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Consideration of Phase
Transformations in the Study of
Shear Bands in a Dynamically
Loaded Steel Block

Z. G. Zhu
We study plane strain thermomechanical deformations of a square block made of
R. C. Batra steel, and model a material defect in it by a rigid non-heat-conducting ellipsoidal
' Felllow ASME inclusion located at the center of the block. The boundaries of the block are presumed

to be thermally insulated, and its top and bottom surfaces compressed vertically at
a prescribed rate. The loading pulse is assumed to be made up of three parts; an
initial segment in which the speed increases from zero to the steady value, the steady
part, and the third part in which the speed decreases gradually to zero and is
maintained at zero subsequently. In the undeformed state, the specimen is assumed
to be fully annealed, isotropic, and its microstructure to be a mixture of coarse
ferrite and cementite. A material point is presumed to start transforming into aus-
tenite once its temperature exceeds the transformation temperature; the rate of
transformation is controlled by a simple kinetic equation. Proper account is taken
of the latent heat required for the transformation, the associated volume change,
and the variation in the thermophysical properties. The complete thermomechanical
problem is analyzed during the loading and unloading phase till all of the body
points have essentially come to rest, and the energy equation is solved subsequently.
1t is found that the austenite is quenched rapidly enough by the surrounding material
for it to be converted into martensite rather than pearlite or a mixture of pearlite
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and martensite.

Introduction

Shear bands in a dynamically loaded metal block often occur
when softening caused by the heating of the material exceeds
the combined effects of strain and strain-rate hardening, and
generally precede shear fractures. These bands have been ob-
served by Tresca (1878) and Massey (1921), who called them
hot lines. Zener and Hollomon (1944) measured 32 um wide
shear bands during the punching of a hole in a steel plate, and
stated that some of the region within the band etched white,
thereby suggesting the presence of martensite within the band.
Roger (1979), in his review article, has alluded to similar ob-
servations and hypothesized that hot material within the band
is quenched fast enough by the surrounding colder material
that austenite within the band is transformed into martensite.
Lindholm and Johnson (1983) have reported on the presence
of martensite within a shear band formed in AMS6418 steel.
Giovanola (1988) has measured temperatures close to 1100°C
in shear bands formed in 4340 VAR (vacuum arc remelted)
steel, which is well above the transformation temperature of
ferrite and cementite into austenite. Wingrove (1971), based
on electron microscopic observations, concluded that, indeed,
transformation into martensite occurred within the band.
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We note that previous analytical and numerical works (e.g.,
see Zhu and Batra (1990) for a list of references) on the analysis
of shear bands in a dynamically loaded steel block did not
consider the possibility of phase transformations. Here we
postulate rather simple kinetic equations for the transforma-
tion of the mixture of ferrite and cementite into austenite
during heating, and from austenite to martensite or pearlite
during cooling. It is shown that the material within the band
is indeed cooled fast enough by the surrounding material that
the austenite is transformed into martensite, and the total time
taken from the beginning of the loading phase to the cooling
of the body to a nearly uniform temperature equals 150 mil-
liseconds.

Formulation of the Problem

. We use a fixed set of rectangular Cartesian coordinates with
origin at the centroid of the square block (cf. Fig. 1) to analyze
its plane strain thermomechanical deformations. We assume
that the block is made of steel, and in the stress-free reference
configuration the material is fully annealed, isotropic, and its
microstructure is a mixture of coarse ferrite and cementite.
Furthermore, there is a non-heat-conducting rigid ellipsoidal
inclusion with its major and minor axes coinciding with the
centroidal axes of the cross-section. In terms of the referential
description, governing equations are:

Transactions of the ASME

Copyright © 1992 by ASME

€20z 1snbny g0 uo Jasn ABojouyda | @ 8ouslog Jo Aysianiun unossi Aq jpd- L~ 89€/28891 2G/89¢/v/ L L /ipd-aoiue/ABojouyos)siensiew/bio awse uonoa|joojebipawse//:djy wolj papeojumoq


https://crossmark.crossref.org/dialog/?doi=10.1115/1.2904187&domain=pdf&date_stamp=1992-10-01

x: . X2

B J

rk

Fig. 1 A schematic sketch of the problem studied

(o))" =0, 1
P00 = Tios 2
p0e = = Qua+ TiaVia+ O ®)
where
J=detFi,, Fia=Xia Xio=0x/0X,, )

x; is the present location of a material particle that occupied
place X, in the reference configuration, p its present mass
density, pg its mass density in the reference configuration, v;
its present velocity, Tj, the first Piola-Kirchoff stress tensor,
Q. the heat flux per unit reference area, e the specific energy,
a superimposed dot indicates the material time derivative, and
arepeated index implies summation over the range of the index.
Equations (1), (2), and (3) express, respectively, the balance
of mass, balance of linear momentum, and the balance of
internal energy. For the constitutive relations we take

o= —B<f;—- 1) 8;+2uDy— 3K (e + ey, (5.1)

£o Jg m
Tu=" X, 05 2n=—=—1+bD"(1-v(-0p)), (5.2,3)
P JOi 14 \/31( ( 0

A A ~ 1
2Dj=v;;+v,, 2A'=DyDy, D =Dy =3 Duadi (5.4,5,6)
Po
Qa=; Xodp qi=—k0, (.78

p0¢ = poch +£’;°2£[B<pﬁ— 1) + 3K(e,,,+e,,;,)], (5.9)
0

0
Av

em=3g &), ep=—=2,
N v

= - (‘f»y +_fm)£l +fm£2)

(5.10,11)

Av,,,,

Or=01+ Q0 +0s. (5.12,13)

Here ¢; is the Cauchy stress tensor, B may be thought of as
the bulk modulus for the material of the block, K equals the
bulk modulus, D is the strain-rate tensor, o the yield stress
of the material in a quasistatic simple tension or compression
test, parameters » and m characterize the strain-rate sensitivity
of the material, 7is the second invariant of the deviatoric strain-
rate tensor D, » is the coefficient of thermal softening, k& equals
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the thermal conductivity, c the specific heat, § the temperature
rise of a material particle, & the coefficient of thermal expan-
sion, £, the dilatational strain for complete transformation of
austenite (y-phase) to pearlite or the strain of volume shrinkage
for complete transformation of ferrite and cementite to aus-
tenite, &, the dilatational strain for complete transformation
of austenite to martensite, Qy, the rate of latent heat for the
transformation from the mixture of ferrite and cementite to
v-phase, Q,; the rate of latent heat for the transformation
from y-phase to pearlite, Qs; is the rate of latent heat for the
transformation of y-phase to martensite, f,, is the volume frac-
tion of the y-phase, and f,, the volume fraction of the mar-
tensite phase present at a spatial location. Batra (1988) and
Batra and Liu (1989) have used Eq. (5.1) with u given by (5.3)
to study the steady-state penetration problem and the initiation
and growth of shear bands in a viscoplastic material. Batra
and Jayachandran (1992) have shown that for the penetration
problem, it and the constitutive relations proposed by Bodner-
Partom (1975) and Brown et al. (1989) give essentially identical
results. The last term on the right-hand side of Eq. (5.1) ac-
counts for the pressure induced by dilatation associated with
the phase changes, and should not affect plastic deformations
of the body.

The thermophysical properties of a material point are de-
termined from their values for different phases, the volume
fractions of these phases making up that material particle, and
the rule of mixtures. That is

0=fole+Soylly +Sontim 6
where 1, 7,, and 7, are the values of % for the «-phase, y-
phase, and martensite, respectively. Strictly speaking, the o-
phase is ferrite. For simplicity, we take the material properties
of the mixture of ferrite and cementite to be the same as that
of pearlite, also referred to as the a-phase. We note that the
three phases need not be present simultaneously at a point.
Budiansky (1970) has derived expressions for thermophysical
parameters for an isotropic composite in terms of volume
fractions and thermophysical constants of the constituents.
Inoue (1989) has obtained expressions for Young’s modulus,
Poisson’s ratio, the coefficient of thermal expansion, and the
volumetric dilatation due to phase changes for the mixture in
terms of the values of these parameters for the constituents
and their volume fractions. Of these, the global values of the
coefficient of thermal expansion and the volumetric dilatation
obey Eq. (6). Inoue (1989) has assumed an expression like Eq.
(6) for the potential (or yield) function for a mixture. Here,
for simplicity, we use Eq. (6) to evaluate all of the material
parameters needed in this study.
The kinetic equation for the phase transformation from the
a-phase to the y-phase is taken to be

