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THERMAL EFFECTS IN ADIABATIC
SHEAR BAND LOCALIZATION FAILURE

Piotr Perzyna (WARSAW)

The paper aims at the description of the influence oi; thermal effects on shear band
localization failure. This kind of failure is generally attributed to a plastic instability
generated by thermal softening during dynamic deformation. Basing on an analysis
of the experimental results for dynamic loading the first stage of the dynamic flow
process is treated as adiabatic. A thermo-elastic-plastic model of a material with
internal micro-damage effects is used. Thermo-mechanical coupling is taken into
consideration. A criterion for localization of the plastic deformation along shear band
is investigated. Postcritical behaviour within shear bands is modelled by a thermo-
elastic-viscoplastic response of a material with advanced microdamage process. Both
models are developed within the framework of the rate type constitutive structure
with internal state variables. The dynamic failure criterion within shear band is
proposed. A simple micromechanical model of final failure with influence of thermal

and anisotropic effects is presented.
1. Introduction

The main aim of the paper is to present a comprehensive description of the shear
band localization failure within the thermodynamic framework of the rate type con-
stifutive structure with internal state variables. Interpretation of the internal state
variables introduced is given. To do this we based our consideration on discussion
of recent experimental investigations concerning formation and developing of shear
bands. This discussion is presented in chapter 2. Chapter 3 brings heuristic consid-
erations ¢ ~cerning the dynamic process. A model of the description is proposed and

the anai,  of cooperative phenomena is presented.
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In chapter 4 a thermo-elastic plastic model of damaged solids is developed. Rate
type constitutive relation is formulated and the thermo-mechanical coupling effects
are incorporated into the generalized heat conduction equation. Assuming adiabatic
prdc&ss and neglecting higher order terms the fundamental rate type equation is
obtained. This result allows to use in the investigation of of the criteria for localization
along shear band the standard bifurcation method. Conditions for localization of
plastic deformation give the critical hardening modulus rate and the orientation of
the plane within which the shear band localization first takes place. Discussion of
different effects on localization criteria is also given. Particular attention is focused
on investigation of the influence of thermo-mechanical coupling effects as well as the

micro- € process.

Chapter 5 shows the constitutive modelling for the shear band region. Rate sen-
sitivity, thermo-mechanical couplings, the strain induced anisotropy and the micro-

damage mechanisms are taken into consideration.
Final failure along shear band region is discussed in chapter 6.

In clmp.ter 7 the final comments and discussion of the theory developed are pre-
sented. ;

2.Discussion of experimental results

2.1 Shear band formation and micro-damage process. ' In dynamic loading
processes failure may arise as a result of an édjabatic shear band localization generally
attributed to a plastic instability generated by thermal softening during dynamic
deformation. '

Recent experimental observations (cf. GREBE, PAK and MEYERS [1985), HART-
LEY, DUFFY and HAWLEY [1987], MARCHAND and DUFFY [1988], MARC-
HAND, CHO and DUFFY [1988] and CHO, CHI and DUFFY [1988] have shown
that the shear band procreates in a region of a body deformed where the resistance
to plastic deformation is lower and the predisposition for band formation is higher.

GREBE, PAK and MEYERS 1985 were conducted balistic impact experiments on
12.5 mm thick commercial purity titaniam and T-6pct Al-4pct V alloy plates using
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steel projectiles with 10.5 mm diameter. The impact velocities in their experiments
varied between 578 m/s and 846 m/s. The microstructural damage mechanisms
associated with shear band formation, shock wave propagation and dynamic fracture
were investigated by optical and scanning and transmission electron microscopy. The
shear band were found along the two sides of the cross-section passing through the
axis of the projectile. The measured shear band width in T6Al4V varied between
1 and 10 pm. Observations of the onset of fracture along the shear band were
also conducted. Spherical and ellipsoidal microcracks in T6Al4V were found along
the bands. The mechanism of final failure in T6A14V is a simple propagation of
a macrocrack along the damaged material within the shear band region. In the
explanation of the phenomenon of fracture along shear band very important role has
the micro-damage process which consists of the nucleation, growth and coalescence
of microvoids. ’

