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Response of 304-Type Stainless Steel

H.-J. KESTENBACH AND MARC A. MEYERS

The residual microstructure and mechanical response of shock-loaded stainless steel

(AISI-304) of four different grain sizes— 23, 55, 85 and 187 uym- was investigated. In .
addition to mechanical twinning and planar dislocation arrays. transformation to both €

and @ martensite occurred in all shock-loaded specimens but became more extensive

with decreasing grain size. In comparison to the Hall-Petch behavior of yield and ecarly

flow stress observed for the material after 5.2 pet cold rolling, the strengthening effici-

ency of shock loading decreased with increasing grain size. Shock loading enhanced the
strain-induced transformation to @ martensite during subsequent tensile deformation.

THE interactions of plastic waves with melals are a
well known phenomenon.'”” Shock waves can produce
one or a combination of the followmg metallurgical
eﬂ‘ects generation of point defects,’ (lxslocatxons and
twins,’ phase transformations and precipitation.® The
two unique features of shock loading that dilferentiate
it from quasistatic deformation are the high strain
rates (10" - 10° s™') and the small residual strains in-
troduced.

Although the response of a variety of metals to
shock waves has been investigated, little effort has
been concentrated on systematically studying the el-
fect of metallurgical variables. It seems, however,
that the strengthening effect due to shock loading may
be allered by structural variables, for example by
precipitation (Nordstrom ¢/ «al,® Meyers and Orava’).
One of the most important structural parameters
which affect mechanical properties is grain size.
Jones and Holland" found no measurable effect of
grain size on the Hugoniot elastic limit (dynamical -
yield strength) during explosive loading of mild steel.
However, these authors did not investigate the
residual defect structure which is directly responsi-
ble for the strengthening effects often observed after
shock loading. It was thus the objective of the present
investigation to study the effect of grain size on the
microstructure and mechanical properties of shock-
deformed 304 stainless steel. The response was com-
pared to that of material conventionally deformed by
cold rolling.

EXPERIMENTAL PROCEDURE

Sheet samples of type 304 stainless steel (3.2 mm
thick) of composition shown in Table I were heat
treated at various temperatures in protective “‘Sen-
tripak’’ bags or under vacuum in order to produce
the desired grain sizes, and quenched in oil to prevent
sensitization. Heal treatments were chosen in such a
way as to provide the widest possible range of grain
sizes consistent with the sheel dimensions and initial
grain size. Four different sizes were obtained by -

proper heat treatments. The average grain diameters,
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as measured by the linear intercept method, were: 23,
55, 85 and 187 pm.

The shock loading assembly is shown in Fig. 1. A
““mousetrap’’ type system was used. The dimensions
of the various components were calculated according
to Orava and Wittman." The main charge consisted ot
a cast Pentolite slab. The plane-wave generalor was
made of wax-imbedded RDX sandwiched hetween two
3 mm thick glass plates. The line-wave generator -
was formed with six pieces of Primacord having equal
length. The six sections were arranged in such a way
as to have one bound extremity (for detonalor insertion)
and the other penetrating about 3 mm into the sand-
wiched assembly. A copper driver plate (6.4 mm
thickness), accelerated to a velocity of 530 m/s pro-
vided a pressure of 10 GPa (100 Kbar) and pulse dura-
tion of approximately 2.8 ps at the samples. Upon de-
tonation the whole assembly was acceleriled into a
water tank with a sand bottom. One protective cover
plate and one sample plate with the same thickness
(3.2 mm) were used for each experiment; both were of
the same 304 stainless steel, having undergone the
same heat treatment. Consequently, they exhibited the
same grain size. The smooth surfaces of the re-
covered driver plates and cover plates showed that
the modified line-wave generator used in the experi-
ments had a satisfactory performance. This was con-
firmed by the regularity in hardness of the sample
plates.

The material processed by shock waves was com-
pared to material conventionally deformed by cold
rolling. Cold rolling was performed al ambient tem-
perature by a succession of passes, with approxi-
maltely 0.5 pct reduction per pass. The rolling was
conducted along the same orientation as the original
rolling direction of the sheet. The comparison of
shock and conventionally processed maicrial was ef-
fected at an equivalent shear strain. This is thought
to be a better basis of comparison than the commonly

Table 1. Chemical Composition of Alloy, Wt Pct

Si Mu c* Fe

Ni Cr Mn
). »h 0.50 [ 0 10 Balance

9.95 18.50

‘( arbon content by Lllch\. .ll mmlysls Im.llu Ih an nominal uunpmm«m of IN
SS (maximum 0.08 pet).
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Fig. |—Shock-lonading agssembly.

