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ABSTRACT

Materials deformed at high strain rates exhibit sometimes the behaviour that is
very different from that at static or quasi-static loading. Material and physical properties
that are of no concem in low strain rates become crucial in the material response at high
strain rates. Material properties such as thermal diffusivity and thermal softening have to
be considered in order to understand the mechanism of deformation at high strain rates.
The most important aspect of high strain rate deformation is the occurrence of local
thermal and mechanical instability that leads to failure of the material, usually

characterised by the occurrence of adiabatic shear bands (ASB).

In this study, AISI 4140 steel was tested using a torsional split Hopkinson bar at
three different strain rates and the impact of strain rate on the material behaviour was
examined. It was concluded that material response changes with the strain rate, where the
width of the shear band is wider for the lower strain rate and narrower for the higher
strain rate. The influence of material hardness on failure mechanisms was also
investigated by producing different tempers of 4140 steel with distinct microstructures
and different hardness. It was concluded that the hardness plays an important role in
deformation and failure characteristics of 4140 steel. All specimens tested exhibited the
formation of ASB with differences in shear band type. Depending on strain rate and
hardness, some specimens showed deformed shear band, and some showed transformed
shear band. The fracture surface of specimens was examined under the scanning electron
microscope (SEM), and it was found that all specimens fractured in the ductile manner.
There was no evidence of brittle fracture which would be expected at higher strain rates.
It was found that the strain rate and hardness did not have an impact on the fracture type,
but they had the impact on characteristics of the fracture, resulting in the smaller dimples

and narrower shear bands for harder samples.

xii
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CHAPTER 1 THEORETICAL BACKGROUND AND
LITERATURE REVIEW

1.1 INTRODUCTION

The idea of testing materials at.high rates of strain dates back to the 1830’s when
French militarists were exploding cannon balls in order to determine the right amount of
explosive needed for the optimal explosion [1]. Later, in 1872, John Hopkinson
published a paper on findings after testing an iron wire that had the upper end fixed and
free weight at the lower end. By dropping the weight, he concluded that the stress of the

wire is higher for the dynamic loading conditions than for the static loading conditions.

The tangible consequence of the high strain rate loading was first examined by
Tresca [2] in 1878 when he discovered the “hot lines” while forging the platinum bar.
Zener and Hollomon [3] were the first to consider the adiabatic conditions and the effects
of thermal softening and strain hardening during the high strain rate deformation when
they discovered the 32 um wide shear band while punching the steel plate with a die.
They originated the idea of the triumph of thermal softening over strain hardening due to
the high rate effects. This study was followed by many important works including Costin
et al. [4], Hartley et al. 5], Giovanola [6], Marchand and Duffy [7], Bai [8], Moss [9] and
Lindholm and Johnson [10], among many others.

The appearance of adiabatic shear bands (ASB) is observed in many applications
including cutting, forming, impact loading, penetration, and is an important factor in
industries such as mining, military, nuclear industry, aircraft industry, rail, etc.
Understanding the behaviour of materials at high strain rates is crucial for the proper
material selection and adequate application in industry.



1.2 EFFECT OF STRAIN RATE AND TEMPERATURE ON
MATERIAL BEHAVIOUR

Much of the work has been done in examining the influence of strain rate and
temperature on material behaviour [1, 11, 12, 13, 14]. While strain rate and temperature
play role in the material behaviour, strain rate history and temperature history also play a
major role in the deformation mechanisms. Lindholm [15] performed tests on the
influence of strain rate history on flow stress on aluminum, and showed that if the
material is prestrained at a lower strain rate and then deformed at a higher strain rate, its
flow stress will be lower than if it were deformed at the constant higher strain rate
throughout the test. Hartley and Duffy [16] reached the same conclusions along with

many other researchers [17, 18].

1.2.1 Dislocation Velocity and Flow Stress

Dislocation motion plays the most important role in the plastic deformation of
materials. In fact, it is the source of the plastic deformation. Observed moving
dislocations have certain velocity that depends on the applied stress and temperature, as
well as on the material properties. The empirical equation describing the dislocation

motion is given by {19]
n
V= (?to- (1.1)

where 7 is applied shear stress resolved in the slip plane, 7 is shear stress for the
velocity ¥ = | cm/s, and »n is the dislocation velocity exponent. The dislocation velocity
exponent, n, is a material property and depends on the strain rate and temperature. Figure
1.1 presents data on dislocation velocity for lithium fluoride [20].
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Equation (1.1) roughly describes the strain rate sensitivity of the material. For
example, Silicon and Germanium that have n ~ 2, will have considerable change in the
flow stress for changes in dislocation velocities from say, 107 to 10° cm/s. However,
Copper that has large n, will not be strain rate sensitive since the change in the

dislocation velocities from 10~ to 10° cm/s will not change its flow stress considerably.

1.2.2 Plastic Strain and Strain Rate Due to Dislocation Motion

For the regime of deformation described in this work, only plastic deformation is
of interest for the description of material behaviour. The elastic part of the deformation
(Hooke’s law) is omitted here since it is not related to dislocation motion and it does not

influence neither the mechanism of deformation nor the final failure morphology.

When an external stress is applied to a body, dislocations will start to move with
velocity given by equation (1.1). The motion of dislocations presents a plastic work done

by dislocations, or plastic deformation. Consider a crystal with volume

hld (1.2)

where 4 is crystal height, / is length and d is a distance that a dislocation moves across
(Figure 1.2). When the shear stress is applied to the crystal, each of N mobile
dislocations will move certain distance x, and a total displacement of the crystal will be

2 X (1.3)

i=1

D =

o

where 5 is a magnitude of the Burger’s vector of a dislocation [21]. The macroscopic

shear strain will therefore be
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Figure 1.2: Shear Strain in a Crystal [21]



N
y=R=gTx (14

The average distance that a dislocation moves is given by

- _ 1
*=7N:

M=

Xi (1.5)

Substituting equation (1.5) into equation (1.4) and noting that a density of the mobile

dislocations is

N!

Pm = 3775

hl

the relation for shear strain is obtained

When equation (1.6) is differentiated with respect to time ¢, the relation for shear strain

rate can be obtained

)= —& = bpnV (17)

Equation (1.7) is the Orowan equation and relates the plastic shear strain rate 7 in a

crystal to Burger's vector b, the average dislocation velocity V, and the mobile
dislocation density pn [22].