The investigations reported by GREBE, PAK and MEYERS 1985 indicated that
in dynamic processes the shear band regions behave differently than adjacent zones.
Within the shear band region the deformation process is characterized by very large
strains (shear strains over 100%) and very high strain rates (10> —10%s~!). The strain
rate sensitivity of a material becomes very important feature of the shear band region
and the micro-damage process is intensified. :

CHO, CHI and DUFFY 1988 performed microscopic observations of adiabatic shear
bands in three different steels: an AISI cold rolled steel, HY-100 structural steel and
AISI 4340 VAR steel subjected to two different heat treatments. Dynamic deforma-
tion in shear was imposed to produce shear bands in all the steels tested. It was
found that whenever the shear band led to fracture. of the specimen, the fracture
occurred by a process of void nucleation, growth and coalescence. No cleavage was
observed on any fracture surface, included the most brittle of the steel tested. The
authors suggested that this is presumably due to softening of the shear band material

that results from the local temperature rise occurring during dynamic deformation.

2.2 Thermo-mechanical coupling effects. HARTLEY, DUFFY and HAWLEY
1987, MARCHAND and DUFFY 1988 and MARCHAND, CHU and DUFFY 1988
presented the results of experiments in which the local strain and local temperature
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Lyr T, Lyp 4. 3 (4.28)

Let n be the unit normal to the surface of a shear band across which certain
components of the velocity gradient may admit jumps but remain uniform outside
and inside the band. Let introduce rectangular Cartesian coordinate system {z'} in

such a way that n is in the z; - direction.

Superposition of the simiplifications (i)-(iv) yields

F=IL*.d (4.29)
where »
(L#*)* = G(6* 6164 6% + (K — gG)s""éS"' (4.30)
G

#9 4 (BKA +2GE 6"] (—f’“ + 3KA6“> ,
: "I\

G
" H+G+9KA? — Gr + 6GA= [\/J—2

with the denotations

x(Va+ A)r . 30Kx(v/J2 + Jh)
D=—r—"——"" == . (4.31)
G 2¢,G
The necessary condition for a localized shear band to be formed is
det[L#%%2) = 0, T (4.32)
Substituting the matrix IL* into (4.32) we have
H, 14v : 12295 Y2 (1-2v)?_, ;
G =" 3 (T+2A+——1+Vu) +--———1__'V2 = +10,
- :
S~T . \? : ;
tan 6 = —#) o 4.33
(Tmaz -5 ( )

where § denotes the angle between the vector n and the 7111 - direction, and the
following denotations

v
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were measured during the formation of an adiabatic shear band in an AISI 1018 cold
rolled steel (CRS), and a low alloy structural steel (HY-100). In their experiments
a torsional Kolsky bar was used to impose a rapid deformation rate in a short thin-
walled tubular specimen. By testing a number of specimens they found that the
plastic deformation process in the two steel tested can be devided into three separate
stag&s. In the first stage, the shear strain is homogeneous both in the axial and
in circumferential directions. This stage ends at a nominal strain of about 15% for
CRS and 25% for HY-100 steel, which corresponds approximately to the maximum
stress attained during the test for each kind of steel. With continued deformation,
the strain distribution is no longer homogenous in the axial direction. During the
second stage, which spans a range of nominal strains from 15% to 45% for CRS,
and 25% to 50% for HY-100, there is a continuous increase in the magnitude of the
localized strain in the axial direction. In this second stage the localized strain does
not vary in the circumferential direction. As the nominal strain within this second
stage increases, the localized strain increases to 150% for CRS, to 170% for HY-100
steel and the width of the band decreases from about 1100 pm to 350 pum for CRS;
and 600 um to 150 um for HY-100 steel. In this stage of deformation, the flow stress
level does not vary greatly. The third stage in the deformation process in each of two
steel tested involves a sharp drop in stress, i.e. ‘a loss in the load-carrying capacity of
the material. Localized strains of up to 600% for CRS, and up to 1500% for HY-steel,
and a corresponding of 100 ym and of 20 um have been measured. The third stage
continues until a crack appears within the shear band. This crack then propagates
either part way or all the wa& around the specimen. It has been observed that, in the
third stage, the deformation outside the band tends to a limit. The local temperature
was determined by measuring the infrared rediation emanating from the specimen’s
surface, including the shear band area. It appears that the temperature rise occurs
during the sharp decrease in the load-carrying capacity of the specimen for both of
the two steels tested. In third stage the increase in local strain is associated with
an increase of the local temperature from about 235°C to 575°C for CRS and about
460°C to 900°C for HY-100 steel.
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2.3 Strain rate sensitivity. It is generally accepted that shear bands nucleate to
‘the presence of a local inhomogeneity or defects, causing enhanced local deformation
- and heating. Once nonuniform flow procreates, the deformation becomes increas-
ingly unstai)le as the dynamic process goes on if the heat that is produced during
deformation is given insufficient time to be conducted away.