uscd effective (or generalized) strain.” A pressure
of 100 Kbar (10 GPa) corresponds to a 5.2 pel reduc-
tion in thickness, on the basis of equal shear strains.
Tensile tests were conducled at ambient temperature
. in air with a floor-model 10,000 Kg capacily Instron
testing machine at a nominal strain rate of 2.8 x 107
s™'. The lensile specimens had a gage widlh of 4 mm,
Iength of 30 mm and thickness of 3.2 mm. All speci-
mens had their longitudinal axis plong the original
rolling direction of the sheet.
For lransmission eleclron microscopy, in a JEOL
JEM-1008 electron microscope operaled at 100 KV,
3 mm disks werce oblained parallel to the surface of
the sheels. They were cut from the central portion of
the sheels by spark erosion and planing in a Servomet
SMD apparalus and thinned by conventional techniques.
The X-ray identification of @ and € martensite was

made wilh a Philips diffraclomeler using Mo Ka inci- -

dent radiation.

RESULTS AND DISCUSSION
Microstructure

Due to a relatively low slacking-fault energy, the
microstruclure of shock-loaded austenilic stainless
sleels exhibits planar dislocation arrays accompanied
by plale-like features on {111} 'ms(onilo planes gener-
ally identified as deformation twins.'” Metallographic.
observalions by oplicial and transmission electron
microscopy confirmed the typical morphology of this

. microstructure in shock-loaded samples of all four
grain sizes, Fig. 2 and Fig. 3. In conlrast, only a
small number of plales were found in isolaled areas
of the cold-rolled samples, Fig. 4. This observation
agrees with the well-established dependence of me-
chanical twinning on the rate of strain."

Although nol always evident in Fig. 2, the metallo-
graphic surfaces of all shock-loaded samples showed
large variations in apparent plate density from grain
to grain. Partly, these variations may be explained by
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the effect of plide orientation on the elehing charace-

teristics of the grain surface, bul genuine variations

in mierostructure duc o grain orientation, typical

for uniaxial loading in tensile lests,'™ ' may also be
expecied to oceur afler the passage of planar shock
waves, and have in fact been observed in iron shock-
loaded al pressures above 13 GPa' and by the recovery

" behavior of 304 stainless sleel shock-loaded to very

high pressure.'” Duc lo the statistically small number
of grains encounterced in Lransmission electron mi-
croscopy for any given [oil orientation. no quantita-
tive measurements were atltempted. However. when
micrographs of the same foil orientation were com-
pared qualitatively, no sysltemalic changes of plate
densily or dislocation substructure could be observed
as a function of grain size, Fig. 3.

The shock-induced Lransformation to o (essentially
BCC) or € (HHICP) martensile in melastable austenitic
stainless steels such as AISI-304 still appears to be
somewhat controversial.”»" Crystal structure analysis
by electron and X-ray diffraction techniques was
thercfore carried oul to identify a possible effect of
grain size on the phases present after shock loading.
The transformalion o @ martensile down to rela-
tively small volume amounts (below X-ray diffracto-
‘meter sensitivily) was also monitored by checking
semiquantitatively the residual ferromagnetism of
shock-loaded and cold.rolled samples before and
after tensile testing. Table I gives a summary of
the results.

A rapid clectron diffraction technique'® for the dis-
tinction of thin microlwins from morphologically iden-
tical HICP plates in an FCC matrix allowed a large
number of plates to be analyzed .in sifv in the micro-
scope. The technique simply consists of rolating the
sample into one of several preestablished exact ma-
trix orientations in which twin or HCP spol positions
can be distinguished and identified by inspection. Evi-
dence for the presence of hexagonal martensite was
found in all shock-loaded samples. In some cases, ¢
plates were seen Lo coexist with deformation twins in

Table 13, Crystal Structure Analysis in Shock-Loaded and Cold-Rolled
AIlS1-304 of Different Grain Sizes

. . Grain Size in pm

Experimental ) JE -

Technique . Treatment AR LI 187
"'lﬁ'lmn Shock Twins, ¢ fre- Twins, some  Twins, some ¢,
diffractiom foaded quent, ancedles ¢, @ needles o necdles
anel plates
X-ray ditfeaction Shock BRE AN v 4
lovaded
Mapnetic Only Ferromagnetic Very weakly
technigues shecked fennomagnetic
Shicked + Stpanply Ferromagnetid
wptured i ferromapgnetic
tension
Only cold No mcasurahle No measurable
olled ferrmag: feriomag-
’ netism netiem

