specime n and unde r tne n~lo
down . The fracture line coincided with the rolling direction. The ori gi na ’
thickness was 0.86 mm and the final thickness was 0.56 for a fracture stra in
of 0. 20. This specime n was polished wi th the final pc l isn i ng di rection
being perpendicular to the rolling direction .

The t~iir d and fourth specimens disp lay an elongated ‘orange peel ’ effect
wi th the elongation In the rolling direction. This Is attributed to the
directionality of the material. Observation under a low power microscope con-
firms this phenomenon .

The results of the explosive elliptical bul ge test on the TRiP steel are
given in Table V III . The major axis of the elliptical die was oriented per-
pendicu lar to the longitudinal direction . Fracture in each specimen occurre d
along the major axis of the elliptical die, perpendicular to the longitudinal
direction of the specimen , thus representing a longitudinal test di rection .
The effective true fracture strains achieved were 0.41, 0.21, 0.33 and 0.36
for 0%, 79%, 30% and 11% warm-work TRIP steel specimens respectively.

Plane Strain Tensile Test

The results of the plane4stral~ tensile test on tbe TRI~’ steel , at 3
strain r*tes , static (~ 10~ sec ), medium (

~ 
10-~ sec z ) and expl osive

lO~ sec-i) are presented In Table IX. The low strain rate tests were
conducted on the Instron Testing Machine. During this test the crosshead
speed was controlled at 0.5 nm./min. for all four tests . The measured plane
strain ducti li t les (the effective true fracture strain for the stress state
02/01 • 1/2) were found to be 0.42 , 0.50 , 0.51 and 0.48 for the 0% 79% , 30%
and 11% warln-w9rk conditions respectively. For the medium strain rate
(
~ i0 1 sec~~) the results were 0.58, 0.40, 0.45, 0.63 again for the 0%, 79% ,
30% and 11% warm-work conditions. The plane strain tensile tests at explosive
strain rates were performed using the apparatus illustrated in Figure 13. The
effective fracture ductilities measured under these conditions are 0.41, 0.35,
0.38, and 0. 47 again for the 0% , 79% , 30% and 11% wa rn—wo rk conditions re-
sp ectIvely.

L~~. _____ _
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Disc ussion

30011 Steel

As a result of tensile testing to failure the amount of retained austen-
ite in the 30011 steel decreased from 6.5% to 0 for the steel in the normalized
condition and from 15.1% to 0 for the steel isothermally transformed to p rod u c e 1a high amount of retained austenite . The resul ts for both heat-treat conditions
clearl y indicate that practically all the austenite transforms to ma rtensite
when specimens are tested to fracture at room temperature . Based on the obser-
vation of the transformation of retained austenite it is suggested tnat the
transf ormation enhanced botn the fracture strain and the fracture stress of the
30011 steel specimens.

The bul ge ductility (effective true fracture strain unde r equibia x ial
bulge test) increases wi th incre4sing ;train rate from 0.11 , as measured under
quasi static conditions (

~ 10” sec~~), to 0.29 under explosive conditions
IO3 sec-i) for the isothermally transformed steel , Figure 20. A similar

result was obtained from Type 301 stainless steel (5). The increase in bul ge
ductility wi th increasing strain rate in 30011 steel may be attributed to adi-
abatic heating (17) during the high strain rate test (as no strain localization
has been observed).

TRIP Steel

The TRIP steel showed strong evidence of directionality . This required
the development of multiaxial tests , for which the principal stresses are not
equal , and which are capable of being performed over a range of strain rates.
Thus an elliptical explosive bul ge test was developed and the plane strain ten-
sile test was adapted to high strain rate (explosive) conditions .