Experimental results have shown that localization occurs more readily in materials
with a low strain hardening rate, a low strain rate sensitivity, a low thermal con-
ductivity and a high thermal softening rate. Shear bands also form readily in high
strength materials where the heat generated by plastic deformation is greater for a
given plastic strain increment (cf. HARTLEY, DUFFY and HAWLEY 1987).

Along the shear band the deformation process is characterized by very intense
strain and very large strain rates (cf. GREBE, PAK and MEYERS 1985 and HART-
LEY, DUFFY and HAWLEY 1987). Strain rate sensitivity of a material becomes
very important feature of the shear band region. It causes an increase in the flow

stress with a corresponding decrease in ductility.

2.4 Anisotropic effects. Analysis of experimental results concerning investiga-
tions of adiabatic shear band localization failure under dynamic loading suggests

that there are three main reason for anisotropic effects:

(i) The strain induced anisotropy is caused by the residual type stresses which
result from the heterogeneous nature of the plastic deformation in polycrystalline
materials (cf. IKEGAMI 1982 and PHILLIPS and LU 1984). Experimental evidence
indicates that yield surfaces exhibit anisotropic hardening. Subsequent yield surfaces
are both translated and deformed in stress space. In phenomenological description
this kind of anisotropy is modelled by the shift of the yield surface in stress space.
This shift of the yield surface might be described by the residual stress tensor ar .

(ii) The anisotropy caused by the formation of shear bands. This effect can be
described by the determination of the direction of the shear band formed.

(ii1)) The anisotropy induced by the micro-damage process along the shear band
region. Experimental observations (cf. YOKOBORI JR., YOKOBORI, SATO and
SYOJI1985, GREBE, PAK and MEYERS 1985 and HARTLEY, DUFFY and HAW-
LEY 1987) have shown that in the micro-damage process the generated anisotropy is
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a consequence of rather random phenomena connected with some directional prop-
erty of the formation of microcracks. This anisotropic effect is very much affected by
the crystallographic structure of a material as well as by small fluctuations of main
directions of the applied stress at particular point of a body during dynamic process.

To describe this kind of anisotropy one has to introduce an additional set of the
internal state variables.
* 3. Heuristic consideration

_ 3.1 Analysis of cooperative phenomena.An analysis of experimental results
has clearly shown that the shear band localization failure in dynamic loading pro-
cesses is affected by complex cooperative phenomena. From this analysis it is also
evident that such cooperative phenomena as the thermo-mechanical flow process, the
instability of the flow process along localized adiabatic shear bands, the micro-damage
process which consists of the nucleation, growth and coalescence of microeracks and
the final mechanism of failure are the most important for proper description of the
fracture phenomenon under dynamic loading.

All these cooperative phenomena might be influenced by different additional effects
such as the strain rate sensitivity, the induced anisotropy, the thermo-mechanical
 couplings and others.