Weakly ferre
magnctic in
necked region

Cold solled + Weably ferro.
mptured in papnetic in
fension - necked rephon
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the siome prain, Fig, 5. However, while mechanieal
twinning appeared (o be dominant for the larper

priin sizes: o plates were observed frequently for
the smallest grain size. in agreement with X-ray dif-
fraction resulls which presenled clear intensity peaks
ol hexagonal positions only for the 23 pm grain size
sample. ‘

e

th)
Fig. 3="Tyvpical microstructore after shock loading as seen
by transmission electron microscopy. Grain stze is 23 pm
in (@), ;md 1K7 g in (hY. Direction of shock wave propaga-
tion and of incident clectron beam is (110) in both micro-
graphs.
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(
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A

Fig. 1="Typical microstructare after 5.2 pet cold rolling of a
23 e grain size sample,
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By metllopraphic observations, sl amounts of e
nartensite were found in all shock-loaded samples,
in the form of thin needles alongs (110) intersections
between deformation (wins, ¢ plites or activated slip
planes. Fig. 6 shows the typical morphology of this
form of o martensite in optical and electron micro-
graphs tirst described by Lagmeborg.'” In the 187 jum
grain size sample, this @« martensile could not be de-
tected by X-ray diffraction. bul produced a weak fer-
romagnetic response. On the other hand, BCC peaks
appeared in the X-ray diffraction data of the 23 um
grain size specimen. These o martensile peaks were
apparcntly generaled in those regions where extensive
martensite plates had formed doring shock loading,
Fig. 7. In agrcement with the X-ray resulls, o plate
martensite was only found in the 23 pm grain size
sample. ' '

Qualitatively, the same eflcct of grain size on the
transformation to » martensile during shock-loading
was also noliced when observing the samples in a
magnelic field, sce Table 1. The magnetic response
of the shock-loaded samples, much weaker for the
large grain size. should be compared to no measur-
able amounts of ferromagnetism in any of the cold
rolled specimens. After tensile test ruplure. shock-
loaded samples were strongly ferromagnetic, the
effect again being much larger for the smallest
grain size. Only weak traces of ferromagnetism
within the nccked region were found for the cold
rolled specimens after ruplure.

Mechanical Behavior

~Tensile tests were conducted for the four grain
sizes, each of them in three condilions: undeformed.
cold-rolled and shock-loaded. Figs. 8 and 9 show the
truc stress-true strain curves of typical specimens
for the 23 and 1B7 pm grain sizes. respectively: the
lines were discontinued at the onscl of necking. The
true stress at the onset of necking was not substan-
tially altered in any of the four grain sizes, cither
by conventional or shock deformation. The shock-
loaded conditions, however, exhibited consistently
higher yicld strengths and lower ductilities than the
cold-worked ones. '

The effect of grain size on yield and flow stress for
all three conditions is shown in Figs. 10, 11 and 12
which represent a series of Hall-Petceh plots for
stresses al 0.2, 1 and 6 pet plastic strain. Within the
experimental scaller in Figs. 10 through 12, the
data for previously undeformed and cold-rolled speci-
mens appear to conform to a linear Hall-Petch rela-
tionship wilh roughly the same slope. This behavior
may be expecled il cold rolling did not introduce a
significant number of microstructural features which

-could acl as new obstacles Lo slip and is thus in

agreement with the metatiographic observation pre-
scnled above (Fig. 4) showing little change in micro-
structurc. ’

Due o the complex substructure introduced by
shock loading, the grain size dependence of vield and
flow slress for these specimens can be expected
to follow a more complicaled relationship. While
the experimental scalter in Figs. 10 through 12
would probably allow to draw straight lines through
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all the data points with exceplion of the 0.2 pet yield
stress for the largest grain size. such lines would be
of doubtful value since the significant size parameter
for a Hall-Petch relationship may no longer be the
average grain diameter. Figs. 10 through 12 show,
however, that the clficiency of shock-loading as a
strengthening apgent decreases with increasing grain
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Fig. 8=True stress-true strain curves for the undeformed,
cold-rolled and shocked conditions with 23 pm grain size.
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Fig. 6—Ncedle-shaped a martensite in shock-loaded AISI-:04.
Optical micrograph of 187 pm grain size in (a), and trans-
mission cleetron micrograph of 85 pm sample in (h).
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undeformed, cold-rolled and shocked conditions.

size. This effect appears particularly pronounced for
the largest grain size and the 0.2 pet yield strength,
The stress-strain curves for this grain size (Fig. 9)
indicate the occurrence of some plastic flow in the
shocked specimen at very low stresses, apparently
below the yield stress of the cold rolled specimen,
followed by rapid strain havdening. Both early yield-
ing and rapid strain hardening could be associated to
a stress-induced martensite transformation™'" which
may produce some plastic strain in the specimen be-
fore the onsct of extensive slip.