An M~inco-Brenner magne-gage wi th d3 magnet was used to measure the amountof martensite formed near the fracture face to obtain further information about
the relationship between martensite formation , fracture strain and strain rate .
Other martens ite measurement techniques , such as metal lographic and X-ray dif-
fracti on , were not used s ince these are di rectionally sens itiv e. Moreove r, the
metal lographic measurement is very time-consuming and highly inaccurate due to
the distorted microstructure of the TRIP steel after plastic deformation . Further-
more, since the martensite has a specific orientation to the parent austenite
matrix , which Is itself highly oriented due to the warm—work , It Is not likely
that an examination of any one face will yiel d a representative martensite deter-
mination . X—ray diffraction analysis is complicated by the preferred orienta-
tion whIch results from warm-working, and the resulting elongated grain shape
makes special diffraction techniques necessary. The magne-gage measurement
technique gives an average value of martensite content of the volume under the
magnet , and the plastic deformation has litt le effec t on the value measured.
Besides , the magne-ga ge technique is very easy to perfo rm (18) .
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The calibration chart was obtained by using the N6S Thickness Standards
(SRM No. 1313 through SRM No. 1320) in accordance with the procedure fror~the Welding Research Report , Jul) 1, 1972 . The accuracy of the measured
ferrite content is within 1% when the value obtained is be l ow 13.,
above that the accuracy is less (19). To minimize the edge effect and rough
surface effect in the measurement, the broken halves of fracture specimen
were put together as close as possible. Due to the limi tation of the magne-
gage the amount of martensite content in a specimen can onl y be measured u;
to 20~.

init ially the ma rtensite content of each TRIP steel specimen unde r the
four heat-treat conditions was zero. After the uniax ial tensile tests the
amount of martensite content near the fracture face of each tapered tensile
specimens of TRIP stee l for all four heat-treat condition s was in excess of
20...

The martensite content near the fracture face in the Clausing specimens
of TRi P steel , for the fouç warm-wqrked conditions at three strain rates
(
~ 1O~~ sec- i , 10-1 sec t and 10~ sec -i) are listed in Table X. In general
the amount of martensite formed decreases with Increasing strain rate , except
for the 0% warm worked (solution annealed) condition .

The effective fracture strains obtained from the explosive elliptical
bul ge tests of the TRIP steel specimen decreases with increasing warm-work
(Figure 21). The plane strain ducti lity of the TRIP steel specimens at high
strain rate (t ~ ~~ sec-1) and at medium strain rate (

~ 10 1 sec l) fi rst
Increases and then decreases with Increasing warm-work . At low strain rate

10~~sec~1) the plane strain duct ility increases with increasing warm-
work (Figure 22). The same kind of vari ation for increasing warm-work was
also observed for the amount of martensite content at the fracture face of the
plane strain TRIP steel specimens (Table X). This suggests that both the
stability &nd the N temperature of TRIP steel are affected by the amount
of warm work during ~RIP process i ng .

The plane strain fracture ductility of TRIP steel decreases with in-
creasing strain rate for the 79% and 30% warm work conditions; this trend
is oppos i te to that found for 30011 steel . Again the sam e trend was also ob-
served for the amount of martensite fo rmed at the fracture face of the p lane
strai n fracture specimens (Table X).  For the two lower warm-work conditions ,
0% and 11% , the plane strain fracture ductility first increased from the quasi-
static to the medium strain rate and then decreased from the medium to the ex-
plosive strain rate to a value slightl y below that obtained from the quasi -
static test (Figure 23).

The decrease of plane strain fracture ductility of high strength TRIP
steel s , 30% and 79% war m work conditions , with increasing strain rate can
probably be attributed to adiabatic heating durin g the deformation period (7 ,17)~thereby reducing the tendenc y for me rtensitic transformation . However , for
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the two lower warm work conditions , 0% and 11% , the plain strain fracture
ducti l i ty and the amount of ma rtensite formed at the fracture face cannot
be explained by adiabatic heating Only. Therefo re, it is suggested that
these effects are caused by an interplay between adiabatic heating, stability
of metastable austenite in TRIP steel (which increases with increasing tern-
perature) and the effect of warm-wo rk on Md temperature .

