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An original technique to measure the temperature increase in the shear zone du-
ring quasi-static loading of a sheet metal is reported. The set-up used to perform
such a test has been developed in IPPT-Warsaw (Gadaj et al., 1996). The tested
material is a ES sheet steel (Enhanced Formability) used in automotive industry.
In addition, several tests have been performed on this material for different strain
rates (10~% <4 < 103s7!) in LPMM-Metz (Nguyen and Nowacki, 1998; Rusinek
and Klepaczko, 2001). The experimental results enabled formulation of original
visco-plastic constitutive relations (Rusinek and Klepaczko, 2001). Those consti-
tutive relations have been implemented into a numerical code to simulate the
experimental results and to compare the temperature gradient in the shear band
and to calibrate the heat conduction into the surface contact (specimen-grips).
The comparison between the experimental and numerical results yielded complete
agreement. Thus, the visco-plastic model implemented in this study is well defined
for this type of problem. Moreover, the numerical simulations indicated that at a
high strain rate, ¥ ~ 103s~!, the heat evacuation to the surface contact of the
grips seemed to be negligible. In that case the specimen was thermally isolated
and the temperature increase took place essentially within the shear zone.

Key words: shear test, sheet metal, infrared thermography, visco-plastic behavior,
numerical simulation

1. Introduction

Simulation of a construction response during different loadings requires
knowledge of constitutive relations which govern behaviour of the materials.
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One of the most important causes of damage to thin-walled constructions is
shear and buckling. Therefore, a simple shear test is very important for experi-
mental investigation of constitutive relations. It allows studying the behaviour
of solids during homogeneous plastic deformation in shear up to 90% (Gadaj
et al., 1996; Nguyen and Nowacki, 1998; Rusinek and Klepaczko, 2001; Gary
and Nowacki, 1994). The main progress in the investigations was application
of a special device, which enables for transformation of the compression mode
of loading into the shear mode.

Plastic deformation of a metal is always accompanied by production of
heat. Movement of dislocations and other defects (for example dislocation
pile-ups) are the main sources of heat. The heat generated causes increase of
temperature and, in consequence, changes the deformation process. Simultane-
ously, the heat is dissipated to the surroundings. The increase of temperature
in the deformed volume depends on the intensity of heat sources. The tem-
perature increase depends on the metal kind, rate of deformation and rate of
heat evacuation. For simulation of heat transfer during plastic deformation of
a solid it is necessary to create an adequate mathematical model with the ade-
quate initial and boundary conditions. It is also important to make a choice of
an adequate numerical method. This enables calculation of temperature chan-
ges during such process. The measurement of temperature changes must be
carried out with the help of an experimental technique, which does not disturb
temperature distribution in the sample and is free from any internal effect. Em-
ploying the thermovision camera allows satisfying of those conditions. The aim
of this work is to model the heat conduction, which occurs during quasi-static
simple shear at low rates. As a result numerical simulation of this process is
attempted and comparison of the obtained results with experimental data of
the temperature fields determined by means of the thermovision camera is
performed.

2. Heat conduction in a deformed metal

In real conditions plastic deformation of metals is related to heat genera-
tion and its exchange with the surroundings. During simple shear, initially the
shear zones in the specimen are deformed homogeneously. It means that the
heat sources are distributed homogeneously as well. Because of the large mass
of grips in comparison to the mass of the specimen, and because of high heat
conductivity of steel, the heat exchange between the grips and specimen oc-
curs mainly by the heat conduction. The heat exchange intensity also depends
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on the rate of deformation, because the heat conduction is limited at short
time intervals. During quasi-static deformation the majority of the generated
heat flows to the non-deformed part of the specimen and then to the grips. In
dynamic conditions, for example at strains higher than 20s~!, plastic defor-
mation in most of metals takes place in almost adiabatic conditions (Gadaj et
al., 1996; Oussouadi and Klepaczko, 1991). In solids, in agreement with the
Fourier law, the heat flux is proportional to the thermal gradient, which is
defined along the direction of the heat flow

g=—kVT (2.1)
where

q —  heat flux

VT - temperature gradient

k — thermal conductivity

In the present case only the normal heat conduction to the specimen surface
is assumed. Since the thermal conductivity of metals is isotropic it can be
assumed as a scalar quantity.