_ % for §>0, 725°C=<0=<750°C,
fy= .1

0, otherwise.
Thus
f,=(0-725)/25, for 6>0, 725°C=<6=<750°C. (7.2)
Similarly, the latent heat release rate for the transformation

from a-phase to y-phase is assumed to have the form

9 .
. 35 Q1. 725°C=0=750°C, 0>0,
Q= 8)

0, otherwise.

Whether or not y-phase changes back to a-phase depends
upon the cooling rate at a point. Referring to Fig. 2, the
transformation from +y-phase to pearlite is assumed to begin
as soon as the cooling curve for a point intersects parabola 4,
and is presumed to have completed by the time the cooling
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Fig. 2 Phase diagram during continuous cooling for a typical steel

curve intersects parabola B. At any intermediate point P, we
assume that the rate of conversion from y-phase to pearlite
and the corresponding rate of release of the latent heat are
given by

f——-ie-— L 9
o« =1 1o Max , = bs )]

log t"’ tegr
031.= 031 f as (10)
where
JU
k= , (11.1)
t—t,
ter =1} otle, (11.2)

tp and ¢, are defined in Fig. 2, and ¢* equals the time when the
temperature reaches 710°C during the cooling process. Thus,
we assume that f,, increases linearly from 0 to 1 between times
log ¢, and log ¢, Note that the abscissa in Fig. 2 equals the
logarithm of time.

If the temperature of a material point where y-phase is
present reaches 235°C during the cooling process, we assume
that the y-phase starts transforming into martensite, the rate
of transformation and the rate of latent heat release being
given by

1 s
. —1—25f70, 0 <0, 110°C=6=235°C,
Sm= (12)
0, otherwise,

Q3= Os1fm- (13)
Here f: equals the volume fraction of the y-phase present at
the material particle when its temperature cools down to 235°C.

Inoue (1989), in his review article, has summarized a theory ?

of elastoviscoplasticity that incorporates the effect of phase
transformations, and has also listed kinetic equations for phase
transformations used by different investigators. These kinetic
equations are considerably more involved than Egs. (7.1), (9),
and (12), and require a knowledge of material parameters not

370/ Vol. 114, OCTOBER 1992

available in any handbook. The constitutive relations (7.1),
(9), and (12) are based on the observations from the phase
diagram, which indicate that ferrite transforms into austenite
at about 725°C, and that above this temperature, and de-
pending upon the carbon content, different volume fractions
of these phases may be in equilibrium. Thus, one will need to
know the initial carbon content and also study the diffusion
of carbon. Such details are warranted in the analysis of the
mechanics of phase transformations; however, we omit these
herein. Realizing that the phase diagram refers to the equilib-
rium situation and the transformation from one phase to an-
other does not occur instantaneously, we have taken (7.1), (9),
and (12) as the constitutive relations for f, and f,.

We introduce non-dimensional variables, indicated below
by a superimposed bar, as follows.

¢=0/0,, §=s/0,, T=T/o,, B=B/o,, K=K/o,
0:=0Q./0,, X=x/H, X=X/H, Yo=vy/H, V=v/v,,

T:I/’*Oy 5=D/"Yo, ;=t'90, E:b’;’O) v=20,, 0,= or’
orCr
a=ab,, p=p/p, 0=po/0rs c=c/c, 6Ep,vé/0,,
k —
B=——r—, k=k/k. (14
piCUoH 19

The subscript r on a quantity indicates its reference value,
usually that for the initial ferrite and cementite phases, 2H
equals the length of a side of the square cross-section, v, is
the value of the steady velocity applied on the top and bottom
surfaces, and 4, equals the average applied strain rate. Hence-
forth, we work in terms of nondimensional variables and drop
the superimposed bar. We note that the nondimensional num-
ber & indicates the importance of inertia forces relative to the
yield stress of the material, and 8 equals the thermal length.