1.2.3 Strain Rate Dependence of Flow Stress

As mentioned earlier, the flow stress of a material is dependent on the strain rate
and temperature. While at low strain rates (i.e., static and quasi-static loading), the flow
stress is constant over the wide range of strain rates, it becomes dependent on strain rate
at certain limit [1, 23, 24, 25]. Figure 1.3 (a) presents data for several grades of steel, and
figure 1.3 (b) presents data for pure copper [1]. The strain rate sensitivity of the material
is usually taken to be the slope of the logarithmic plot of the flow stress and strain rate at
the constant temperature and at constant value of strain (23]

- (2n)
N = [alnt T.y

modified for the shear loading.

In order for dislocations to move, they have to be supplied with energy. This
energy has both mechanical and thermal components. Strain rate and temperature
dependence of the flow stress is a consequence of this energy. The equations describing
the strain rate and temperature dependence of the flow stress usually have only thermal
component present. The reason behind this is that the strain rate dependence of the flow
stress is actually the consequence of the stress dependence on Gibbs free energy of
activation [21]. Therefore, in the following equations, the Gibbs free energy change
presents the factor taking into account the dependence of the flow stress on the strain

rate.

The following model is also called a thermal activation model because it
considers the thermal activation energy to be the main source of energy that allows
moving dislocations to overcome the barriers. The mechanical part of the required energy

is supplied by the external load.
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In order for a dislocation to move a distance, it has to overcome the barrier with the

energy

X2

AF* Kdx (1.8)

Xy

which is the Helmholtz free energy change, where dislocation moves a distance from x;
to x; whereby it has to overcome the obstacle that produces a force K. The applied
external shear stress exerts a force 7* b/ on a moving dislocation, where 7* is the applied
shear stress resolved in the slip plane, b is a Burger’s vector, and / is the length of a
dislocation. Therefore, the work done on moving dislocation by the applied shear stress is

a product of a force on dislocation and the distance that the dislocation has to move

bl -x) =1V (1.9)

where V* is called the activation volume. This work is only a mechanical part of the
whole energy required for the dislocation to move the distance from x; to x;. Another part

of the required energy is thermal energy (Gibbs free energy of activation)

AG* = AF* - T* V* (1.10)

which is a difference between the total energy that dislocation has to overcome (equation
(1.8)) and the mechanical part of the energy supplied to dislocation by the externally
applied shear stress (equation (1.9)).

If it is assumed that a dislocation vibrates at certain frequency Vv, then the

dislocation will pass through the following number of obstacles per second
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vexp Ak(?) (1.11)

The product of equation (1.11) and the distance that a dislocation moves between

obstacles gives the average dislocation velocity

V =dvexp kT ) (1.12)

where 4 is the distance moved by dislocation, k is Boltzmann’s constant, and T'is a
temperature. When equation (1.7) is substitutgd into equation (1.12), the strain rate

dependence of the flow stress is obtained

7= pmbdvexp AG‘) (1.13)

It was mentioned earlier that the flow stress is contained in the Gibbs free energy factor
AG*, and if equation (1.10) is substituted into equation (1.13), the flow stress

dependence on the strain rate becomes clear
7 = pmbdy exp(———AF et 48 4 ) (1.14)

Clifton et al. developed an equation for the plastic shear strain rate dependence of the

flow stress for Aluminum for strain rates of up to 10° s [26]

[z*¢P) - 1] V‘)

77 = @ exp (— % (1.15)
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where 7° is a stress barrier and /™ is activation volume. Like equation (1.14), equation
(1.15) does not include the strain rate history effects pointed out in the introduction to
this section. According to Malvern {22], the effects of strain rate history are complex, and

the relation takes the form of
&€ =f@ T 51, 8..)

where S;, S,... are structure parameters that develop with time and deformation

according to
Si = fi@ T, 81, 52,.)
More information on strain rate history effects can be found in [16].

1.2.4 Temperature Dependence of Flow Stress

The flow stress depends also on temperature. As the temperature changes, the
required externally applied load that constitutes the mechanical energy required by
dislocations to move over obstacles, will also change. Figure 1.4 presents data for the
stress dependence on temperature for different strain rates [27].

If the stress required for dislocation to overcome obstacle at 0 K is given by
7*(0) and the stress required at any temperature is given by 7*(7), than the Gibbs free
energy change when dislocation moves certain distance is

=

S

(1.16)
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Substituting equation (1.16) into equation (1.13) gives the flow stress dependence on

temperature

(7)) _ &T ( 7 J
2 (0) - AFln pmbdv +1 (1.17)

There is a temperature above which the dislocations have enough thermal energy and are
able to overcome obstacles with thermal activation alone. This temperature depends on
the material and is labelled 7.. At this temperature, since the thermal energy is sufficient
for overcoming obstacles, the required extemnally applied shear stress °(7.) = 0. After
making substitutions and rearrangements, the following temperature dependence of flow

stress is obtained

:—:%"} = (1 - TT;) (1.18)

It is clear from the above equation that when the temperature reaches the temperature T,

the required shear stress (mechanical part of the energy required) approaches zero.
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1.3 HIGH STRAIN RATE INDUCED FAILURE

The failure of materials loaded in the high strain rate range differs considerably in
its mechanisms from the failure induced by static and quasi-static loading. Certain
material and physical factors that are not of interest in slow rate loading become of great
importance in high rate loading and dominate the deformation mechanisms. Some of
these influential properties include thermal softening that starts to predominate the
deformation at rates beyond certain limit and plastic deformation is governed by the
mechanical and thermal instabilities. Along with these instabilities, the inertial forces
that are absent in low loading rates become an important factor in the material behaviour
at high strain rates. Zener and Hollomon [3] first introduced the effect of thermal
softening that starts to dominate over strain hardening at the point when
thermo-mechanical instability first occurs. The following sections describe the important
factors that govern the adiabatic shear band formation and mechanical instability that is

responsible for the occurrence of the adiabatic shear bands.

1.3.1 Mechanical Instability At High Rates of Strain

When the material is deformed under the conditions of high strain rate, the
deformation mechanism is very different than when the material is deformed in the static
or quasi-static regime. While the deformation (plastic deformation) in the static and
quasi-static regimes is considered to be in equilibrium, i.e., the dislocation motion and
the formation of dislocation cell structures are allowed the timc. for the process, the case
for high strain rate deformation is quite different. In this state, the part of the material
exhibits the mechanical instability and localisation of plastic deformation takes place. It
can be said that the plastic deformation is not uniform, but rather localised. This
localisation of the deformation is also a case of the material failure whether or not

accompanied by fracture [$, 7].
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1.3.1.1 The Maximum Load Criterion

The criterion of maximum load for the description of instability has been used for
a long time for the tensile quasi-static loading [28]. The maximum load criterion for the

tensile loading states [29]
dL = 6dAd + Ade = 0 (1.19)

where dL = 0 denotes the maximum value of the load, o denotes the true stress, and 4 is a

transient cross-sectional area.

