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transformation to nearly 100% martensite. The rotating beam fatigue
endurance limit (1350 MPa) is higher than anticipated from the tensile
strength, probably due to a significant amount of martensite formation
in the failure zone. No martensite is formed for tension-tension
cycling for 10,000 cycles and maximum stresses up to 862 MPa.

For AM-355 CRT the fracture ductility decreases with increasing
stress biaxiality from 0.6 for uniaxial tension to 0.2 for plane strain
tension and bulge tests. In the bulge test the martensite content
increases from 45 to 85% for a strain of 0.2. Increasing the strain rate
causes an increase in the bulge ductility to 0.5 for explosive tests
(&~ lO3 sec_l). The plane stress fracture toughness for AM-355 CRT was

measured as approximately 110 MNm -3/2 with the formation of approximately
207 martensite near the crack zone.

Type 301 stainless steel (half hard grade) also showed significant
increase in bulge ductility with increasing strain rate frog 0.4 under
quasi static loading to 0.8 under explosive loading (& ~ 10 sec'a) with
a concomitant martensite transformation from approximately 20% to over 90%.
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FOREWORD

This report contains the findings of a research program entitled,
"The Relationships Between the Transformation Characteristics and the
Fracture and Fatigue Properties of TRIP Steels and Other Metastable
Austenitic Steels" under contract number DAAG-75-C-0065 with Dr. M.
Azrin of Army Materials and Mechanics Research Center serving as
Contracting Officer. The study was conducted in Syracuse University's
Department of Chemical Engineering and Materials Science under the
direction of Dr. Volker Weiss, Professor of Materials Science.
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THE RELATIONSHIPS BETWEEN THE TRANSFORMATION CHARACTERISTICS
AND THE FRACTURE AND FATIGUE PROPERTIES OF TRIP STEELS AND
OTHER METASTABLE AUSTENITIC STEELS

ABSTRACT

Transformation plasticity was studied in TRIP steel wire, AM-355 CRT
stainless steel sheet and two grades of type 301 stainless steel sheet.
In the partially cold worked TRIP steel wire (yield strength 2070 MPa,
tensile strength 2325 MPa) transformation plasticity is manifested by a
martensite increase from 277 to 95% at fracture (ep = 0.32, op = 4000 MPa)
at room temperature. The first stage of martensite formation occurs
during plastic straining to 0.04 - 0.1 when the martensite increases
from 27% to 70%. Further straining to fracture, within less than two
wire diameters gage length, causes further transformation to nearly 100%
martensite. The rotating beam fatigue endurance limit (1350 MPa) is
higher than anticipated from the tensile strength, probably due to a
significant amount of martensite formation in the failure zone. No
martensite is formed for tension-tension cycling for 10,000 cycles and
maximum stresses up to 862 MPa.

For AM-355 CRT the fracture ductility decreases with increasing
stress biaxiality from 0.6 for uniaxial tension to 0.2 for plane strain
tension and bulge tests. In the bulge test the martensite content
increases from 45 to 85% for a strain of 0.2. Increasing the strain rate
causes an increase in the bulge ductility to 0.5 for explosive tests
(€ v 103 sec™1l). The plane stress fracture toughness for AM-355 CRT was
measured as approximately 110 MNm -3/2 with the formation of approximately
207 martensite near the crack zone.

Type 301 stainless steel (half hard grade) also showed significant
,increase in bulge ductility with increasing strain rate from 0.4 under
quasi static loading to 0.8 under explosive loading (¢ v 103 secl) with
a concomitant martensite transformation from approximately 20% to over 90%.
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I. TINTRODUCTION

High stress transformation plasticity offers a means of increasing
the strength as well as the ductility and toughness of steels (1,2).
Prior studies at Syracuse University (3), AMMRC (4), and at the University
of California at Berkeley (1) have shown that an optimum combination of
strength and toughness or fatigue crack growth resistance requires careful
control of phase metastability with respect to the service conditions.
For example, a TRIP steel that exhibits high strength and toughness under
relatively low strain rates at room temperature may suffer a significant
loss of uniform ductility at very high strain rates (5). Also the same
TRIP steel may be inferior in fatigue crack propagation resistance to
an ultra high strength steel.

The present study was aimed at obtaining further information on the
inter-relationships between the microstructural, composition, and the
mechanical variables. Of particular interest were the stress-strain-
martensite relations for various strain rates, the effect of stress state on
these relationships and the kinetics of martensite formation under fatigue
conditions.