In metals the thermal conductivity is relatively good because the heat
transfer occurs mainly by the movement of free electrons. The temperature
field in a solid is described by the following differential equation

oT
kng + s — pcpa (2.2)

where 5 5 ,

V? - Laplace operator, V2 = 7 T o+ ?3%3

T - temperature in Kelvins

¢s — intensity of the heat sources

p - density

Cp — specific heat at constant pressure.

Equation (2.2) defines the heat conduction in a solid being in a transient
state with internal sources of heat. To solve this equation it is necessary to
define the initial and boundary conditions for temperature. In most cases of
metal deformation the initial temperature is assumed constant (7 = const ).
During simple shear, it is assumed that the heat exchange at both sides of the
separation surface of the specimen grips is described by Fourier’s law, and the
temperature at the separation surfaces of both parts (specimen and grip) is
the same

Iy =T, (2.3)

where
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T, - temperature of the specimen
T. - temperature of the grip
qs — capacity of the heat sources at both sides of the separation

defined by Eq. (2.1).

At the same time, there is an imperfection of the thermal transfer between
the surfaces in contact, caused by imperfect contact of those surfaces. The
gaps between the surfaces in contact are usually filled with a gas (air), which
has a less thermal conductivity in comparison to the contacted metals. This
contact imperfection is a function of many factors and is very difficult to
estimate. Usually, it is taken into account by introduction of an equivalent
surface conductivity.

3. Experimental investigations

The tested steel sheets are used in automotive industry. The ES steel
has the following composition (wt %): C - 0.02%; Mn - 0.2%; S - 0.01%;
P - 0.006%; Al - 0.04%. Its means grain size is 8.6 um (BCC structure), cf.
Fig. 1.

Fig. 1. Microstructure of sheet steel ES, (a) cold rolled and annealed,
(b) microstructure after deformation v =~ 1

The tests were performed on a specimen of a special shape and thickness
0.78 mm at different strain rates (107% < 4 < 10%s™!), Nguyen and Nowacki
(1998). The first series of the tests enabled one to analyse the original visco-
plastic model (Rusinek and Klepaczko, 2001). In addition, complementary
experiments were performed in IPPT-Warsaw to measure the temperature
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increase in the shear zones. To measure the temperature gradient in the shear
zones, a strain rate of 4 = 2.38-10~% s~!) was selected and a specially designed
device used in order to transform the compression loading into double shear,
Fig. 2. In this device the shearing took place in two parallel shear zones in the
specimen of the length of 30 mm and width of 3 mm.
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Fig. 2. Specimen geometry used in IPPT-Warsaw and a photo of the shear device
(Gadaj et al., 1996)

During plastic deformation, the displacement §(t) of the mobile central
part, the force F(t) and the distribution of the infrared radiation emitted by
the shear bands were continuously recorded in time. The infrared radiation
was measured by the thermovision camera coupled with a system of data
acquisition, which allowed one to obtain thermovision pictures (thermograms).
The mean-square error of temperature evaluation with this camera is about
0.1K. In order to secure higher and more homogeneous emissivity, the surface
of the shear bands was blackened with carbon powder. In Fig.3 an example
of thermogram of the shear zones, deformed with a strain rate of vy = 2.38 -
10~ s~ and a shear strain of vy = 1.59 is shown.