It would be unrealistic toinclude in the description all effects observed experimen-
tally. Constitutive modelling is understood as a reasonable choice of effects which
are most important for éxpla.na.tion of the phenomenon described.

3.2 Self-organization and physical interpretation of instability hierar-
chies, We are interested in fracture phenomenon which is preceded by shear band
localization. In this case the instability of the plastic flow process plays a fundamen-
tal role as a precursor of fracture .

- Let consider a thermodynamic plastic flow process of a system (cf. Fig. 1). Syn-
ergetics suggests that a system is self-organized if it acquires a spatial,. temporal or
flmctidnai structure without specific interference from the outside. As a result of
instability of plastic flow process we observe the macroscopic shear band pattern. A
system has been self-organized in a new system - the shear band pattern system.
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The instability phenomenon of plastic flow process can be considered at different
levels. At the mezoscopic level we consider single crystals and their deformation.
We describe the crystal lettice, consider movement of dislocations through the rows.
of barriers and take into account interactions of dislocations. At the macroscopic
level by consideration of polycrystalline solids we are interested in description of
the instability phenomenon of plastic flow processes. In particular we study the
localization of plastic deformation along shear bands. So, we can expect the evolving

macroscopic shear band pattern.

It seems that the study of instability hierarchies pla.yé a very important role in
the explanation of the interrelation between macroscopic deformation modes and
dislocation structures evolved in single crystals (cf. NAKAYAMA and MORII [1987]).

3.3 A model of the process.It is postulated that during the first stage of the
deformation process a thermo-elastic-plastic model of a material with internal micro-
damage effects is utilized. The model accounts of thermo-mechanical couplings as
well as of a combination of kinematic and isotropic hardening effects of a porous
ductile, rate independent behaviour of a material.

At some instant of the process considered the adiabatic shear band localization may
occur. So, a criterion for adiabatic shear band localization has to be investigated.

Along shear band region the localized plastic deformation process is very much
influenced by strain rate sensitivity, the intrinsic macro-damage effects and thermo-
mechanical couplings. The nucleation and growth mechanisms of microcracks become
very important in this, stage of the dynamic deformation process. The micro-damage °
process is highly localized to the shear band region because the threshold stress for
microcrack nucleation is much lower. This preferential nucleation is caused by higher
temperatufe inside the shear band, with an attendent flow stress decrease. On the
other band the large plastic strain along the shear band region causes the intense

growth of microcracks.

At some instant of the inelastic process the coalescence of microcracks begins. In
this stage the fracture mechanism occurs. The coalescence of microcracks generates
a macrocrack which propagates along the damaged shear band region and causes a

“final failure.
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It is assumed that the response of a material along the shear band region is de-
scribed by a thermo-elastic-viscoplastic model with very pronounced influence of the
micro-damage process. The model takes account of thermo-mechanical couplings as
well as of a combined kinematic and isotropic hardening of a porous ductile, rate
sensitive plastic material.

The final failure of a body is described by a simple micromechanical model of the
propagation of a macrocrack in damaged solid. The main idea of the model proposed

_is based on the experiméntal observations that the coalescence of microcracks can be
treated as a nucleation and growth process on a smaller scale.
4. Thermodynamic plastic flow process as a dynamical system

4.1 General formulation ,We may treat our thermodynamic flow process as a
dynamical system. Let A(RY, V) denote a set of the functions

¢ =(¢,v,9,n), ‘ (4.1)

(where ¢ is a motion, v denotes the spatial velocity of the motion, ¥ is temperature
and g € V,, represents the internal state vector) defined on the set of non-negative
real numbers Rt with values in ¥, i.e.

p:RY - ¥, (4.2)

It will be convenient to introduce a nonlinear operator I, such that

pr(t) = p(r +t) = T)p(r),7r €T C R*,t € RY, (4.3)

i.e. p,(t) is an element of A(R*, ¥) for any ¢(7) € ¥, and I,y is a mapping

I,:¥ - A(R*,¥). (4.4)

For particular process the nonlinear operator T{.) is defined by the initial - boundary

value problem considered.
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For a thermodynamic plastic flow process the mapping T(.) is defined by the initial
- bounda.ry value problem as follows:

Find ¢,v,9 and g as function of z and t such that
(i) the field equations

PRes¥ = divr,
Lyr=L-d- 29,
Low = m(s)({P: [ ~(d-a+a-d) + =),
pcpd = div(kgrady) + 19—(% d (4.5)

+PX(%{P :[fr-(d-a+a-d)] +m§});

(ii) the boundary conditions .
tractions (T - n)* are prescribed on 8B,
temperature ¥ is prescribed on 9B;
(iii) the initial conditions
¢,v, 4 and I are given at z € B at t = 0; are satisfied.

In the formulation of the initial-boundary-value problem the internal state vector

} is assumed as follows

B=((a,f), (4.6)

where { € V,_7 the new internal state véctor is introduced to describe the dissipation
effects generated by plastic flow phenomena only, a is the residual stress (the back
stress) and aims at the description of the kinematic hardening effects and { denotes
the porosity or the volume fraction parameter brought in to take account of micro-

damage effects.

The yield criterion has a particular form
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where

f =2+ [na(9) + n2(9)¢)J

with

‘abx'cd

Ji =7° gab;JZ—ET 7 ““gacgra, T =T — a,

(4.7)

(4.8)

(4.9)

Ly denotes the Lie derivative of the Kirchhoff stress tensor 7, g is the metric tensor

in the current configuration, x the isotropic hardening - softening parameter given

by the material function

k= &(€”,9,¢)

= [r1 + (ko — £1)e M€ 21 —

Ko, k1 and b are constants,

?

_’90 P__ '2 P . 3P\}
€ —/0(3d . dP)hdt,

9=

d=d°+d”,

H=H"4+ H",

2 -hePpel—

_QT‘]—:Z{”]JJ +IK1+(K0—K1)€ ]

h(x; — Ro)
Vv3J,

*x 1 %
H =r(§+3A2),r=r1+r2, 2\/-Ta$a
2
1 By

1 '
= 774 Pa = ——7cd a aby
2\/]_26'(9’ b 2\/37- ge gd6+Agb
1
A= —=(n1 +n€)1, by = ki(s), k2 = ka(s),

VI

Z(s)
m(s) = r,P+r2%§‘?,
ki7:P+kP:g,

+

e

(61 + (ko — £1)e €7 ][1 — %](1 — bI)(1+ 647 e he”,

(4.10)

(4.11)

(4.12)
(4.13)

[kl(\/J_2 + AJy) + 3Ak,)
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and s denotes the intrinsic state which consists of a set of variables as follows
8= (e,F,9;p), : (4.14)
where e denotes the Eulerian strain tensor and F is the deformation gradient.

The conservation of mass gives.

PRef = Pp(X)(1 ~60) = pu(1 - (X, 1) = pJ(X,t), ' (415)
where pa is the mass density of the matrix material and J(X, t) denotes the Jacobian.

It is postulated that the free energy function exists and has the form

¥ = P(s). (4.16)

Finally the matrix £ and the tensor £ have the form as follows

LLe-PP 1 e
- -G ] e re ),
. ige.pp 1 ' :
s e H : th _ = e .
per TR ) fon Lo A
where ! 24 62'/;
e ¥ :
L= Pnefg-;,l:"' = —PRef 555" (4.18)

the coefficient x and the specific heat c, in the heat equation(4.5), are determined
by :

» 0% Y 321/). P:P_
X=—[(a—c—t’w) Z()+(a¢r 9900 ).(TIP-I-Tzi_:PT)

+(‘9"’ 062¢)(kﬁ-:P+kgP:g) PLial

R o é'_ . (4.19)
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We define the trajectory as the set of all pairs {t,p.(t)} for ¢ € R*, i.e. as a graph
of the motion, cf.Fig.2, and the orbit as the projection of the trajectory onto ¥.