Unfortunately, TRIP steel was only available in wire form. Thus only
the uniaxial tensile tests and the rotating beam fatigue tests were conducted
on this material. The effects of strain rate on tensile strength and
elongation for TRIP steel wires were determined by the manufacturer and
are also reported here (Appendix). To obtain the effect of stress state
on the strain-martensite-ductility relationships in metastable austenitic
alloys, tests were conducted on type 301 stainless steel and on AM-355 CRT
steel. While these steels do not achieve the strength level of TRIP steels,
it is believed that the results can be used as a guide to estimate the

stress state effects on TRIP steel.
-

\
I1. MATERIALS

Three metastable steels were used in the present study. The TRIP
steel was available in 0.056, 0.054 and 0.041 inch (1.42, 1.37 and 1.04 mm)
diameter wire. The monotonic tension studies, the effect of deformation
temperature and the fatigue studies were conducted on this material. The
other two materials were commercially available Type 301 stainless steel
and AM-355 CRT. The chemical composition and other information are listed
in Table I.

The AM-355 CRT samples were processed by solution annealing followed
by 30% cold rolling and a tempering-aging treatment at 800°F (427°C) for
three hours. The TRIP steel rod was austenized at 2000°F (1095°C),
quenched and then warm drawn to produce it in the wire form. The wire was
warm drawn (from a 0.150 inch diameter rod) at 800°F to 0.060-inch diameter




for the making of 0.056-inch diameter wire and to 0.058 for drawing to
0.054-inches. This drawing was done in eight equal passes. The 0.056-
inch diameter wire was cold drawn from 0.060-inch diameter. The 0.054-
inch diameter wire was cold drawn from 0.058-inch diameter. For the

final process of the 0.041-inch diameter wire, the wire was warm drawn
from a 0.115-inch diameter to 0.044-inch diameter. The 0.044-inch wire
was then cold drawn to 0.041-inches. The purpose of the final cold-
working step was to raise the yield strength above 300 ksi by the formation
of martensite. No heat treatment history was available for the Type 301
stainless steel sheet, except that one lot had been cold rolled to produce
approximately 21 percent to 28 percent and the other to produce 83 to 84
percent martensite, probably corresponding to the half hard and the fully
hard condition, respectively.

ITI. MARTENSITE DETERMINATION

Depending on the specimen type and test program the martensite content
was determined by a) destructive metallography, b) X-ray diffraction,
c) magne gage and d) a vibrating magnetometer. All except the last of
the techniques mentioned here are standard techniques; they are well
documented and have been described in an earlier report (3).

The total magentization of small wire sections was determined in
a vibrating magentometer. This instrument was built following a design
by Foner (6). Essentially, a sample vibrates in a magnetic field. Its
oscillation induces a voltage in coils in the neighborhood of the sample.
This voltage is amplified in a lock-in-amplifier, which is connected
electrically in such a way to the vibrator of the sample that only signals
in a fixed phase and frequency in relation to the vibration of the sample
will be amplified. Figure 1 gives a schematic diagram of the experimental
system. The sample and a reference magnet are driven by the oscillatory
movement of a loudspeaker. The amplitude of vibration is monitored and
kept constant by keeping the signal from a second coil, inwhich the reference
magnet oscillates, constant. The output signal from the pickup coils is
therefore proportional to the magnetic moment of the sample.

The magnetometer was calibrated with a small high purity iron sample
with volume V in the field range above 8 kOe in which the M-H curve is
flat, indicating that saturation was reached. This calibration gives the
value of "(dipole moment of the sample y = Ig * V)/(voltage output of
lock-in-amplifier)". Then the magnetic moment Ig = [/V of TRIP steel wire
sections was determined. The saturation magnetization Ig of the martensite
in TRIP steel is not known. One would expect that it should be lower than
that of a-iron due to the non-ferromagnetic alloying elements. This TRIP
steel has 157 of chromium and 67 of other nonferromagnetic impurities.
Ferromagnetic impurities are 13.357 cobalt and 1.5% nickel. The saturation
moment I4 of the TRIP steel martensite can be calculated in the following
way. One determines first Ig of an alloy which has only the ferromagnetic
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components in the same ratio as found in the TRIP steel (mgq : ™y