In the shear, the cross-sectional area 4 is constant and the above maximum load

criterion reduces to

%—=%=dt=da=0

or, dt =0
(1.20)

which now represents the maximum stress criterion.

Shear stress is a function of strain , strain rate and a temperature and can be

represented by

T = 7(p, 7, 0) (121)
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Substituting equation (1.21) into equation (1.20) we obtain

_é_r.) (Qz) (@’.) o1 (dﬁ) o
(ay 2.0 * 0y 2.0 oy + 30)7,? dy (1.22)

Two assumptions are made: (1) the deformation is adiabatic and (2) the change of the

strain rate during the deformation is negligible, i.e., 0y/0y =~ 0 {30, 31]. Energy
conservation states that all the plastic work done during deformation is converted into

heat (adiabatic assumption)
pcdf = Ktdy (1.23)

In equation (1.23), X is a constant that is, according to Taylor and Quinney, equal to 0.9 -
0.95 [32). For the sake of simplicity, K is assumed to be 1. Substituting equation (1.23)
into equation (1.22) and taking into consideration the two assumptions previously made,

we obtain

ot pPc _( ot
[5}’].,-,,9 T '( 59):’,? | (1.24)

With the assumptions of adiabatic conditions and that strain rate does not change
during the plastic deformation, the above equation states that the two opposing and rival
effects, strain hardening 0t/ 10y, and thermal softening (—dt/d6)/ pc, are equal at
the onset of instability. When thermal softening outweighs the strain hardening, the
adiabatic shear band will form. More on the individual factor influence on the ASB

formation is presented in the section 1.3.2.
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In order to obtain tangible criteria for instability, significant work has been done
to adopt the instability strain as the instability criterion. Table 1.1 lists some of the
constitutive equations used by different authors to obtain the instability strain y; [8, 10,
30, 33, 34, 35, 36]. All the constitutive equations were derived from the equation (1.24).
All the equations for the instability strain y, say that materials with lower strain
hardening exponent n, and higher value of the thermal softening, will have lower value
for the instability strain , and therefore will be more susceptible to ASB formation. This
is in agreement with the experimental values on ASB formation obtained for different

materials (Table 1.2).

Dodd and Atkins [37] derived the instability criterion based on the maximum
shears stress criterion, but took into account the void growth and its influence on the

softening. The maximum load/stress criterion is now

dr k4
7 y (1.25)
where A = W(L-H), and W is the width of the gauge length, L is a length of the gauge
section, and A is the sum of characteristic diameters of all individual voids. The void

growth rate is

H = ;’z[a+ bcg,") (1.26)

where Gy is a hydrostatic stress, and @ is a yield stress. With assumptions of (1)
adiabatic conditions and (2) that critical strain for void nucleation Y. is less than the
instability strain for ASB formation ¥;, it follows that the instability strain is [28]



18

Table 1.1: Instability Criteria for Maximum Shear Stress

Constitutive Relation Instability Strain
Linear struin - - _1
.,m,' ',mi 1 w=A(l+ey) " ('-fia-a) -
streagth 2 1=A(1+ay)cxp(=py) n-',l‘—%
mp,.p.,fip:“;!
- -k
Power law Porear "= =er/a9)
yield 4 =AY cxp(-pY) n=g
e (2 -nec @ o (-F)
5 :-Ar'f'w(‘:) " {Awm""('?)}
vely Nne
6 t=Ayye ,‘-I%‘?_.'} v
7 s=AY'(1+5/"X1-¢,0) ,,.{%: (1—;1!77")"" }unun
- i .’ _’ _ g
h:;u,;a 8 ¢ A(nur)(uu.h) " _E‘E‘!(%t'_..’_d a
streagth x!ﬂ;...

Ou=0,

References: equation #1 - [8, 33), #2 - [34], 43 - [30), #4 - [34], #5 - [35), #6 - [35], #7 -
(36], #8 - [10)



Table 1.2: Susceptibility of Metals to ASB (28]

(—av/30)
Material (kPs/K) =n Yoo Yeso
OFHC copper 32 353 58
Cartridge brass oM 37 3.0
2024-T 351 Al 034 066 0-50
7039 Al 041 O7 0-55
6061 T6 Al 496 0-07s 0438 0-3S
Nickel 200 032 00, 0-18
Armco IF iron 025 43 41
Carpenter
electrical iron 043 44 5-8
Low carbon steel 423 004 03 0-28
1006 steel 036 33 35
1018 CRS steel 0-05 0-16
1020 steel 633 028 194 12
RHA steel 037 12 1-1
AMS 6418 steel 018 016 0-20
S-7 Tool steel 018 016 0-50
AISI 4340 steel
Tempering temp.:
466°C 1120 0054 017 02-0-3
238-321°C 1610- 0-042- 0-09 <0-11
1780 0-047

$16°C 1020 0061 02 022-026

sPC 79 0073 033 029-0-33
a-Ti 017 0326 1-15
CP-Ti 395 0-104 046 0-50
Tungsten alloy 012 00 0-18
(7% Ni, 3% Fe)
Depleted uranium 02 023 0-25

(0:75TD)
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n
= 127
Y /08 a+ foula, (1.27)

PC Y 1 -( - y.)(a + Baula,)

where @ = a/L,and B = b/ L. This criterion takes into account both thermal softening
and geometrical softening caused by the void nucieation and growth. The validity of the
criterion is demonstrated by observing that as the strain hardening coefficient n increases,
the value of the instability strain, y;, increases, thus making the material less susceptible
to the ASB. As the thermal softening factor, — 8t/ pc 00, increases, the material becomes

more susceptible to ASB since the value of instability strain decreases.

1.3.1.2 The Localisation Criterion

The maximum load criterion discussed in the previous section does not mention
the localisation, which is an integral part of the adiabatic shear band formation. It also
does not take into account the effect of the strain rate sensitivity of the material. Another
approach to defining the instability at the onset of ASB nucleation is to take into account
the degree of inhomogeneities at different locations in the deforming body, and to
compare it to the uniform body without defects. The criterion says that if the
inhomogeneity is amplified during the deformation, the localisation will occur. If the

inhomogeneity is not amplified, there will be no localisation [28].