We assume that all four sides of the square cross-section are
thermally insulated, the two vertical sides are traction free,
there is no tangential traction on the top and bottom edges,
and a preassigned vertical velocity is prescribed on these edges.
Thus, it is reasonable to assume that the deformations of the
block are symmetrical about the horizontal and vertical cen-
troidal axes. We study deformations of the material lying in
the first quadrant and impose on it the following boundary
conditions.

UIZO, T12=0, Q1=0 at x1=X1=0, (151)
l)2=0, T, =0, Q2=0 at X2=X2=0, (15.2)
T“=O, T12=0, QIZO on XIZH, (153)

T2=0, v,=-h(), =0 on X,=H, (15.4)
vl=0, 1)2:0, QQNC(=O

on the surface of the rigid inclusion. (15.5)

The boundary conditions on the edges X, = 0 and X; = 0
follow from the presumed symmetry of deformations, and
those on the inclusion surface are implied by the assumptions
that the inclusion is rigid and non-heat-conducting. The func-
tion A (t) is given by

h(t)=1/0.005, 0=¢=0.005, (16.1)

=1, 0.005<¢=<0.5055,  (16.2)

= _z:_ms_, 0.5055<¢=0.5105, (16.3)
0.005

=0, £=0.5105. (16.4)

The duration of the loading pulse is believed to be large enough
to cause the phase transformation from «-phase to y-phase to
occur. It will be interesting to see if the cooling of austenite
due to the heat loss from the material within the band to the
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surrounding material is rapid enough to facilitate its trans-
formation into martensite or not.
For the initial conditions, we take

.D(X)O)=1’ V(X,O)=0, B(X)O)=60’ fa(xyo)zl-oy
£ (x,0=0, f.(x,00=0. (17)

That is, the body is initially at rest, has a uniform mass density
and temperature, and all of the material is a mixture of ferrite
and cementite. i

Computational Considerations

The problem formulated above is highly nonlinear. It is
almost impossible to prove the existence and uniqueness of its
solution. Here we find an approximate solution of the problem
by first reducing the coupled nonlinear partial differential
equations governing the thermomechanical deformations of
the block to a set of coupled, nonlinear, and ordinary stiff
differential equations by using the Galerkin approximation.
At each node point in the mesh, two components of the ve-
locity, the temperature and the mass density are taken as un-
knowns. A finite element mesh consisting of 4-noded
quadrilateral elements with 2 X 2 Gauss quadrature rule and
lumped mass matrix is employed. The stiff ordinary differential
equations are integrated with respect to time by using the
backward difference Adam’s method included in the subrou-
tine LSODE (e.g., see Hindmarsh, 1971). The Gear method,
also included in LSODE, could not be used because of the
limited core storage available. The computer code developed
by Batra and Liu (1989) was suitably modified to solve the
present problem.

The temperature at a quadrature (Gauss) point within an
element is computed from a knowledge of its values at the
node points. The temperature and its rate of change at a quad-
rature point determine, according to Egs. (7.1), (9), and (12),
the phase transformation at that point. The value of a ther-
mophysical property at a quadrature point is determined by
using Eq. (6).

Results and Discussion

We assume that in the unstressed reference configuration
the microstructure is a mixture of coarse ferrite and cementite,
and assign the following values to various parameters. Param-
eters that are taken to have the same value for all three phases
are indicated without any subscripts.

b=10,000s, p,=7860 kg m~3, B=128 GPa,
c=473J kg ' °C7', vy=25m/s, H=5 mm,
6o=25°C, K=159(1-1.47x107* §)GPa,