Mpe = 13.35 : 1.5 : 64). Its saturation magnetization is about

5% higher than that of a-Fe. 157 chromium in iron leads to a reduction
of Ig by 19%. About the same reduction should be found in the TRIP

steel. The reduction of I, can be described approximately by assuming

that the non-ferromugnutivhimpurity replaces a ferromagnetic Fe- or
Co-atom in the lattice. This means that the 5.1 w/o Mo =~ 3 at/0 Mo
reduces Ig by an additionz:l 37. The remaining non-magnetic impurities
(about lZ) should reduce ]S h.\; another 17. Therefore l‘ (TRIP

s
steel martensite)/I. (a-Fe) = 0.81 within 1 to 27%. thus the amount of
martensite in a given sample is obtained from

<ITS sample/0'81{

7 Martensite =
wFe reference

where the magnetic moment ratio (I ) is obtained

: I =
TS sample/ aFe reference
from the respective output voltage ratios.

The magnetic field was 12 kOe. This insured that the saturation
magnetization was measured. The magnetization was normalized with respect
to the sample weight. The concentration of martensite, which is proportional
to the magnetization per gram, can then be found.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

I. Tension Tests

A. TRIP Steel

The true stress-strain diagram and martensite-strain diagram for 0.056-
inch (1.4 mm) diameter TRIP steel wire having a l-inch (25.4 mm) gage
length is shown in Figure 2. As the wire was already pre-strained at room
temperature 14 percent, which produced approximately 27 percent martensite,
no yield drop or Luders strain is observed. The tensile strength is 320 ksi
(2400 MPa), the 0.2% yield strength 280 ksi (1930 MPa). The elongation
was 13 percent. These results are in substantial agreement with the data
obtained by the Crucible Special Metals Division of Colt Industries and
given in the Appendix. Another tencion test was performed on a specimen
having a 10-inch (254 mm) gage length. The results are presented in
Table Ii. The tensile strength was 392 ksi (2093 MPa), the elongation
in 10-inches (254 mm) was 7.18 percent and the true fracture strain was
0.32. These data are also in reasonable agreement with the data given in
the Appendix.

A-1 Martensite Content vs. Percent True Strain

To produce a strain in the TRIP steel wire, a tensile load was applied
until either 1) a section of the wire had undergone diameter reduction as
found by micrometer measurements, or 2) fracture occurred.
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If the first case occurred the specimen was unloaded and removed from
its holders. A small length, about 0.25-inch (6mm), of the strained wire
which had a constant new diameter was then cut from the specimen. In the
second case the fractured specimen was examined with a micrometer for
length sections with a constant diameter. Such length sections were cut
from the specimens.

By these methods we obtained lengths corresponding to true strains
of 3.5 percent, 7.2 percent, 11.0 percent and 14.7 percent as well as an
original specimen of zero strain. The vibrating magnetometer was then
used to obtain the martensite content of each section. The results of
these measurements are shown in Figure 3. The as-received wire had a
martensite content of approximately 25 percent. Straining to 5 percent
caused an increase in martensite content to approximately 757%. Further
straining seemed to cause little additional martensite formation, except
at the location closest to the fracture where the vibrating magnetometer
indicated 957 martensite.

A number of wire sections were strained to failure at elevated
temperatures. TRIP steel wires of diameter 0.056-inches (and length
approximately 20-inches) were held in a Baldwin Testing machine. A section
of the wire approximately 1 cm long was polished to a diameter of 0.054-
inch with grit 240 sandpaper. This insured failure within that length
rather than at the grip edges. A Chromel-Alumel thermocouple was then
spot welded in that thinned length and the TRIP steel wire was enclosed in
a 16-inch oven. Specimens which failed at the spot weld were disregarded.
The Variac provided control for the oven current and shunts were used to
provide stability of temperature in the test length. The reduced length
where fracture occurred was kept within + 10°F as determined by three
attached thermocouples. When the test temperature was reached (about 15
minutes) the load was applied until failure occurred.

The martensite was measured in the first 0.25 inch (6mm) of failure
location, thus representing near maximum martensite formation achievable in
this material as a function of test temperature. The results are given
in Figure 4. The martensite content decreases from 95 percent at room
temperature to 40 percent at 700°F (370°C). A rapid decrease in transformed
martensite is found to exist between the deformed TRIP steel at room
temperature and 300°F (150°C).

A-2 Hardness Studies

Vickers micro-hardness tests (7) were conducted on TRIP steel wires
as a function of distance from the fracture location. The specimens
tested were mounted in a bakelite mold and polished to midthickness. The
indentation load was 60 grams (0.59N) and held for 10 seconds. The
specimens were those tested at room temperature and 500°F (260°C). The
results are shown in Figure 5.