Let us consider the soluticn

#elt) = Tp(r) € AR, 9) (4.20)

of the thermodynamic plastic flow process. For same 7 = 1, € 7 the solution ¢ can
be not unique. Starting from the point {7.,¢,(7)} on the trajectory we can expect
more than one solution (cf.Fig.2).

So, we have at {7, ¢,(7c)} branching of the solution. In other words the mapping
I}, is a non-single-valued function (is a multi-function).

4.2 Quasi-static and adiabatic approximation.In many practical situations

the thermodynamic plastic flow process can be treated as quasi-static and adiabatic.
Then the mapping T, is defined by the following initial-boundary-value problem:
Find ¢ = (¢,v,9, p) as function of  and ¢ such that

(i) the field equations »

divr = 0,

Lyr=L-d - Z9,

Lop = m(s)(-}lf{P [ —(d-a+a-d)]+ ), (4.21)
. 9 Or 1 , ' .

cp¥ = P_R;% : d+x(-E{P : [T—(d-a+a‘- d)] + #9}),

(ii) traction (7 - n)® are prescribed on 9B,
temperature ¥ is prescribed on OB;

(iii) ¢,v, s and ¥ ave given at X € B at t = 0;
‘are satisfied.

For adiabatic plastic flow process the evolution equation for temperature can be
written in the form
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d=M:Lyr+ N :d, : (4.22)
where
M= it [;}'—’;H—Q +x(P-F+#- P)] (Hep — xm). (4-23)
et O

Substituting (4.22) into (4.21), gives

Lyr=L-d, (4.24)

where ZM :

The last results allows to use in the investigation of criteria for localization along
shear band the standard bifurcation method.

4.3 Criteria for shear band localization.To make possible analytical investi-

gation of criteria for localization we introduce some simplifications.

(i) the second order terms in Eq.(4.22) are neglected. It means that only main
contribution to thermo-mechanical couplings is taken into,éonsideration.

(ii) By analogy with the infinitesimal theory of ela.stiéity we postulate

(Le)cbcd G(g“ db cb dc +(K e _G)gba cd e ..(4.26)
where G and K denote the shear and bulk modulus, respectively.

It is assumed that

£t = g, | (4.27)
where @ is the thermal expansion coefBbient.

(iv) To concentrate discussion on the influence of thermo-mechanical coupling and
the micro-damage effects on criteria for localization it will be convenient to neglect

the spacial covariance terms by assuming
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S=-(1-wT+ 214 v)+(1 - 20)5, (4.34)
i IS -, ‘r' o
- Tas=—4=, T=: l’ Tmm—_lll"
= el - v
; 3K - 2G )
2(31{ +G)’

" are introduced.

The results (4.31); for the dritical hardening modulus rate He= as function of the
state of stress T may be represented by the parabola IV (cf.Fig.3). This parabola
when oompa.red with the parabola I (for A =0,5 =0 and T = 0) is translated up
by & —2" =2 + 11 and is shifted left by 24 + —'3—"' The translation up is caused by
both t.herma.l effects, i.e. by thermal expansion (represented by Z) and thermal plastic
softening (represented by II), while the shifting left is implied by thermal expansion
and the micro-damage process. The translation up means that the material is more
inclined to instability by localization along the shear band and the shifting left shows
that the inclination to instability for the axially symmetric compression is different
from that for the axially symmetric tension. For tension material is more sensitive
to localization than for compression. '

' The experimeﬁta.l results concerning the shear band localization bhenomenon re-
ported by ANAND and SPITZIG [1980] can be properly explained by considering
the influence of thermo-mechanical couplings and the micro-damage effects.

5. Thermodynamic inelastic low process'

5.1 Constitutive modelling for postcritical behaviour. When the localization
of plastic deformation along the shear band takes place the process considered for an
. entire body is no longer adiabatic.

Similarly as previously the isotropic hardening-softening and the strain induced
anisotropy are incorporated in a model, the first by postulating the material function
for x and the second by introducing the back stress tensor « as the internal state
variable. The micro-damage process is described by using the internal state variable
¢ interpreted as porosity or volume fraction parameter.
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