Aln j
If the inhomogeneity is defined as m—% where A stands for the difference
between the inhomogeneity and the uniform body, the equation can be written,
Aln j

Any =X (1.28)
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By solving the equation with respect to time ¢, the following is obtained

lf—; = (&) (1.29)

where 7 stands for the initial strain. From equation (1.29) we can write

Ay Y V-t Ayo Ayo
F=(5) F&=tmF (1.30)

where k(y) = (7/70)*~! is the amplification factor of relative localisation. For the
simple shear, the cross-sectional area remains constant, and by using the constitutive

relation #6 from Table 1.1, 7 = A" 7™ 6~*, we obtain

AT Ay Ay ABQ -0 (L31)

This criterion says that there has to exist the amplification of the inhomogeneity
in order for the localisation to occur. It means that the amplification factor £(y) has to be
greater then unity. For £() > 1, there has to be y > 1. Therefore, ¥y = | marks the

onset of localisation. Now, from equation (1.28), the criterion becomes

Alny
m =1 (1.32)

Assuming the adiabatic conditions and substituting equation (1.32) into equation (1.31)

the instability criterion is obtained
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(m+n)pch
Vi = tvp (1.33)

This instability criterion derived from the localisation phenomenon is different
from instability criteria derived from the maximum stress criterion. First, it takes into
account the strain rate sensitivity m which maximum stress criterion fails to achieve.
Also, it takes into account both strain hardening, n, and strain rate sensitivity, m,

separately.

By examining both maximum stress and localisation criteria, it is obvious that in
order to describe the process of formation of adiabatic shear band, it is necessary to take

into account localisation as well as strain hardening and thermal softening.

1.3.1.3 Model for ASB Width

The above models based on maximum stress and localisation can tell whether the
ASB will or will not form and when it will form. They do not, however, say anything
about the extent of the deformation, specifically the size of the adiabatic shear band. In
this subsection, the theoretical model for estimating the adiabatic shear band width will
be discussed.

According to Bai [28], the process of adiabatic shear band formation can be
described by four different steps, each step being the necessary predecessor of the next
one. These four steps in a way represent the theoretical model of the ASB nucleation,

growth, and the final geometry. These four steps are:

(1) Scaling. The first step is to properly scale equations used in the ASB description [38],
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(2) Wave Trapping and Momentum Diffusion - Early Regime. Heat diffusion is neglected
in this early stage [39],

(3) Heat Diffusion in Localisation - Intermediate Regime.

(4) Late State Analysis. Describes the final ASB geometry.

Here, in this section, the last regime, i.c., the final ASB geometry model will be
described. The following mathematical approximation gives the estimate only of the fully
formed ASB. However, it has been suspected that adiabatic shear bands may not always
grow unrestricted, but can be truncated [28].

The governing equations for the ASB formation are

o2 2
p-aT);- = %y{— (1.34)
2
57' 20 6 8 (135)

T3 = e " kg
T=1(y70) (1.36)

In the intermediate regime, i.e., heat diffusion consideration, the rate of change of the

ASB width, d, can be described by taking the boundary velocity to be

veloay = fo (£ + & - 1)ty = 3(1) 0ty - 6:0500)
(1.37)
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where the subscript * denotes the reference quantity. By differentiating equation (1.37)
with respect to time and constant velocity boundary conditions, the following equation is
obtained

3
D602 -+ k21, -50% 1, am

Equation (1.38) can be rewritten as

— —
— .

)70 k(28 2%
pc * pc ls

@ _
a = (1.39)

F
@0

which gives the rate of change of the ASB width, where the bar on top of the quantity
represents the average value of the quantity in the shear band. Figure 1.5 clarifies some of
the boundary conditions used to develop the above equations.

At the late state, it is assumed that the adiabatic shear band is completely formed,
unhindered by any mechanism that may have caused truncating of the band. By solving
equations (1.34) and (1.35), the following solution is obtained for the band halfwidth



Figure 1.5: Boundary Conditions
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T =1()
Om de
y= |,
ﬁ :i"' T (g (@), n)dn (1.40)
o) = j:: - dt
12 08, mydn

where 8, is a temperature at the centre of the band, and 8; is a temperature at the
boundary of the band at y = & which is a halfwidth of the band. Simplified equation
describing the halfwidth of the band 9 is obtained by balancing the heat source and heat

transfer terms

o = /-:T% (1.41)

Table 1.3 shows the comparison between adiabatic shear band width obtained from these

mathematical models, and from the experiments.



Table 1.3: Comparison of Calculated and Experimental Values for ASB Width [40]

Al Cu Mild steel
(MPa) ~300 ~200 ~300
(X) 775-877 1355 1800
(W/(mK)) 236 403 50
(kPas) 21 3.6 28,21
(mm) 0-14 0-44 011
(mm) 0-34 0-19
Low carbon :
steel Tool steel CP-titanium
(W/(mK)) 48 40 17
X) 201 241 265
(MPa) 430 1169 435
(s~ 2226 1548 2283
(mm) 01 0-073 0-067

(mm) 0-13-0-17 01 0-06~0-10
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1.3.2 Factors Governing ASB Formation

In this section, it will be explained what material factors are responsible for the
emergence of the adiabatic shear band. It is known [28] that the formation of the ASB is
a process that is so complex, that it is very difficult to narrow down and pinpoint all the
parameters that play role in its formation. Besides the material variables, other factors,
such as stress distribution, loading conditions and type of the specimen, also play an

important role in the process of destabilisation of the material and nucleation of the ASB.

In light of the material properties that influence the ASB, the following variables

are of the interest

' kg
p - Density (7))
c - Specific Heat ( %&' )
. m?
a - Thermal Diffusivity (%)
k
%;— - Strain Hardening Factor ( ;% )
k;
% - Thermal Softening Factor (o sgc )
-g—; - Strain Rate Sensitivity Factor ( ?tkg? )
P - Strain Rate ( % )
kg
T - Shear Stress (7s2)

Y - Shear Strain
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All variables are material variables except the strain rate, shear stress and shear

strain, which are the description of the stress state.

The combination of the above variables gives four dimensionless numbers that

govern the ASB formation. These numbers are

Pr = ;;';E Effective Prandtl Number, ~ 10° for mild steel [28]

N = %}; Strain Hardening, ~ 10" for mild steel

S = ~_6pré_6_Q Thermal Softening, ~ 10" for mild steel

m = —x== Strain Rate Sensitivity, ~10? for mild steel

From these dimensionless parameters that describe the initiation of the ASB, only
strain hardening N and thermal softening S are competitive. That means that during the
deformation, there will be both thermal softening and strain hardening dominating, and
depending which one takes over the control, the adiabatic shear band will or will not

form.