A first order least squares fit yields a Vickers hardness value of
646.4 at the fracture surface of the room temperature tested specimen and
a value of 602.5 at the fracture surface of the 500°F (260°C) tested specimen.




B. AM-355 CRT

Uniaxial tension tests in the longitudinal and transverse directions
with respect to the rolling direction, were conducted on sheet specimens
of geometry as shown in Figure 6 on AM-355 stainless steel. The effective
strain is defined as

where A 1is the initial cross section area and AF is the final cross
section area. Detailed results of four specimens tested are given in
Table III. Good agreement is found with the data supplied by the
manufacturer, Allegheny Ludlum.

II. Multiaxial Tests

Plane strain tension tests (Figure 7), plane strain bend tests
(Figure 8), hydraulic bulge tests (Figure 9), miniature bulge tests
(Figure 10) and explosive bulge tests (Figure 11) have been conducted on
AM-355 CRT and Type 301 stainless steels. In the plane strain tension
test a stress biaxiality 02/01 = 1/2 is obtained at the center section of
the groove (8). In this case the effective fracture strain is given by

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

In the plane strain bend test, bending of wide specimens over a
cylindrical die was used to determine the plane strain ductility value
(09/07 = 1/2, 03 = 0), Figure 8. It has been demonstrated (9) that plane
strain conditions are obtained at the center section of the top and bottom
surfaces of a bend specimen for width to thickness ratios in excess of 8.
For the present test series, a specimen geometry having a width to
thickness ratio of 10 was chosen. This test was done on AM-355 CRT stainless
steel. The test is essentially a three point bend test with a side clearance
of approximately one sheet thickness once the specimen has achieved a "U"
bend over the cylindrical dowel. To minimize friction teflon tape was
inserted under the mandrel and between the edge supports and the specimen.
The fracture strain was designated as that strain at the onset of surface
cracking. The effective strain in this case is given by

£ since € = 0 elF = €2F

1F 3F
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If the sheet specimen is bent over a cylinder of diameter D, ElF is

5 e
LIF = In (1 + D+t)

where t is the specimen thickness. In the center of the outer surface of
the bend specimen €3F =0, E = - £

1F

Hydraulic bulge tests were done on 301 stainless steel with thickness
of .0256-inch (0.65 mm). The basic components of the bulge fixture are
shown in Figure 9. 1t essentially consists of the pressure cylinder
with hydraulic oil, a piston and the top support. The specimen, along
with the cylinder and the top support, is held in position between two
flanges. In order to prevent leakage of oil during testing O-rings are
provided between the specimen and the pressure cylinder. To pressurize
the cylinder the piston is connected with the moving plate of the Baldwin
Testing Machine. The tests were done with different crosshead speed
ranging from 0.001 in/min to 0.3 in/min (0.03 mm/min to 7.6 mm/min).

2F.l

The test fixture for the miniature bulge test was modelled after a
design by Azrin and Backofen (10) and is shown in Figure 10. The test
consisted of pushing a spherical ball against a 2-inch x 2-inch (50.8 mm x
50.8 mm) (Figure 12) sheet specimen by means of a dowel having the capacity
to hold variable sizes of balls. A teflon spacer is placed between the
ball and the specimen so that the central test section remains free of any
contact with the loading tool. These tests were done on 1) AM-355 CRT
sheet as received, 2) AM-355 CRT sheet with one side wet ground 0.019-inch
(0.48 mm) off, and 3) 301 stainless steel with different crosshead speed.
The stress state in the test section is truly biaxial in nature. The
effective fracture strain is given by

E = - ¢ = 1n " |
F 3F t.
p
i __3F
F  “2F 2

where t, is the initial thickness and tf is the final thickness of the test
area.