The structural obscrvations have shown that the
grain size has an effcct on the residual microstruc-
ture of 304 slainless slecel after shock-loading. Al-
though this effect could not be described in quantita-
tive terms, a gradual substitution of twins by € mar-
tensite and the tendency to form more o« marlensile
has been noted as the grain size decreases. Since
it has been shown that the twinning stress, o), in-

METALLURGICAL TRANSACTIONS A

“deformation of 304 stainless steel,”
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Fig. 12—Hall-Peteh plot pcl ul[wl stress rs d 12 for the
undeformed, cold-rolled and shocked conditions,

creases with decreasing grain size,” the variation of
«v, € and twins with grain sizes could be explained as-
suming that there also exist stresses. ¢,, and o,
necessary to start o and € transformation but which
dccrewc with decre .\*,in[v Ly .nn qwc. (_, rain size cl-

M l he amlum i grate ml m the tev n'\wv Mm s s nl his ¢ wl.matnm

fects on lhc kmchcs of lhe st rnin mdu«.cd m.lrlcnsilc
transformation have been obscrvod m quasistatic
and changes of
the Mg temperatlure \vilh grain size have been found
in an Fe-Ni-C alloy.”

In addition, the effect of grain size on the residual
microstructure may reflect an effect of grain size on
the shock wave configuration. According lo a ‘‘wavy
wave’’ model recently proposed by Meyers™ ™ the
shock wave in polycrystatline metals is not planar
but has irregularitics in the front position and peak
pressure, and is affected by internal reflections.
When such wave fronl irrcgularities were deliber-
alely introduced by machining a pattern into the
cover plate, the residual hardness was chianged in -
304 stainless steel.™ Similarly. wave front irregu-
larities may depend on grain size and thus lead to
the different distribulions of twins, o and ¢ marten-
sile observed above. -

The mechanical properties as measured by the
tensile yiceld and flow stress must reflect the dif-
ferences observed in the microstructure as a func-
tion of deformation process and grain size. Thus, the
higher strength of all the shock-loaded sitmples with
respect Lo their cold rolled counterparts is essentially
a consequence of the criterion of the equivalent
sheai strain adopted in this work. Either one or all
of the microstructural fealures involved, i.e. high
dislocation densily, high twin (or ¢ plate) density and
the presence of o martensite, may have heen respon-
sible for strenpgthening. In the absence of quantitative
informalion, it is difficull to assess which of these
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microstructoral features reduees the efficiency ol
shock-loading strengthening with increasing grain
size. All shock-loaded samples, however, as shown
by the magnelic measurements (Table 1), developed
considerable amounts of @ martensile during tensile
testing which supggests that aqwustenile sensitization
toward the strain-induced o transformation took place
during shock loading. It is thought that the austenite
sensitization occurred through formation of the thin o
crystals lying along the intersections of twins, €
plates and activated slip plancs. In lensile lests of
auslenitic stainless stecls with different stacking-
faull encrgies. larger amounts of @ marlensite have

. been observed when € plates were produced during
the early deformation stages, while less o nnr(cmite
was present in those alloys which initially twinned.””
Thus. austenile sensilization toward transformation to
@ martensite should decrease wilh increasing grain
size and may therefore be responsible for the loss of
strengthening cfficiency through shock loading at
larger grain sizes..

.

CONCLUSIONS

The principal resulls of this investigation may be
summarized as follows:

1) € and @ martensile were present in all shock-
loaded specimens, in addition to mechanical twinning
and planar dislocalion arrays. The amount of € and o
increascd wilh decreasing grain size.

2) Shock loading al a pressure of 10 GPa (100 Kbar)
and pulse duration of 2.8 15 increased Lhe yield stress
" of 304 stainless steel substantially more than cold

rolling to a reduction ol 5.2 pct, in spite of the same
maximum shear strains impartcd by both methods of
deformalion.

3) In the range of grnln sizes investigated (23 to
187 pm). the yield strength of annealed and cold-
rolled 304 stainless steel conformed lo a liall-Petch
relationship with a slope & approximalely equal lo
0.7 MNm~*”. For the shock-loaded material, the

- efficiency of strengthening decreased with increas-
ing grain size.
" 4) Shock loading leads to :ulslcmle sensitization
toward sirain-induced o martensite transformation.
It is suggested that this austenite sensitization occurs

1950 VOILUME 7A. DECEMBER 1970

through the formalion of small o crystals at slip in-
terseclions during shock loading.
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