It is expected that the fracture toughness - strain race behavior will
follow the trend exhibited by the plane strain ductility . This has beer
partiall y confirme d by the result of a ballistic test on a TRIP steel plate ( 2 3 ) ,
which showed high toughness and ductility under low strain rate cond itio n s , but
very little resistance to penetration under high strain rate conditions.

The stress state also has a strong effect on the effective fracture strain
(Figure 24). The effect i ve true fracture strain of 30~ and 79% warm workedThIP steel specimens decreased when the stress state changed from a 0 to

= 1 at low strain rate . At high strain rate the effective true fracture
strain of 11~ , 30~ and 79% warm worked TRI P steel specime n decreased when the
stress state changed from ~ 1/2 to ~ 0.9. These re~ul~s follow the
cri t ical mean stress fracture cri terion proposed by Weiss t~21). However , the
results obtained from 0% warm worked TRIP steel specimens at high and low
strain rates do not show the same kind of change with the stress state .

V. SUMMARY

The results of a feasibility test program to characterize the room tem-
perature high strain fracture toughness of ultra high strength 30011 steel and
TRIP steel wi th variou s amounts of warm-work can be suninarized as follows :

1. The basic mechanical properties of the test materials are ii-
lustrated by means of tensile tests on standard and tapered
tensile specimens. For the 30011 steel virtually all retained
austen i te Is transformed to martensite at and near the fracture
site . For the TRIP steel the maximum fracture strength is
obtained for the 79% warm-work condition . The amounts of mar-
tensite formed near the tensile fracture face increased from
zero to more than 20%. (The exact amount can not be obtained
due to the limi tation of the apparatus ) .

2. The bul ge ductility of 30011 steel was found to increase with
increasing strain rate. This was observed for both conditions
0f 30011 steel , normal ized and iso~hennally transforme d for
maximum retained aus tenite. This beP~avior is similar to that
observed on Type 301 stai nless steel (5).  It is believed that
an increase in bul ge ductility at high strain rate can be at-
tributed to adiabatic heating of the specimens during the
test. By reference to the previou sly observed correlation be-
tween bulge ductility and fracture toughness the present re-
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s u i ts  indi cate that one might expect an increase in fracture
toughness with increasing strain rate in 30DM steel contain-
Ing varying amounts of metast able retained austenite .

3. The biaxial ductili ty of TRIP steel decreases with increas-
ing strain rate for the 79% and 30% warm-work ..c ditions , fr or’~approximately 0.50 to approximatel y 0.37. This trend is op-
posite to that found for 30DM steel. For the two l ower warm -
work conditions , the plane strain fracture ductility firs t in-
creases from the static to the medium strain rate and then de-
creases from the medium to the explosive strain rate to a value
slightly below that obtained from the quasi -static test. It
is suggested that these effects are caused by an interplay be-
tween adiabatic heating , stability of metastable austenite in
TRIP steel (wnich increases with increasing temperature ) and the
the effect of warm—work on the Md temperature . It is expected
that the fracture toughness — strain rate behavior will follow
the trend exhibited by the plane strain ductility .
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APPE’D1x I

ThE ER~J~EO-1A\ICAL TRLATh~~ I OF TRI P STEEL
PERF OR~ED BY

EG’-IEXY LIJDLUM STC~L CORPORATION

(1) Sawed to remove 19 nun (3/4”) thick slice which was shipped to Syracuse
University.

(2-) Balance of the material was heated to 1177°C (2150°F) and forged to
102 nun (4”) thick X 165 nun (1-1/2”) wide X R.L. billet. During forging ,
rupturing occurred at one end of the billet . The cracks did not propa-
gate to any grea t depth during subsequent forg ing to fina l size .

(3) Billet condi tioned con~ letely by’ grinding. Somo fine cracks remained
upon one end of the billet af ter extremely deep condi tioning.

(4) Sawed billet into two pieces representing 1/3 arid 2/3 vo1~iie of material .
The piece representing 2/3 the vohune contained the residual cracks.

(5) Heated the 2 pieces to 1177°C (2150°F) and hot rolled both pieces to
25 mm (1’) thickness. The large pi-~ce developed cracks in the areawhich had contained residual cracks .