Explosive bulge tests were conducted on AM-355 CRT and 301 stainless
steel by the system developed by Biegel (11). It is essentially a hydraulic
bulge test activated by the explosive pressure of gun powder with a
150,000 psi maximum. The strain rate is estimated to be 5 x 103 - 6 x
103 sec™l. This strain rate is estimated by consideration of the duration
of the explosive test (approximately 0.1 to 1 microsecond) and the effective
strain measured after the test. The results for AM-355 CRT, Tables IV, V
and VI, show the decrease in fracture ductility with increasing stress

S e S Al bl




biaxiality, Figure 13. Variations are largely due to the fact that the
martensite content of AM-355 CRT varied from the surface of the sheet
towards the center, Figure 14. Specimens that required considerable surface
removal generally showed higher fracture ductilities. While the center of
the sheet had an average martensite content of 40 percent the surface was
practically 10C percent martensite, decreasing linearly to the center value
within approximately 0.020-inch (0.5 mm). For the plane strain tension
test and the miniature bulge test the amount of transformation during the
straining to fracture (éF = 0.2) is between 30 and 50 percent, when
measured in the center of the test specimen. The martensite data shown

in Table IV, were obtained on the surface and are thus not representative
of the bulk. The martensite formation in AM-355 CRT during the plane
strain bend tests was negligible since the measurements were made at the
surface where the martensite content was nearly 100 percent.

The effect of strain rate on the bulge ductility of AM-355 CRT is
shown in Figure 15. The bulge ductility increases significantly with
strain rate from 0.17 for the static test to approximately .50 for the
explosive bulge test having a strain rate of approximately 103 « sec~l.
The amount of martensite formation also increases with increasing strain
rate from around 40 percent for the slow hydraulic bulge test to over 50
percent for the explosive bulge test. The results are also presented in
Tables V and VI.

Fracture toughness tests were conducted on AM-355 CRT compact tension
specimens (Figure 16) with 0.l-inch (2.54 mm) thickness as received and
0.06-inch (1.52 mm) wet ground. The material thickness was not adequate
to qualify the tests as valid Ky, tests. The apparent toughness values
were calculated according to (12)

P0 a
K B it F(—)
a T w
tvw

where P, represents the load for 5 percent secant offset; t = thickness;
w = width; and a is the crack length of the specimen. The value of the
function F(a/w) was obtained from the listed Table (12) for the ratio a/w.

The results are given in Table VII. The apparent fracture toughness
was approximately 100 ksivin(110 MNm‘3/2). The amount of martensite
formation, measured near the crack path again depends on the specimen
preparation, i.e., on the amount of surface removal during specimen
preparation. From the results of specimen number 3 (Table VII), it can
be estimated that approximately 20 percent martensite is formed during
deformation in the near-crack zone.

Weiss and co-workers have recently shown (13) correlations between
the fracture toughness and the bulge ductility. According to these findings
the plane strain fracture toughness is related to the bulge ductility by:

K, = 147 « ksi vin

e E:F‘ Bulge




= . -3/2
KIc = 162 EF Bulge

The plane stress fracture toughness is approximately 3.6 times the plane
strain fracture tou%hness given by the above relations, i.e., K. =

580 €F Bulge The bulge ductility value for AM-355 CRT obtained
under quas% statlc conditions, 0.17, yields an estimate for the plane
stress fracture toughness of approximately 90 ksivin which is in fair
agreement with the experimental value of Kc'

The bulge test results for type 301 stainless steel are given in
Tables VI, VIIT and IX and in Figure 17. The test program on this material
was principally aimed at studying the effect of strain rate on the bulge
ductility and the concurrent martensite formation. Figure 17 shows the
increase in bulge ductility, i.e., the effective true fracture stain under
an equi-biaxial stress state, from approximately 0.3 under qua51 statlc
conditions to above 0.7 under explosive conditions, i.e., & = 10
The amount of martensite formation is around 10 - 15 percent from
approximately 84 percent martensite in the as-received condition for the
fully hardened type 301 stainless steel.

III. Fatigue Tests

Fatigue tests were conducted on TRIP steel wire using a R. R. Moore
High Speed Fatigue Testing Machine which was modified to accommodate
0.056-inch (1.42 mm) diameter wire.

The R. R. Moore Fatigue Testing Machine is of the rotating beam type,
and consists essentially of two housings, each of which supports a rotating
spindle. When rotated one half revolution the stress in the fiber
originally above the neutral axis of the specimen are reversed from
compression to tension of equal intensity. Upon completing the revolution,
the stresses are again reversed, so that during one complete revolution the
test specimen passes through a complete cycle of flexural stress.

The housings are supported on trunnions which permit deflections of
the housings in a vertical plane when the load is applied. Knife edge
seats mounted on opposite sides of each housing receive the knife edges
mounted on the ends of the hanger yoke which carries the load weight.
The load consists of accurately adjusted weights stacked on the weight hanger.

It was necessary to counter balance the weight of the bearing housings
with a lead weight, as shown in Figure 18, since the housing weight will
cause a fiber stress on the wire.