Two main assumptions are considered here: (1) deformation is adiabatic (there is
no heat escape from the region under deformation), and (2) rate effects are negligible.
The first assumption of adiabatic condition requires that thermal diffusivity @ = 0. Under
this assumption, the effective Prandtl Number Pr, will be equal to infinity and will not
play role in the deformation process.
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Since we are left with two major competitors for the role of control over the
deformation process and ASB formation, namely strain hardening, N, and thermal

softening, S, the following dimensionless number (or parameter) is formed,

o~

ot
o0

_ S _
B—N- (1.42)

pc

R

This factor considers the effects of thermal softening and strain hardening and can
serve as the approximate basis for determining the process of deformation, especially if it

is rewritten in the form

o
(5).22

The above relation states that when thermal softening outweighs the strain
hardening, the adiabatic shear band will form. Another relation developed by Staker [33]
using the contained exploding cylinder (CEC) technique is analogous to equation (1.43)
in view of the two leading processes taking place, thermal softening and strain hardening.
Staker defined the critical shear strain Y, representing the strain hardening, as opposed to
the thermal softening factor pcn/(~0t/06). In the mathematical form it states

pen

)

When plotted, the following curve is obtained (figure 1.6)

(1.44)
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-tn/ s';

Figure 1.6: The Relation Between Measured True Shear Strain and Material Parameter
pen/ (-01/06) Defining the Shear Instability [33]
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At the beginning of this section, it was mentioned that the assumption was that
the process was totally adiabatic. This means that there is no heat exchange between the
ASB region and the surrounding matrix material. However, this is not quite true. If totally

adiabatic conditions were to exist, than the thermal diffusivity coefficient @ would have

to be zero which is not the case for any metal. However, as the diffusivity coefficient @
approaches zero, the thermal conditions approach that of adiabatic conditions. Thus, the
Iess;.r the thermal diffusivity, the more susceptible material is to the ASB formation. This
fact comes from the thermal instability that exists between the deformed region and
surrounding matrix since the heat generated during plastic work cannot escape the region
because of the low coefficient of thermal diffusivity, and thus the dimensionless
parameter S (thermal softening) outweighs the strain hardening number N. Table 1.4
presents some data on the coefficient a for different materials. It is seen that the value for
Titanium (Ti) is the smallest on the list and the value for the Copper (Cu) is the largest.
This means that Ti is more susceptible to ASB formation than other metals, and that
Copper is the least susceptible to ASB formation. Figure 1.7 shows the graphical
representation of the material susceptibility to adiabatic shear band formation depending
on the coefficient of thermal diffusivity [41]. This is in agreement with the experimental
data on ASB formation in different metals. Therefore, the coefficient of thermal
diffusivity is yet another factor entering the equation of susceptibility of material to ASB.

So far, the effects of strength and hardness of the material on the ASB formation
have not been mentioned. Nevertheless, these two factors also influence the deformation
process. It was observed by some researchers [42, 43] that the adiabatic shear bands are
more pronounced in high strength materials than in the different treated lower strength
materials of the same composition. This means that ASB favours high strength and high
hardness, although the material is the same, just the heat treatment is different. One
explanation is that high strength steels need to dissipate more energy that is converted
into heat in order to achieve the same deformation than the lower strength steels. Another
explanation comes from the fact that the strain hardening exponent n decreases with the



Table 1.4: Physical Properties of the Selected Metals [28]

Molal
Debye Melting volume
temperature (10" m’/ f

P ¢ [ 4
(10°kg/m?) U/(kg. K)) (X) mole) (W/(m. K)) (10"*m?/s)

AzFp2C

(K)
0-534 isno k) 452 127 n 0312
4 903 428 933 10:0 238 0-9%4
8:96 385 s 1356 741 400 {-16
1.8 4“9 462 1808 71 82 0-232
890 “ 453 1 726 67 9% 0-228
4-54 2 420 1948 10-6 19 0-08
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Figure 1.7: Thermal Diffusivity Coefficient in Relation to ASB Formation [41]. Black

circles represent transformed ASB, half black-half white circles represent deformed

band, white circles represent no ASB formed.
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increase in the strength of the material [44). Figure 1.8 demonstrates this observation for
different steels. Since higher strength steels have a lower strain hardening exponent and
the same thermal properties as their lower strength counterpatrts, it means that thermal
softening will dominate the deformation in high strength steels, while the strain

hardening dominates the deformation process for their counterparts.

Table 1.2 shows data for different metals. It can be seen that Copper has the
combination of the low thermal softening coefficient (first column) and high strain
hardening exponent, while high strength steels have the opposite; the high thermal
softening coefficient and low strain hardening exponent. These resuits confirm findings
by Staker, Shockey and Rogers (33, 42, 43] that higher strength materials are more
susceptible to ASB.

[t is also observed from Table 1.2 that the critical shear strain ( y) is different for
different materials. It is calculated using equation (1.43), and can serve as an estimate to
how much the material is susceptible to ASB. It is observed from Table 1.2 that Copper
which has low susceptibility to ASB has very high value of critical shear strain, while
high strength alloy steels have very low value of critical shear strain. Therefore, the lower

the value of the critical shear strain, the more susceptible material is to ASB formation.

Another material property with effect on the formation of adiabatic shear band is
the thermal conductivity £ (W/m°C). Batra and Kim [45] reported results on influence of
the thermal conductivity on ASB formation and behaviour. The material under
investigation was structural steel with all material properties constant except thermal
conductivity which was changed in the computer simulation from 0 to 5000 W/m°C with
increments of the order of magnitude. The use of three different computer codes enabled
the authors to examine the sole effect of thermal conductivity, keeping all other physical
material properties constant which would be impossible in the conventional test where
different heat treatments need to be applied to
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Figure 1.8: Effect of Strength on the Strain Hardening Exponent [44]
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each specimen which in tumn changes, though slightly, the same properties that need to
remain constant. Another advantage of using computer codes is that in order to examine
the influence of the wide range of the thermal conductivity on ASB using conventional
test methods, it would require the use of different materials, since the values of thermal
conductivity changes only slightly with the heat treatment [28], and therefore the values
obtained would not be comparable. The results are presented in figure 1.9, and it is seen
that as the thermal conductivity increases, there is a less obvious sharp drop in the stress
which is a characteristic for a shear band formation {46]. Also, immediately after the
stress reaches its maximum value, there is an abrupt temperature rise within a band
(Figure 1.9 b) which decreases with the increase in the thermal conductivity. The width
of the ASB is also affected, and increases as the value of thermal conductivity increases
(Figure 1.9 c). All these numerical results are in agreement with the previous discussion

on influence of the material properties on the formation and behaviour of ASB.