— Q=0 =0.628x10° Im ™3, Q;,=0.542x10° Jm?,
el =—ex=0.007, e=0.044, £,=0.007, £,=0.044,
0, =14x107¢°C7!, a,=21x10"%°C™},

o =13%107% °C™,
k,=49.216(1-5.05x10"* hWm ™' °C™,
k,=15(1+7.48x107* )Wm™' °C™',
kyn=43.11-5.03x107*HWm™! °C™,
0,=00e =333 MPa, 0y, =190 MPa, g, = 1600 MPa,
vp=2.5 x 107*°C7Y

for 0=0<600°C, »,=1.51%x1073°C7,
vy=1.392x107% °C™',
for §>600°C, »,=1.11x10"*°C™},
v,=1.83x10"*°C"'. (18)
Here we have made an exception to our notation and indicated
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Fig. 3 Discretization of the domain into the finite element mesh used
to analyze the problem

dimensional quantities to clarify units used. The value of the
temperature ¢ in expressions for several variables is measured
in °C. For assigned values of v, and H, the average applied
strain-tate equals 5000 sec”'. The superscripts yo and ym on
ey, indicate that the volumetric strain for complete transfor-
mation from y-phase to pearlite and from y-phase to martensite
equal 0.007 and 0.044, respectively. Values of material param-
eters associated with different phases are taken from Reed-
Hilt (1973) and Yu et al. (1979).

Figure 3 depicts the discretization of the domain into the
finite element mesh used to analyze the problem. The mesh is
fine in regions adjoining the tip of the ellipsoidal inclusion
where severe deformations are expected to occur. Since we use
an updated Lagrangian description of motion, the spatial co-
ordinates of nodes are updated after every time increment.
The size of the time increment is selected adaptively by the
subroutine LSODE in order to solve the given problem within
the prescribed accuracy during each time increment. Herein
the values of the absolute and relative tolerances required by
LSODE were each set equal to 1072, Since the analytical so-
lution of the problem is unknown, it is impossible to estimate
the total error in the solution at any instant. During the course
of the solution of the problem the deformed region had to be
remeshed twice; this was indicated by the negative value of the
Jacobian at a Gauss point. The values of the solution variables
at nodes in the new mesh were obtained first by finding to
which elements in the previous mesh these nodes belonged,
and then using an interpolation technique.

Figure 4 depicts contours of the maximum principal loga-
rithmic strain e, defined as,

e=In )\1

where A} is the largest eigenvalue of the left or right Cauchy-
Green tensor, at four different values of the nondimensional
time ¢. These contours are plotted in the referential description
and suggest that the material around the tip of the ellipsoidal
inclusion deforms severely, and these intense deformations
propagate along directions making an angle of nearly +45 deg
with the horizontal. In order to decipher clearly the magnitude
of deformations in different regions, we have plotted in Fig.
5 the evolution of the maximum principal logarithmic strain

OCTOBER 1992, Vol. 114/ 371
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at several points; the approximate locations of these points are
given in Fig. 5(a). Point 1 adjoins the inclusion tip, points 36,
2, 38, and 3 are on the horizontal line through point 1 and
situated in that order from point 1; points 31, 37, and 32 are
vertically above points 36, 2, and 38, respectively. Since the
ordinate is In A;, the maximum stretch at point 2 exceeds 12.
The deformations at points 2, 31, and 37 eventually become
larger than those at points 1 and 36, implying thereby that the
severest deformations occur at points a little bit away from
the inclusion tip. Intense deformations of the region surround-
ing point 17 seem to propagate vertically more than along the
line passing through points 17 and 21. For comparison pur-
poses we have also plotted the evolution of ¢ at point 35, which
is far removed from the inclusion tip. The value of the max-
imum principal logarithmic strain at point 35 evolves slowly
in the beginning, and its rate of growth picks up at an average
strain of 0.375. However, its overall deformations remain min-
uscule as compared to the deformations of the material sur-
rounding point 2.