Since the grips are rather thick (15mm), the thermovision camera is fo-
cused on the shear zones. The colored temperature scale is concerned only
with these shear zones. Because of the large mass of the grips relative to the
mass of the specimen and the high heat conductivity of steel, there is a large
temperature gradient in the direction perpendicular to the shear direction.
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Fig. 3. Distribution of temperature during shear test

Hence, the areas of the maximum temperature are situated in the central part
of the shear zones (along the direction of shear z;, Fig.3). The tests make it
possible to obtain relations for the shear stress versus shear strain and ther-
mograms corresponding to variation of temperature in the shear zones at the
same time. The temperature increments in the central part of the shear zo-
nes were calculated as average values of the central lines along the sheared
zones, Fig. 3. Such an arrangement of the experiment enabled one to compare
the mechanical behaviour 7(-y) and the temperature increments in the shear
zones AT(y), Fig. 4.
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Fig. 4. Temperature and stress-strain curves, experimental results for
4 =2.38-10"%g!



SIMULATION OF HEAT EXCHANGE ... 323

The changes of temperature caused by the heat exchange with the grips
were determined as follows. On the thermograms obtained during shearing five
horizontal levels were chosen (Fig. 5) intersecting the shear zones perpendicular
to the shear direction z;. The coordinate zs at the beginning of each level was
the same. Along these 5 levels the distributions of the temperature AT were
determined. For example, level 5 shows the lowest temperature increments.

v e

Maximums  Average  Length
25.51 22,85 4,345
25.23 22.68 4385
2530 2273 4.365
2530 2298 4,365

1810 b 671 T

Fig. 5. Definition of the measure point along the shear zone and profile of
temperature with the specimen length

For the experimental conditions (¥ = 2.38 - 10~%s™!, 4 = 1.59) the mean
temperature increase in the central part of the shear zone is approximately
equal to 3.5 K. To analyse complete temperature distribution in the shear
bands a numerical approach has been used. The hybrid approach confirmed
on the one hand the proposed constitutive relation and enabled one to study
the development of the temperature fields on the other.

4. Theoretical analysis of simple shear

The following relations define simple shear in the direction z;, in the co-
ordinates shown in Fig. 2
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Uy = v(t)z2 Wi =y
(4.1)

Up=U3=Vo=V3=0

where « and < are respectively the plastic shear strain and the shear strain
rate. The strain tensor &£ has only a non-zero component €19 = 7 and the
stress tensor ¢ has only the following non-zero components

= [ T } r=01 (4.2)

T ag99

On the basis of the experimental results obtained in LPMM-Metz in col-
laboration with IPPT-Warsaw (Gadaj et al., 1996), an original visco-plastic
model has been derived (Rusinek and Klepaczko, 2001) to describe thermo-
visco-plastic behaviour of the sheet steel ES. The constitutive relations are
based on earlier works on modeling by Klepaczko (1975, 1987). Although the
model is phenomenological, it is based, to some extent, on physical considera-
tions. It is assumed that the shear stress 7 is a function of the shear strain -y,
the shear strain rate  and the temperature T

T=f(%T) (4-3)

In fact, it is very important to take into account the strain rate and tem-
perature sensitivity of the flow stress as the hardening of a material is directly
related to these parameters. Thus, the increment of the flow stress is written

2 or

_or ‘ or
Oy 14,1

d dy+ 2| dy+>—| dT 4.4
T 7+6,.Y ¥+ (4.4)

|7,T
During tests the strain rate is constant and it is imposed as a control
parameter. In this case, the previous relation is reduced to

or or

ar = 3_’}’1'?,1“ OT Iy

dy + dT with 4 = const (4.5)
Using the definition of the strain hardening coefficient n = 07/d7, it
is possible to define the hardening coefficient in adiabatic conditions n.q in

comparison with isothermal conditions n;s

Nad = Mg + V%T‘Ja (46)
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where v is the temperature sensitivity (negative) and beta is the coefficient
of stored energy (Oliferuk et al., 1985).