Zhu and Batra have shown [47] that at the time point of initiation of the adiabatic
shear band, the strain rate becomes larger for the greater coefficient of thermal softening
and is smaller for the lower coefficient of thermal softening. Again this numerical study
was performed on the same material parameters, only the coefficient of thermal softening

being changed.
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1.3.3 Adiabatic Shear Bands

Adiabatic Shear Band (ASB) is a widely accepted name for the very narrow
region of a localised plastic deformation characterised by a very large value of plastic
strain. The word adiabatic assumes that there exists adiabatic thermal condition during
the deformation so that there is no heat exchange between the locally deforming region
and the surrounding matrix material. The mechanism of ASB formation will be discussed
in section 1.3.4, but it is worth noting again, that the basic principle of ASB formation
lies in the rivalry between the strain hardening and thermal softening as first suggested by
Zener and Hollomon in 1944 [3]. If the rate of thermal softening exceeds the rate of

strain hardening, the material exhibits localised weakening and the ASB forms.

The adiabatic shear bands are normally classified into two categories: deformed
or transformed bands. This classification was made in 1944 by Beckman and Finnegan
[48] who observed white bands after etching with a Nital solution. Whether a band is
termed transformed or deformed, depends whether the phase transformation occurred
within a band. What type of ASB will exist depends on material and also on other factors,
such as loading conditions, testing temperature and the rate of strain (28). Transformed
bands are usually found in materials that undergo a phase transformation such as iron,
steel, uranium and titanium alloys. Normally, transformed bands appear white after
etching (Figure 1.10) and have distinct boundaries and well-defined width [49]. Local
shear strains within a transformed bands were reported to be as high as 100 with the local
shear strain rates in the range from 10° to 107 s [49, 50, 51]. The width of the band
ranges from 10 «m to 100 im and decreases as the hardness increases (figure 1.11) [52,
53].

The deformed ASBs usually form in a materials that do not undergo a phase
transformation and that have higher thermal diffusivities like copper and aluminum ([41].
The characteristic of the deformed type of the band is an extensive localised shear



Figure 1.10: Transformed ASB [54]
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Figure 1.11: Influence of Hardness on ASB Width [53]
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deformation exhibiting very high local strains that range from 5 to 100 [55, 56, 57, 58].
Some authors also reported strains of up to 570 {9]. The reported widths of the deformed

adiabatic shear bands range from 10 um to 360 um {5, 40, 55].

There has been a lot of inconsistency in the reported results on the topic of the
microstructure inside the transformed ASB. While there is no doubt that the deformed
band consists of the same structure (with some recrystallisation) as the matrix material
surrounding the band [59], the structure of the transformed band is stil! a mystery [28],
although much of the work has been done in determining the nature of the so-called
“white bands” [49, 50, 60, 61]. Zener and Hollomon [3] first reported that the white
etched bands are untempered martensite owing to their high hardness and white
appearance. The evidence for untempered martensite is somewhat divided. By the recent
availability of TEM (transmission electron microscopy), X-ray and electron diffraction
equipment and numerical techniques, some of the mystery has been revealed.
Nevertheless, it is still not clear whether the structure is untempered martensite or not.
The evidence favouring untempered martensite comes from X-ray and electron
diffraction measurements, along with the fact that the material inside the band is hard
and white when etched. On the other side, there is evidence that there is no untempered

martensite present whatsoever [49, 50].

While the reported temperature rise within a band ranges from 450°C reported by
Craig et al. [62], to anywhere between 500 °C and 1000 °C reported by Wittman e al.
[63], there is no evidence of the transformation to austenite which is a precursor to
martensitic transformation. According to Wittman et a/., the reason for white coloured
etch is the absence of the carbides which are too small or have been dissolved. The
calculated temperature in the band suggests that there is enough temperature for the
austenitic transformation to occur. However, the duration of the high temperature needed
for the transformation was not reached (the duration of the temperature rise within the
band was reported to be 200 us). The explanation that authors gave was that " although
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there was not enough time for the transformation to occur [64], there was evidence that
the time was enough for the carbon diffusion to occur, thus allowing for the
martensite-like material to be formed. Similar results were reported by Mgbokwere et al.
[65] who did not find any evidence of the phase transformation using the TEM study.

It is also often observed that deformed and transformed bands coexist together. In
other words, close to the centre of the band, the transformed region is found, with the
deformed part of the band existing on the edges of the transformed part of the band [63].

As mentioned earlier, the hardness of the ASB is usually higher than the hardness
of the surrounding matrix material. This is true for the most of the materials except for
the Titanium alloys where the hardness of the band can be either higher or lower than
that of the matrix [58]. Hardness of KHN,s 1195 inside the band was reported [63] with
the hardness of about KHN;s 850 outside the band in the adjacent matrix of 4340 steel
(figure 1.12). The reported hardness in the band corresponds to the hardness of the
quenched 4340 steel. Similar results were reported by Rogers for 1040 steel [61].

More on recent findings on microstructure inside the adiabatic shear bands can be
found in references [65, 66, 67, 68].
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1.3.4 Formation of Adiabatic Shear Bands

The actual formation of the adiabatic shear band is a very fast process lasting
anywhere between 2.5 us and 10 us. However, the whole process of strain localisation,
stress drop and ASB formation can last for about 60 us to 320 us, depending on the
loading conditions, material and a strain rate. Giovanola [69] performed test on 4340
steel using the torsional split Hopkinson bar (TSHB). The study of the ASB development
was performed by depositing the fine grid on the outer surface of the tubular gauge
section of the specimen with a distance between the lines of 100 um. High speed
photographic technique was used to capture the whole process of ASB initiation to
fracture and thermocouples were used to record a temperature rise within a band. The
results report that the yielding starts at 25 us with the shear strain localisation at 42.5 us.
After this first strain localisation, 60 #m wide shear band formed in the next 5 us. The
final fracture inside the band occurred at 60 us. Giovanola reported the temperature rise
of 200 °C inside the band at the onset of the localisation, while the temperature reached
1100 °C at the fracture.