Pin vises were modified to fit in the bearing housings as shown in
Figure 19. To insure failure in the gage length, the wire was sanded while
running in the machine at zero load. This provided a contoured specimen with
a minimum diameter in the gage length. It was usually necessary to reduce
the wire diameter from 0.056-inch (1.42 mm) to 0.042-inch (1.07 mm).
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The extreme fiber stress was determined by the relation

16WL

3

S =

where S = extreme fiber stress (PSI)
W = total load on specimen (Pounds)

L = moment arm (distance from end support to load point) (fixed
at 4 inches)

D = minimum diameter of specimen (inches)

Using this equation, the alternating stress on the wire specimens
was determined and the S-N curve for the TRIP steel wire was determined,
Figure 20. A fatigue limit of approximately 200 ksi (1380 MPa) was
determined.

In a separate test program TRIP steel wire sections were subjected to
tension-tension cycling (R v 0.1) at various stress ranges. These tests
were not run to failure but stopped after 10,000 cycles where the specimen
was removed for martensite measurement. The results are shown in Figure 21.
It can be concluded that no apparent increase in martensite occurs during
fatigue for maximum cyclic stress up to 860 MPa after 10,000 cycles. The
fact that the initial concentration of martensite for the TRIP steel in
the as-received state in Figure 21 differs significantly from the wire in
the as-received state in Figure 2 inclines us to suspect that the martensite
formation in the cold drawing of the TRIP steel wire is not uniform.

V. SUMMARY

Transformation plasticity was studied in TRIP steel, AM-355 CRT
stainless steel and type 301 stainless steel.

In the TRIP steel wire, which was partially cold rolled and contained
approximately 20 percent martensite, the martensite content rose rapidly
to about 70 percent when strained at room temperature to about 5 percent.
Straining from 5 to 15 percent caused little additional martensite
formation. However, further straining to the fracture strain, 0.32, yielded
an almost completely martensitic structure. The martensite content at the
fracture strain is a function of the test temperature and decreases from
95 percent at room temperature 20°C, to approximately 42 percent at 380°C.
For the room temperature tests, the microhardness distribution near the
fracture surface indicates that the martensite content increases from " 60
percent at the strains between 0.04 and 0.1 to 100 percent at the fracture
surface within less than 1 wire diameter (1.4 mm). Rotating beam fatigue
studies show an endurance limit of approximately 1380 MPa at around 10% to
107 cycles. Martensite formation in fatigue, even in homogeneous tension




tension cycling, is apparently a completely local phenomenon. No change
in martensite content was observed for maximum cycle stresses up to
862 MPa after 10,000 cycles.

AM-355 CRT was studied to determine the role of stress state and

strain rate on high stress transformation plasticity. The stress state
effect on fracture strain is similar to that of high strength microstructure
stable materials and follows the critical mean stress criterion proposed
by Weiss (14). The ductility decreases from 0.6 in tension to 0.2 in
plane strain bending and in the plane strain tension test and under
quibiaxial stresses in the bulge test. In the bulge test specimens the
martensite increase in the center section of the sheet is from approximately
"0 percent to approximately 85 percent. Under equibiaxial conditions the
frocture strain increases with increasing strain rate from 0.2 for quasi
static conditions to 0.5 for explosive bulging, £ = 103 sec™l. The apparent
(plane stress) fracture toughness for AM-355 CRT is approximately 110 MNm-3/2,
This is in agreement with the plane stress correlation between bulge
ductility and fracture toughness gegeloped by Weiss and co-workers (13),
namely KC = 380 « €p Bulge * MNm -

Type 301 stainless steel was also included to study the effect of
strain rate on the bulge ductility. Again a significant increase is observed
with increasing strain rate from 0.4 under quasi static conditions to 0.8
under explosive conditions (£ = 103 sec™!). For this almost fuily hard 301
stainless steel the concomitant martensite formation is approximately 15
percent.