The evolution of the nondimensional temperature and the
effective deviatoric stress s, at several points is shown in Figs.
6 and 7, respectively. The effective stress s, is given by

0.75

— 03 e 04
—— 0§

©.50 4

0.75 1

0.50

0.25

(L) 22 1y
Sp= 2 r(ss’) —\/_3_( +bl) (1-—.11(0"00)), (19a)

where

1
S=0’—§O'kk1. (lgb)

The sharp drop in the value of the effective stress at points 1,
2, 5, and 36 signifies the phase transformation from c-phase
to y-phase there, since g, for the y-phase is considerably lower
than that for the mixture of ferrite and cementite. Thus, the
material at point 36 is transformed into austenite first, followed
by that at points 1, 2, and 5. Once the speed of material particles
on the top surface has been reduced to zero, the average strain
remains constant subsequently. However, the effective stress
at these points does change, and will increase substantially
once the phase transformation from austenite to martensite
takes place. However, these changes are not shown in Fig. 7.

0.75 4

0.50 4
~

0.25 4

Q.75 1

0.50
~,

0.25 4

Fig. 4 Contours of the maximum principal logarithmic strain at four
different values of the nondimensional time t. (a) t = 0.1687, (b) t =
0.2523, (c) t = 0.5105, and (d) t = 0.6710,
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Fig. 5 Evolution of the maximum principal logarithmic strain at several
points; the approximate location of these points is also shown

TEMPERATURE

0.60

AVERAGE STRAIN

Fig. 6 Evolution of the nondimensional temperature at several points;
the approximate location of these points is shown in Fig. 5

The values of the nondimensional temperature need to be mul-
tiplied by 89.6°C to obtain their corresponding values in °C.
Whereas the temperature at point 1 seems to level off, that at
other points continues to increase. Zhu and Batra (1990) stud-
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STRESS

T T
0.00 0.15 0.30 0.45 0.60

AVERAGE STRAN

Fig. 7 Evolution of the effective stress at numerous points whose ap-
proximate locations are shown in Fig. 5

ied a similar problem earlier in which no account was taken
of the phase transformations, all of the material parameters
were assumed not to depend upon temperature and the soft-
ening of the material due to its being heated up was modeled
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Fig. 8 Contours of the volume fraction of austenite at different values
of time L. (a) t = 33.7 ps, (b) t = 67.5 ps, (c) t = 102 pus, (d) t = 134 ps,

(e} t = 29.8 miiliseconds (ms), and (f) t = 99.9 ms.
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by an exponential rather than a linear function. In that case
(cf. Fig. 9(a) of Zhu and Batra, 1990), the temperature at point
1 was always higher than that at other points surrounding it,
and the maximum principal logarithmic strain e at point 1
increased sharply once a shear band initiated. A glance at Fig.
5 shows that e at point 1 levels off, and there is no transition
in the rate of growth of e. In the present problem it is hard
to decipher when a shear band initiated.

In Fig. 8 we have plotted, in the reference configuration,
contours of the volume fraction of austenite at time ¢ equal
to 33.7 us, 67.5 us, 102 us, 134 us, 29.8 millisec (ms), and 99.5
ms. The horizontal and vertical scales have been enlarged to
clarify the contours. We recall that the vertical velocity on the
top surface is reduced to zero at ¢ = 102 us, and is kept at
zero subsequently. Thus, no external work is done on the
system for ¢ = 102 us, and the heat conduction from the hotter
to the colder regions tends to equilibrate the temperature every-
where. All material particles had essentially come to rest at ¢
= 134 us, and only the heat equation was solved for ¢ = 134
us. Since we have assumed a simple kinetic equation for the
phase transformation from « to v phase, some of the material
is converted into austenite even after the top surface is brought
to and maintained at rest. A comparison of the contours of
the volume fraction of austenite with those of the maximum
principal logarithmic strain reveals that some of the material
outside of the shear band has also transformed into austenite.
We do not get a very sharp and narrow band, primarily because
the finite element mesh used is not very fine. The available
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computational resources limited the size of the problem, and
hence the mesh that could be used to analyze it.