Very similar studies were performed by Marchand and Duffy [7], Hartley et al.
[5], and Cho et al. [70] in order to determine the process of formation and transient
behaviour of ASB. Cho, Chi and Duffy [70] performed tests on HY-100 steel using a
torsional split Hopkinson bar on specimens with a deposited grid pattern. Figure 1.13
present the results from the high speed camera used in the study, and figure 1.14 presents
the corresponding stress-strain curve for the same specimen with corresponding numbers
for the time frames in figure 1.13. Homogeneous straining was reported to take place to
about 25 % of strain after which an instability occurs and ASB forms. The ASB forms
after about 160 s (in the fifth frame in figure 1.13) and fracture occurs about 160 us
after the shear band has initiated. The reported local strains range from 600 % for 1018
CRS steel, to 2000 % for 4340 VAR steel for the strain rates of 1000 1/s with the
recorded temperature rise in the range from 400 °C to 600 °C.



Figure 1.13: The Formation Sequence of ASB [70]
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The process of the adiabatic shear band formation is usually followed by the rapid
drop in stress [28, 46, 70]. The temperature-stress-strain history reveals that the sharp
drop in stress occurs when the maximum temperature within the band is reached, and
that is just before the fracture occurs. Figure 1.14 shows the characteristic stress-strain
curves for the specimen tested with the torsional split Hopkinson bar. After the maximum
stress in the specimen is reached, there is a slight decrease in the stress with further

straining, followed by the rapid drop in stress just before the fracture.

There are some resuits reported on the tests using the compressive split
Hopkinson bar. Nakkalil, Hornaday and Bassim [46] reported very interesting feature of
the ASB formation under compression on several plain carbon and low alloy eutectoid
rail steels. After the yield drop (termed here as a continuous yield drop) characteristic for
carbon steels when tested under low strain rate conditions, there is an abrupt drop in
stress, termed as discontinuous yield drop, followed by an increase in stress (figure 1.15).
This discontinuous yield drop was associated with the development of adiabatic shear
band. Similar results were reported by Chung er a/. in a computer simulation on 4340

steel under compression {71].

One interesting characteristic of adiabatic shear bands is that their occurrence
depends on the loading conditions and stress state {28, 46, 59]. For example, it is known
that shear bands do not occur in tensile stress state, actually, the tensile stress inhibits the
formation of ASB [28). However, the compressive stress, while inhibiting the fracture, it
promotes the formation of the adiabatic shear bands. Nevertheless, not all specimen
tested in compression [46] exhibited the ASB, while all the samples tested under
torsional loading exhibited the adiabatic shear bands [59]. Thus, it is yet another variable
for the future research to consider in order to fully understand the nature and occurrence
of adiabatic shear bands.
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There are many instances when shear bands occur. Besides the intentionally
induced deformation in the test laboratories for the sake of research, adiabatic shear
bands form in metal cutting at the surface of the machined material or at the surface of
the tool, in the explosive welding processes, in the rail tracks under the heavy dynamic
load of the train, in the punching processes in the metal fabrication facilities, in the
mining from the explosive applications, in the military from the penetration, in aviation
from the dynamic loads induced by rope breaking system on the aircraft carriers, etc.

The formation of adiabatic shear bands is not limited to one per loaded material.
In many instances, multiple ASBs are observed in the same sample [43, 59, 72]. While in
torsion the bands are all parallel to each other and depending on the length of the gauge
section there can be anywhere from 1 to more than 10 ASBs, in the plate impact
experiments the bands can have a tree-like structure. The formation of the multiple bands

is thought to be a consequence of heterogeneities in the material [28].
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1.3.5 Fracture Inside the Adiabatic Shear Bands

As mentioned earlier, the adiabatic shear bands present a mode of failure in
materials, and provided the strain rate, load and material are right, the ASB also acts as a
precursor to fracture. It is observed that the initiation, growth and coalescence of
microvoids is responsible for the fracture in the formed adiabatic shear band [70, 63, 73].

Irwin [73] observed the equiaxed microvoids in the transformed shear band in the
U-2Mo alloy that have the appearance as though they were formed during tension (figure
1.16). These voids probably formed during the ASB formation and their coalescence led
to fracture. Another interesting investigation of the cracking in adiabatic shear band was
performed by Cho ef al. {70]. They found that the microvoids nucleate at the interface of
ferrite and cementite in the pearlite in 1018 CRS steel (figure 1.17). The weak ferrite
phase is responsible for the excessive deformation and void nucleation leading to void
coalescence and crack formation and propagation in these steels. The crack formation in
HY-100 steel follows the same mechanism, the difference being that the microvoids
nucleate at the MnS particles or stringers. 4340 steel tested exhibits the same fracture

formation, but particles responsible for the void nucleation are the carbides.

It is clear from the experimental evidence that the mechanism for the fracture in
ASB is related to void nucleation and coalescence. The variable, though, is a type of the
material and the second phases or particles present. Voids can nucleate in the weaker
phase due to the more excessive local deformation in that phase relative to the stronger
phase as in the pearlitic steels. Also, voids can nucleate due to the stress concentration
factors that raise the stress level at the interface between the stronger particle (carbide for
example) and the weaker matrix as in the 4340 steels with the martensitic phase.
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The formation of voids is also reported to occur in different planes parallel to
each other, not always on the path of the propagating crack [28, 70, 59]. As the crack
grows, it may change its plane of propagation, thus leaving behind different fracture
morphology. Some experimental results show [70] the areas of larger dimples enclosed in
the matrix of smaller dimples. The reason behind this is the tearing of the material

between the primary and secondary planes on the crack front.

The most commonly observed fracture surface of the fractured ASB is
characterised by dimples that may or may not be elongated. This is an indication of the
ductile-type fracture inside the shear band. This is true whether the band is of the
transformed or the deformed type. However, some authors [43, 74] reported the
cleavage-type fracture in the shear band, although they were produced by the flyer plate
and penetration tests. According to Bai {28], the type of the fracture that occurs within
the ASB depends on when the fracture occurred. If the fracture is ductile, it means that
the fracture occurred during the formation of the band, while it still hot from the arrested
temperature developed due to the high plastic work. If the fracture surface appears to
have cleavage characteristics, than the fracture probably happened after the band was
formed and quenched by the surrounding matrix, thus the fracture happened in the hard

material formed due to the phase transformation.

There are normally four distinct regions that may be present on the fracture
surface in the adiabatic shear bands. These include the ductile dimples, cleavage,
smoothed surface (present in the torsional tests) and knobbly structure. Smoothed surface
probably occurs due to the rubbing of the two broken parts of the specimen. The most
interesting feature is the knobbly structure (figure 1.18). It represents the melting of the
peaks of ductile dimples on the fracture surface which can mean that the temperature
inside the band reaches that of the melting temperature of the material. However, the
melted peaks can also be a consequence of the two surfaces rubbing against each other
producing the frictional temperature rise after the fracture.