10
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TABLE T

CHEMICAL COMPOSITION OF TEST MATERIALS (WEIGHT PERCENT)

e diemten

TRIP Steel AM-355 CRT(IS) Type 301 SS(16)

 Min Max Min Max

Carbon 0.20 0.10 Q.15 -— 0.15

Chromium 15.6 15.00 16.00 16.00 18.00

Cobalt 13.35

Manganese 0.50 0.50 125 -——— 2.00

Molybdenum 5. 10

Nickel 150 4.00 5.00 6.00 8.00

5 Nitrogen 0.03 0.07 8.13

Phosphorus 0.018 0.04 -— 0.045

Silicon Ol3 .50 -— 1.00

Sulfur 0.028 0.030 - 0.030 |

Vanadium (00 7

Iron Balance

AM-355 CRT MECHANICAL PROPERTIES FROM ALLEGHENY LUDLUM

-6
Yield Strength Ultimate Strength E x 10
4 :
i Hargness .02%,psi .2%,psi pst Percent Elongation ped
3 c _ (MPa) (MPa) (MPa) in 2 inch
47.0 95,600 171,600 217,000 19.5

3 (658) (1186) (1496)

101,100 176,700 218,200 1955

(696) (1120) (1504)




TABLE 11

TRIP STEEL TENSION TEST RESULTS

Original diameter

Original gage length

Final diameter

Final gage length

Percent
Percent
Maximum
Tensile

EF = 1n

elongation
reduction in area
load

strength

A/Af

0.056
10.00
0.0405
10.718
7.18 %
47.7 %
745 1b
302 ksi

0.32

inch

inch

inch

inch

1.42 mm
254 mm
1.03 mm

272.2 mm

3310 N

208 Nmm

Test was conducted at room temperature with crosshead

approximately 0.1 inch/minute (2.5 mm/minute)




TABLE III

TENSILE TEST RESULTS OF AM-355 CRT STEEL SHEET

Transverse Transverse Longitude Longitude
Direction Direction Direction Direction
#1 {2 #1 #2
Original
cross~-section
area(A)  (in2) (0.0294) (0.0306) (0.0305) (0.0308)
[mm# ] [19.00] [19.7] [19.7] [19.9]
Fracture
cross~section
area(a ) (in?) (0.0142) (0.0160) (0.0177) (0.0189)
[mm< ] [9.54] [10.3] [11:6] [12.2]
Total elongation in
1.5 1 (in) (0.295) (0.270) (0.350) (0.340)
38 mm: [mm] [7.49] [6.86] [8.89] [8.64]
Maximum
load (1b) (6,520) (6.760) (6,800) (6,740)
[N] [29,000] [30,100] [30,200] [30,000]
Fracture
load (1b) (5,700) (6,000) (5,940) (5,960)
[N] [25,300] [26,700] [26,400] [26,500]
Yield strength
0. 2% (ksi) (171.8) (171.6) (180.3) (179.9)
[MPa] [1180] [1180] [1240] [1240]
Tensile strength
(ksi) (221.4) (220.9) (194.4) (218.8)
[MPa] [1530] [1520] [1340] [1510]
Elastic modulus
(x 10° psi) (28.0) (27.4) (27.9) (27.4)
[GPa] [193] [189] [192] [189]
Fracture strain
0.69 0.65 0.54 0.49

€ = In (A/A))
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TABLE VI

EXPLOSIVE BULGE TEST RESULTS FOR AM-355 CRT AND 301 SS

Initial Fracture Volume Percent A Mart s ‘-
Thickness Thickness Martensite* WIEERORCR £ Comment
(n) fum) (i) lom] Percent F
Before After *k
Test Test
AM-355
#1 (0.0402) Did not 44 - - - 4 tries
[ <O2T] break
‘ #2 (0.0347) (0.021) 32 83 50 0.51 2 tries
1 [0.88] [10:53]
301 SS
#1 (0.0256) Did not 21 - - -— 2 tries
[0.65] break
#2 (0.0256) (0.0118) 22 88 66 Q. 77 1 try
[0.65] [0.30]
#3 (0.0257) (0.0117) 28 92 64 0.79 2 tries
[0.65] [0.30]
#4 (0.0256) (0.0120) 33 96 63 0.76 3 tries
[0.65] [0.30]

* Martensite content depends on amount of surface removal

powder was insufficient to cause fracture, the test was repeated on the same

i **The explosive bulge test was conducted with a powder charge. If the amount of
¢ specimen; e.g. 1 try means that the specimen broke on the first attempt, etc.
]
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TABLE VIII

HYDRAULIC BULGE TEST RESULTS FOR HALF HARD 301 SS

Initial Fracture Volume Percent Crosshead Maximum
Thickness Thickness Martensite Speed Load o
ti tf Before After EF

(in) [mm] (in) [mm] Test Test (in/min) (1b) [N]