Whether or not austenite is transformed into pearlite or into
martensite depends upon how fast heat can be conducted out
of the hotter regions by the surrounding colder material. Figure
9 depicts the variation of the temperature at point P with
coordinates (0.1, 0.0368) in the reference configuration. The
cooling curve for this point is also plotted on the C-C-T (con-
tinuous-cooling-transformation) diagram. The peak temper-
ature at point P reached almost 1075°C, which is well above
750°, the temperature at which the transformation is assumed
to have completed. Since the cooling curve for P does not
intersect parabola A on the C-C-T diagram, the austenite pres-
ent at point P is transformed directly into martensite. Similar
reasoning applied at several points indicated that quenching
of the hotter material caused by the surrounding colder ma-
terial was strong enough to cause austenite to be transformed
directly into martensite. The contours, in the reference con-
figuration, of the volume fraction of martensite at four dif-
ferent values of time are exhibited in Fig. 10. The horizontal
and vertical scales have been expanded to distinguish among
the different contours. These plots evidence that a significant
portion of austenite has been transformed into martensite.
Because of the thermally insulated boundaries, the block cools
down to a uniform temperature which is above 110°C. There-
fore, all of the austenite cannot be transformed into martensite.
However, if the block boundaries were able to exchange heat
with the surroundings, then the material will cool down to the
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Fig. 9 (a) Variation of temperature with time at point P (0.1, 0.0368), (b)
Cooling curve for point P superimposed on the C-C-T diagram.
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room temperature eventually. The cooling curve for a typical
point, shown in Fig. 9, indicates that it will not intersect either
one of the two parabolas; the same was found to be the case
for other points considered. Therefore, all of the austenite at
a point will be transformed into martensite. Figure 10(e) shows
contours of martensite for this case. The temperature contours
at four different times, depicted in Fig. 11, reveal that only a
small region near the inclusion tip is heated up significantly,
and that the temperature distribution within the block becomes
essentially uniform at time t = 99.9 ms.

A similar study conducted at an average strain-rate of 1000
s ™! gave results qualitatively similar to the ones reported herein.
The main reason for our not getting narrow shear bands is
that the finite element mesh used is not fine enough. As stated
earlier, a fine mesh could not be used because of the limited
computing resources available. A fine mesh should result in
sharper gradients of temperature across the shear band, and
possibly higher values of temperature within it, thus facilitating
the transformation from w«-phase to y-phase. Here we have
not accounted for the effect of the stress and/or strain on the
phase transformations; Inoue (1989) has given kinetic equa-
tions for such phase transformations.

Conclusions

We have analyzed plane strain thermomechanical defor-
mations of a steel block of square cross-section and loaded in
compression at an average strain-rate of 5000 s . Hardening
of the material due to strain-rate effects and its softening
caused by its being heated up are accounted for. We have also
considered the possible transformation of the material from
the mixture of ferrite and cementite to y-phase and back into

2150
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0.000 0.075 0.150 0.215

sy 0%

0.075

Fig. 10 Contours of the volume fraction of martensite at four different
values of time L. (a) t = 29.8 ms, (b) t = 49.8 ms, {c) t = 59.8 ms, (d) ¢
= 99.9 ms. (¢) Contours of the volume fraction of martensite if all of
the block had cooled down to the room temperature of 25°C.
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Fig. 11 Contours of temperature at four different values of time t. (a)
t = 50.5 us, (b) t = 84.5 s, (c) t = 134 ps, and (d) t = 99.9 ms.

either pearlite or martensite. The thermophysical properties of
a material point consisting of more than one phase are deter-
mined by the rule of mixtures. The loading pulse is made up
of an initial transient loading part of 1 us duration, a steady
part of 100 us, and the unloading part of 1 us; subsequently,
the bottom and top surfaces are held fixed. A material defect
is modeled by a rigid non-heat-conducting ellipsoidal inclusion
located at the block center. The deformations are presumed
to be symmetrical about the centroidal axes parallel to the
bounding faces, and thus deformations of the material in the
first quadrant are studied.

It is found that a narrow band of intense plastic deformation
initiates at the inclusion tip and propagates along directions
making an angle of approximately +45 deg with the horizon-
tal. Much of the material within and adjoining the band is
heated up to a temperature above 725°C, where the transfor-
mation from the mixture of ferrite and cementite to the -
phase is presumed to begin. This hotter material is quenched
by the cold material surrounding it at a rapid enough rate that
the y-phase is transformed directly into martensite.
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