With this relation the effect of temperature on the flow stress can be stu-
died and analysed. Thus, the temperature increase has a substantial effect on
the flow stress and it induces a decrease in the shear stress with plastic strain.
The thermo-visco-plastic relation, which takes into account strain hardening,
strain rate sensitivity and thermal softening effect is used. The total shear
stress 7 is a sum of two components 7, and 7* which are respectively the
internal and the effective stress. The first component is directly related to the
strain hardening and the second one defines the contribution due to thermal
activation (combination of temperature and strain rate). Thus, the shear stress
is written as

w(T)

Ho
where g is the shear modulus at 7= 0K and u(T) is the evolution of the
shear modulus as a function of temperature - this expression is based, to some
extent, on physical considerations (Klepaczko, 1975). The explicit expression
for relative changes of the shear modulus is the following

%(;? =1- % exp[ﬁ’*(l - T?m)] (4.8)

(7,1 T) = [7u(v: % T) +7°(%, T (4.7)

where Ty, is the melting temperature and 6* = T™*/T),, with T* being the
characteristic temperature.

This formulation allows one to find correct temperature approximation of
the shear modulus of different steels, Fig. 6.

The final expressions for both stress components are the following

7u(7:%,T) = B, T)(yo + 7)""T) (4.9)

where B(¥,T) and n(y,T) are respectively the modulus of plasticity (discus-
sed later) and the strain hardening coefficient. The explicit form for the second
component (effective stress) in Eq. (4.7) is

'max]m*

™ T) =1 [1 —Dl(%) log’y;y (4.10)

with
"(#,T)20  and <A™

The expression used to describe the effective stress 7*(%,T') is similar to the
equation by Arrhenius (Kocks et al., 1975), which describes the kinetics of
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Fig. 6. Shear modulus-temperature relation, comparison between the experiment
(Ben Cheikh, 1987) and analytic approach (Eq (4.9))

thermally activated processes, where 73 is the effective stressat 7' = 0K, D is
a constant, 4™** is the maximum strain rate of validity of the model and m*
is a coefficient which characterises the temperature and strain rate sensitivity.
The effective stress 7*(,T") must not be negative, thus the following condition

must be satisfied

1—D1(E) log 75— > 0 (4.11)

If this condition yields a negative value then it is assumed 7*(%,T) = 0.

The strain-hardening coefficient n(%,T') is defined by Eq. (4.12), which ta-
kes into account experimental observations showing that the strain hardening
itself depends on temperature and strain rate, Fig. 7.

For the ES steel the strain-hardening coefficient substantially changes with
temperature, particularly in adiabatic conditions (Rusinek and Klepaczko,
2001). The strain rate 4, which corresponds to the complete adiabatic condi-
tions is estimated as 4 = 102s~!. For strain rates higher or equal to 102s~!,
a significant temperature increase AT is observed during plastic deforma-
tion. The process of deformation is then close to the adiabatic and the flow
stress is coupled with temperature. It has been found that for the strain rate
4 =~ 10?871 the coefficient of adiabatic hardening is equal to n = 0.12 for shear
strain higher than ~ > 0.1, but in isothermal conditions is equal to n = 0.26,
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Fig. 7. Stress-strain curves at different strain rates 10~* < 4 < 103, experimental
results after Oussouadi and Klepaczko (1991)
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Fig. 8. The strain rate of 4 = 1025~ is high enough to intensify thermal so-
ftening of the material. Thus, the expression for n(¥y,7) is linearised in terms
of the strain rate and temperature

n(%,T) = ng [1 ~ D, (%—) log — ] (4.12)

S TNATL
T ’Y

where ng and Dj are material constants and "ymm is the minimum strain rate,
which defines the quasi-static stress-strain relation. The evolution of n(y,T)
as a function of strain rate and temperature is shown in Fig. 9.

The strain-hardening coefficient is assumed to be equal zero if the following
expression is satisfied

T Y
1 - Dy (ﬁ) log i < 0 (4.13)

Moreover, to approximate the evolution of the modulus of plasticity
B(¥,T) the following expression has been used

T ;},max —y
B(#,T) = By (=) log 7] 4.14
(1) = Bo(7-) log 7 (4.14)
where By is the material constant and v is the temperature sensitivity.

The formula for B, Eq. (4.14), is a function of the homologous temperature
modified by strain rate (MacGregor and Fissher, 1988). The comparison be-
tween the experimental results and the constitutive relation is shown in Fig. 10
for strain rates varying from 1074 <4 < 103s~1.