#1 (0.0253) (0.0170) 27 99 0.001 (22,000) 0.40
[0.643] [0.432] [97,900]

2 (0.0256) (0.0165) - 99 0.01 (20,700) 0.43
[0.656] [0.419] [92,100]

#3 (0.0256) (0.014) S 99 0.08 -— 0.61
[0.650] [0.355]

#4 (0.0257) (0.0139) - 99 0.3 (22,500) 0.61
[0.653] [0.3531] [100,100]




#1

#2

#3

4

TABLE IX

MINIATURE BULGE TEST RESULTS FOR FULLY HARDENED 301 SS

Initial Final Volume Percent Crosshead Maximum A Martensite

Thickness Thickness Martensite Speed Load EF Volume

(in) [mm] (in) [mm] Before After (in/min) (1b) [N] i
Test Test

(0.058) (0.043) 84 97 0.027 (22,800) 033 i3

[1.48] [1.07] [101,000]

(0.0601) (0.0411) 84 99 0.06 (25,800) 0.38 14

[1.526] [1.04] [115,000]

(0.0612) (0.0406) 83 98 0.5 (25,000) 0.41 L5

[1.544] [1.031] [111,000]

(0.0619) (0.0413) 84 95 i 5] (24,300) 0.40 ik

1571 [1.05] [108,100]
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APPENDIX

Processing of TRIP Steel

One 3000-~1b induction heat was melted for supplying this material. The
chemical composition of the heat is as follows:
g Mo P s BL oML B v
0.20 0.50 0.018 0.028 0.13 150 15.0 .17

Mo Co N
5..10 B335 0.03

The heat was cast in l4-inch ingots.

Forging of Ingots

The l4-inch square ingots were heated to 2100°F and forged to 13-inch
square billets. These billets were then ground to remove all surface defects.

Rolling of Billets

The 13-inch billets were heated to 2100°F and rolled to 3-1/4 inch
square billets. These billets were ground to remove the decarburized
layer and surface defects.

Rolling and Annealing of Rods

The 3-~1/4 inch square billets were rolled to 0.250-inch diameter rods
using the heating process used for making billets. The 0.250-inch rods
were solution treated at 2100°F and water quenched. The rods were then
pickled to remove scale and graphite coated for hot drawing.

Processing of 0.056- and 0.054-inch Diameter Wire

The 0.250-inch rod was warm drawn to 0.150-inch diameter in 5 equal
reductions and then austenitized at 200°F and water quenched. The austenitized
wire was pickled and coated with graphite. The wire was then warm drawn
at 800°F to 0.060-iachk diameter for the making of 0.056-inch diameter wire
and to 0.058 for drawing to 0.054-inches. This drawing was done in 8 equal
passes. The 0.056-inch diameter wire was cold drawn from 0.060-inch diameter.
The 0.054-inch diameter wire was cold drawn from 0.058-inch diameter.

The tensile properties of the 0.056-inch and the 0.054-inch diameter
wire are given as follows:

M s el S it B 3 i v




Wire Diameter Yield Strength Tensile Strength Elongation
0.056-1inches 300,000 psi 337,000 psi 17%
0.054-1inches 301,000 psi 333,000 psi 18%

Processing of 0.04l-inch Diameter Wire

The 0.250-inch diameter rod was warm drawn 0.115-inches in 7 equal
reductions and then austenitized at 2000°F and water quenched. The
austenitized wire was pickled and coated with graphite. This wire was
then warm drawn at 800°F to 0.044-inch diameter. The 0.044-inch wire was
then cold drawn to 0.041-inches. The tensile properties of the 0.041-inch
wire are given below:

Wire Diameter Yield Strength Tensile Strength Elongation

0.041-inches 304,000 psi 334,000 psi 16%

EFFECT OF STRAIN RATE ON THE PROPERTIES OF TRIP STEEL

Test Speed Tensile Strength Elongation
(in/min) (psi) in 10 inch gage Percent
e
2 & .05 308,400 19.4
o
o 3 i) 304,700 209
['a}
S 3 .56 282,000 12.5
oA
11010 292,200 540
= .05 329,500 19.1
=Y
Gl i) 325,400 16.9
3 4
&5 % 00 296,800 13.8
o« e
oA 1.00 310,000 it 6 94
=05 310 3700 18.5
) .10 291,800 15.6
Ex .56 293,900 11.3
=)
=g 1.00 ——% -=%
o @
s o
oA

*Specimen broke in grips
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