(6) Abrasive cut both pieces of material into three equal parts for later
processing . Remove the defective material from the larger piece and
shipped to Syracuse University . Material at this stage was either hard
or very abrasive .

(7) The six pieces , 25 mm (1.0”) thickness were conditioned by grinding .

(8) The six pieces were heated to 1177°C (2150°F) hot rolled to the following
thicknesses and permanently identified :

Tnic~c~iess

nun inches

A 1 8.05 (0.317)

A 2 2.69 (0.106)

A 3 2.03 (0 .080)

B 1 16.03 (0.631)

B 2 5.36 (0 .211)

B 3 3.96 (0.156)

~~1
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( 9 )  Each of the pieces in 8 above were either sheared cold or sheared
warm into three equal pieces . Two pieces of scrap , I pie~e from each
A- 3 and B-3 were shipped to Syracuse University in the as hot rolled
condi tion .

(lu) The 18 pieces were grit blasted to remove hot work scale.

~li 1 Pieces were coated with Ceram -guard , solution treated at 1204°C (2~~i °F)
for 1 hr. in an air atmosphere and water quenched .

(1_fl Grit blas t and light pickle .

(13 All i~ pieces were heated to 480°C (900°F) and warm-co ld rolled to th~
final thickness.

(14) After the final process four different warm-work conditions at two d~ f-
ferent thicknesses were available for the program , as lis ted belo~ .

Material designation Reduction of thicloiess Final thickne s—
nun inches

A 0 no reduction 2.03 (0.0801

A 1 79% 1.55 (0.061)

A 2 30~ l.~ 5 (0.061)

A 3 11% 1.55 (0.061)

B 0 no reduction 3.96 (0. lSo)

B 1 80% 3.1 (0.125)

B 2 38% 3.1~ (0.125)

B 3 12% 3.15 (0.124)
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TABLE 1

CHEMICAL COMP0SIT101~ S OF
TRi P STEEL AND 300M STEEL

T R I r  ( P 1 a t ~~~)
COMPOS:TION 30CM TRIP (Sheet) (Weight P er ce ’- :)

(We ight  Percent) (Weight Percent) From Prior Progran

C 0.40 0.34 0. 27

Mn 0.92 2.12 0.91

Si 1.57 2.06 1.84

Ni 1.90 8.02 8.73

Cr 0.8 1 8.90 8.81

Mo 0.37 4.14 4.07

p 0.009 0.002 
____

S 0.00 1 0 .002 
____

N 0.017 
_____ ____

I-
Fe bal . bal . bal.
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TAB LE III

THE TE~SILE PROPERTIES
OF THE 30DM STEEL

FOR TWO HEAT -TREATING C0~DIT~0NS

T EN S I 2E  PROPERT Y NORMAL IZED I~4 STILL AIR AUSTENITIZED AT 900°C FOR
30 MIN., LT. AT 3500C FOR 20 MIN .,

____- .  

W . Q .

E 1.50 X 10~ MPa 1.76 X MPa

O.2 .c Yield Strengtn 
__________ 

1.20 X MPa

Ultimate 3Tensile Strength 
_________ 

1.79 X 10 MPa

cF 0.30 0.23

2.92 X ~~ MPa 2.16 X 1O3 MPa

Retained Austenite 6.5% 15.1%

f r

_ _ _ _ _ _  - . - ,—-~~~~~ ~~~~--~~~ —~ ~~- ——-— ~~~~~~~~ .~~~~~ ..
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TAB L E IV

RES~:LTS OF TESTS Oi~ TAPERE D TENSILE SVLCI M~~S OF TRiP STEEL

MATE~:~L~ REJu CT iO~ FRACTURE STR.A~~ FRACTURE STRESS (MPa) E (MPa)