In the adiabatic conditions (¥ > 10%s~!), all quantities, which depend
on temperature, are coupled via relation which describes the plastic work

converted into heat »

AT = o [ 76,4,7) de (4.15)
pCp g
where ( is the Taylor-Quinney coefficient of stored energy (Oliferuk et al.,

1985).

The adiabatic increase of temperature triggers the thermal softening phe-
nomenon and reduces the rate of strain hardening. With the new boundary
conditions (vit+1, T341 = T; + AT), it is possible to calculate the new shear
stress 7;41 in the adiabatic conditions.

In order to verify the visco-plastic model at different strain rates and tem-
peratures a series of numerical simulations have been performed with ABA-
QUS Standard [11]. The aim was to simulate the shear test and to estimate
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Fig. 10. Shear stress-logarithm of strain rate for different level of strain (Oussouadi
and Klepaczko, 1991)

the temperature gradients in the shear zones under quasi-static loading. The
final task was to compare the numerical strain and temperature distribution
with the experimental results.

5. Numerical simulations

In this part of the paper description of the numerical study is discussed
in details. The following boundary conditions have been assumed, see Fig. 11,
with the element CPS4R, [11], and the mesh density of 10 x 100 elements in
the shear zone. To model the grips M3D8 elements have been used, [11]. To
approximate behaviour of the sheet metal the constitutive relations described
previously have been used with the Huber-Mises-Hencky yield condition f(Jz),
where the equivalent stress o, is a function of the stress deviator S

F() = \/%s S — 0y(e,&,T) (5.1)
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Fig. 11. Boundary conditions and definition of the coefficient of conductivity

Among several thermal conductivity coeflicients k;, two have been used
to approximate correctly the heat transfer to the surface contact between
the specimen and the grips (¢ = 1,2). The effective contact in this zone is
very difficult to estimate since the surface contact is not plane and regular.
The surface contacts S4 and Sp are different and are respectively equal to
240 mm? and 600 mm?. The ratio between the two surface contacts is R, =
Sp/S4 = 2.5.

At first, calibration of the heat evacuation has been performed, in order
to find the coefficients k;. These coefficients are very important since they
describe the surface conductivity of the contact by the following relation

o oT
k‘é";.," + 677'('73 s T) =P PE T = ($11$23$3) (53)

The numerical results obtained for different values of k; are shown in
Fig.12. For k; = 1.5 Wm™'K~! the numerical results are in agreement with
the experimental data. All is referred to the central point of the shear zone
(zone 1, Fig. 5).

Because the temperature gradient along the specimen width is non-
symmetric (experimental observation), it is assumed that k; # ko. The
best numerical results in comparison with the experiment have been obta-
ined with the heat conductivity coefficients equal to £ = 0.8 Wm~!K~! and
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ko = 2Wm™'K~1 respectively for the contacts A and B. As previously as-
sumed, the ratio of these two coefficients is the same Rj = 2.5. The heat
conductivity inside the specimen k = 52 Wm™'K~! has been used during all
FE simulations. The numerical results obtained with those boundary condi-
tions and the coefficients given above are shown in Fig. 13.

Within the range of temperature of interest, that is from 293 K up to 600 K,
a good approximation of temperature changes in the thermal conductivity k
is assumption that k& is constant (Powell and Childs, 1972).

In the case of a mild steel the temperature change of k& does not exceed
several percent in the above mentioned range of temperature (Powell and
Childs, 1972). When the temperature range is broader, especially below the
room temperature, the variation of k must be taken into consideration in all
numerical analyses. In the range of higher temperatures k has a tendency to
stabilise itself (Powell and Childs, 1972).
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Fig. 14. Temperature-shear strain for different intensities of the heat conductivity
coefficient between the interface, comparison between experimental and numerical
results