C F

0 
_ _ _ _  _ _ _ _ _  

1.6O X 1O~~

Al 79~ 0.70 3.60 X ~~ 1.70 X 105

A2 33~ 0.90 3.03 X IO~ ______

A3 11~ 0.37 1.59 X ~~ 1.46 X ~~ 

- ~~~~~~~ — -—— . ——- -- -
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TAi3LE V

THE TENSILE PROPERTIES
OF THE 79.~ WARM WORKED TRIP STEE L SPECIME N S

IH BOTH THE LONGITUDINAL AND TRANSVERSE DIRECTIONS

T RA NSVERSE DIRECT I ON LONGITUDINAL DIRECTI O N 1
C

F 
0.34 0.70 p

2.33 X 1O~ MPa 3.56 X ~~ MPa

O.2~ Yield Strength 1.45 X ~~ MPa _________

Ultimate Tensile Strength 1.70 X ~~ MPa ________

E 1.70 X 10~ MPa 1.70 X 10~ MPa 

—-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . -. —-- ,. -.-. - -- .—- - -~—~ -!~~-~
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TABLE VI .

RESULTS OF BULGE DUCTILITY OF
300M STEEL AT VARIOUS STRAIN RATES

• Austenit ized at 900°C for
30 Mm ., then isotherm -0ally transformed at 350
for 20 mm ., water quench

Hydraulic t
o 1.19 niii ~~O.O2 mm ~ 0.02 mm

Bulge
tF 0.99 mm ~ 0.02 mm ± 0 .02 mm

Test ing
— 0.11

~riO~~ sec~~ 
C F 0.18 

0.11

Average: 0.11

Hydraulic to 0.51 mm ± 0.02 Thu 0.53 mm ± 0.02 mm

Pre ss
tF 0.42 mm ~ 0.02 mm 0.46 mm t 0.02 mm

Testing

~~15
1 sec~ 

tF 0.21 0.14

Dynamic 
____________ 

0.70 mm
o 0.63 mm t 0.01 mm

0.39 mmBul ge 
_____________

‘F 0.53 mm
0.47 mm ± 0.01 mmTesting 0.29 mm

~~~ sec ’ c
f

e. 28
Average : 0.28

_________________________________ —~~~~~ .~~
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TABLE V III

RESULTS OF EXPLOSIVE ELLIPT iCAL BULGE TEST OF TRIP STEEL

+ +

MATER iAL t
0 

t
f

% WAsM-w0R;~ 
F

0 0 .23 0 .15 0 .41

79 0.32 0.26 0.21

30 0.67 0.48 0.33

11 0.58 0.41 0.36

+ Thickness values ± 0.02 mm .

-
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ThBLE IX. RESULTS OF PLANE STRAIN TENSILE TEST ON TRIP STEEL AT THREE STRAIN-RATES

STRAI N RATE MATERIAL

% Warm-Work

0 79 30 11 _

t0(nri) 0,69 0.68 0,63 0.56

1O 4sec~ tf(nln) 0.48 0.44 0.405 0.37

= -
~~~
. in 0.42 0.50 0.51 0. 48

t0(rn) 0.71 0.61 0.53 0.60
1O~~sec~~ tf (m) 0.43 0.43 0.36 0.35

-k in 0.58 0.40 0.45 0.63

t0(tiin) 0.70 0.61 0.61 0.61

1O3sec~~ 0.49 0.45 0.44 0.41

CF = In 0.41 0.35 0.38 0.47

~ —-~~-.—
_ _ _ _ _ _  

-~~- 
~~~~ - -—_ -

~
-- - — .--

~~
.-. -——-- ----—-- , 



TABLE X

THE AMOUNT OF MARTENS ITE FORMED NEAR THE FRACTURE SURFACE

OF THE PLANE STRAIN SPECIMENS OF TRIP STEEL (ci = 02/a l = 1/2)

S~~~I N
WO
~
K 0 79 30 11

>2O~ >20~. ‘2O~

~~~~~ l 9.O~ 9.O~ 12.0% >2O~.

5.0% 4.0% 1.0% 3.0% 

.- -—-—- — -I—— ..~ . ~~~ ~~ ~~~~~~~~~~ .=.- . — 
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