The same analysis can be performed concerning the temperature increase
with the shear strain in the central part of the specimen. In this case, the
results are shown in Fig.14. The coefficients that have been found via the
numerical analysis allow one to assume that the heat transfer to the surface
contacts is negligible, at least at higher strain rates. The type of contact at
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these interfaces causes such a situation. Additional numerical simulations at
high strain rates (adiabatic conditions) yield some results for quasi-static lo-
ading. This numerical study reveals a local temperature increase in the shear
zone with increased nominal strain rates at different levels of strain. The nume-
rical results are shown in Fig. 15. In this figure it is shown that the temperature
increase is very important for the strain rate equal to or higher than 10s~".
This phenomenon intensifies with plastic strain. Thus, for the strain rate of
102s~! the temperature increase reaches 60 K. In this case the plastic beha-
viour of the shear zones substantially changes, which is caused by the thermal
softening. It is then necessary to take into account the temperature effect,
which induces a decrease of the hardening coefficient and the yield stress. The
thermal softening as predicted by the constitutive relation, is shown in Fig. 16.

The knowledge of the temperature gradient created during processes of
plastic deformation is very important for correct analysis of behaviour of ma-
terials at higher strain rates. The temperature gradients may perturb the local
strain and temperature fields.

6. Conclusions

In this paper two topics are discussed. The first is an experimental techni-
que that enables measuring of the temperature increase in the shear zone at
different rates. At higher strain rates the temperature increase is an impor-
tant factor that sometimes induce substantial changes of the strain-hardening
coefficient. Moreover, the specimen design allows one to obtain a homogene-
ous distribution of the shear stress and shear strain within the shear zone
(Klepaczko et al., 1999). In addition, an original thermo-visco-plastic model
has been applied (Rusinek and Klepaczko, 2001), which alows one ermits to
predict correctly the behaviour of the ES sheet steel for different strain rates
varying from 10~%s~! up to 103s~!. The analysis has shown changes in the
process of the heat transfer to the specimen-grip interface by numerical simu-
lations at different strain rates. It has been shown that the heat transfer in
the grips at low strain rates (quasi-static shearing) is negligible. The negligible
heat transfer is the result of the grip design where the contact is imperfect.
The heat conduction coefficient determined numerically is an approximation
of the heat transfer, which is the average of all heat points of the contact
between the specimen and grips. Such an approach has allowed one to study
the transition from quasi-isothermal to adiabatic conditions of deformation as
the nominal strain rate increases.
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Symulacja wymiany ciepta w prostym &cinaniu blach stalowych

Streszczenie

Przedstawiono oryginalng technike pomiaru przyrostu temperatury w strefie §ci-
nania w trakcie quasistatycznego obciazenia metalowych blach. Stanowisko badawcze
do przeprowadzenia takich badan zostalo skonstruowane w IPPT PAN w Warszawie.
Badano blachy stalowe typu ES (Enhanced Formability), uzywane we francuskim
przemy$le samochodowym. Dodatkowe badania zostaly wykonane w LPMM-Metz,
dla tego samego materialu dla innych predkosci deformacji, w zakresie 107 < 4 <
10%s~!. Otrzymane wyniki badan pozwolily na zaproponowanie oryginalnych réwnai
konstytutywnych lepko-plastycznego zachowania sie¢ materiatu. Zaimplementowano te
réwnania konstytutywne w programie ABAQUS Standard w celu symulacji wynikéw
dodwiadczalnych i poréwnaniu gradientu temperatury w strefie §cinania i kalibracji
wymiany ciepla na granicy kontaktu prébka-uchwyt. Otrzymano zgodno§¢ wynikéw
dodwiadczalnych i numerycznych. Stwierdzono, ze przyjety model lepko-plastyczny
jest przydatny w badaniach rozwazanych w pracy probleméw $cinania blach. Po-
nadto stwierdzono, na podstawie symulacji numerycznej, ze dla predkodci deformacji
wiekszej od 4 ~ 10%s~!, przejmowanie ciepla przez uchwyty od prébki moze by¢ po-
mijalne. W tym przypadku prébka jest termicznie izolowana i przyrost temperatury
nastepuje glownie w strefie Scinania.
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