Figure 1.18: Knobbly Structure on the Fracture Surface of ASB [75]

54



55

1.4 HIGH STRAIN RATE EXPERIMENTAL TECHNIQUES

1.4.1 Introduction

The material response to loading depends on the strain rate that is applied. As
mentioned earlier, the behaviour of the material is much different at high rates of strain
than at lower rates of strain. In recent years, much of the attention is placed on the
material response at high strain rates. This interest comes with the developments in
industry such as nuclear, space, military, etc., that need more understanding of the
material behaviour at high rates of strain in order to facilitate further research in industry
and to be able to properly select and apply the matenals.

According to the strain rate applied, the division of the experimental techniques
was made. The whole spectrum of the available strain rates in the research field is

summarised below {76].

10%to0 10% s This range of strain rates represents the creep, and tests are usually
performed at high temperatures. Occurrence of these rates is found
in turbines.

10% to 107 s These rates comrespond to static and quasi-static loading

conditions. These  include the conventional tensile and
compression tests. As in the above range of strains, the results
obtained for the stress-strain behaviour of the material in this range
can be used to describe the behaviour only in these strain rate
ranges, since the material behaviour changes when the strain rate is
changed.
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102t0 10" s This is an intermediate strain rate range where the inertia effects
first become important.
10% to 10* s High strain rate range where inertia effects and other high strain

rate phenomena start to influence the matenial response. Split
Hopkinson bar (SHB) tests fall in this range. Test include tension,

compression, shear and torsion performed on the SHB.

10° to 105 5™ Flyer plate experiments fall in this category. In this high strain rate
range, it is important to consider thermodynamic response of the

material.

Figure 1.19 summarises the above spectrum of strain rates with the experimental

applications.

1.4.2 Split Hopkinson Bar

There are different arrangements for the split Hopkinson bar. It can be used to
perform tests in compression, tension, shear, torsion and direct impact in the strain rate

range of 10 to 10° s,

1.4.2.1 Compressive Split Hopkinson Bar

Compressive SHB is used to test specimens in compression at strain rates of 10?
to 2x10° s'. The equipment consists of two bars; incident bar and transmitter bar, plus the
striker bar (short in length) which is fired from the gun barrel and hits the incident bar.
The specimen is cylindrical and is placed between the incident and transmitter bars.
When the striker bar hits the incident bar, the incident pulse is generated that travels at
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speed ¢ = [E/p towards the specimen. The part of the incident pulse is transmitted to
the transmitter bar through the specimen, and part is reflected from the specimen back to
the incident bar due to acoustical impedance and difference in the cross-sectional areas
of the specimen and the transmitter bar. By recording the strain-time history in the
incident and transmitter bars, it is possible to obtain data on stress and strain.

Since the specimen is small, 15.8 mm in diameter and 6.8 mm in length in the
study performed by Yokoyama [77], the stress state can be considered uniform since
many reflections take place in the specimen. Besides this assumption of the uniform
stress, some other assumptions have to be realised in order to obtain the satisfactory data.
First, it is assumed that the waves propagate through the bars undistorted at the elastic
wave velocity. Second, the pressure bars have to be long enough to allow for the
observation of the entire loading event, without the interruptions caused by wave
reflections. One version of the compressive SHB with the data acquisition equipment is

presented in figure 1.20.

There are some disadvantages and limitations of the compressive SHB. At higher
strain rates, some of the major assumptions seize to be valid, including the wave
propagation effects, radial inertial effects and barrelling. Barrelling is indicator that there
is no uniform state of stress present which was the main assumption. These
considerations have limited the use of the compressive SHB to strain rates of up to 2x10°

st

1.4.2.2 Tensile Split Hopkinson Bar

Tensile SHB set-up is very similar to the compressive SHB. The difference is in
the specimen mount. Specimen is made with threads at each end and is screwed in the
collars at the ends of incident and transmitter bars. The practical limit for strain rate is
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10° s due to the longer time rise of the incident pulse. Wave reflections and interactions

also start to interfere with the data at higher strain rates.

1.4.2.3 Torsional Split Hopkinson Bar

Torsional SHB enables testing tubular specimens in torsion. With the
development of this equipment, higher strain rates were achieved with the higher
available strains. The equipment consists of two bars; incident and transmitter bar, and
the tubular specimen between the bars. Loading is achieved by storing the torque in the
portion of the incident bar by means of some kind of clamp, depending on the specific
set-up. When the torque is released, the short pulse is generated and travels towards the
specimen. As in the compressive and tensile SHBs, part of the pulse is transmitted and
part is reflected. By recording the strain-time history, the data on stress, strain and strain
rate can be obtained.

There are advantages of the torsional SHB over the tensile and especially
compressive SHB. The higher strain rates can be obtained (up to 10* s*) , and there is no
effect of barrelling found in compressive SHB. More on torsional split Hopkinson bar is

be presented in Chapter 2.

1.4.2.4 Direct Impact Split Hopkinson Bar

This version of the split Hopkinson bar was developed in order to achieve even
higher strain rates. Strain rates achieved with this set-up are up to 10° s™'. Here, the
specimen is impacted directly and the incident bar is eliminated.
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1.4.3 Flyer Plate Experiment

The flyer plate experiments offer the highest achievable strain rate in testing.
Strain rates of 10° to 107 s can be achieved by the impact of two plates. The advantage
of these experiments, beside the highest strain rate, is the absence of two components of
strain, thus there is only uniaxial strain present. However, the stress state cannot be
assumed to be uniaxial as in the SHB tests, and all three components of stress have to be
considered. Moreover, the plate design allows for higher stress amplitudes accompanied
by higher strain rates. The analysis of the stress and strain is performed by considering
the uniaxial strain distribution, and the stress triaxiality problem is eliminated.

1.44 Expanding Ring Technique

This experiment employs a specimen in the shape of the ring that is either
explosively or, more recently, electromagneticaly expanded. The advantage of this
experiment is the uniformity of the stress and ease of measuring variables. The difficulty
with this experiment is that it is not easy to do the actual tests. Moreover, the data at
higher strain rates begin to deviate and the practical strain rate is limited by problems
such as radial inertial effects, wave propagation effects and strain and stress state in the

specimen among others.

1.4.5 Numerical Techniques and Simulations

More recently, with the development of computer codes and other simulation
programs, the study of the high strain rate effects on materials has been done by
computer simulations. The advantage of this technique is that the material and other
variables can be easily changed and results for different conditions can be obtained.
Studies were done on materials with variables such as thermal conductivity, hardness,
plasticity, etc. By simply changing some or all of the variables, different material is
created and can be tested without the difficulty of manually preparing specimens for the
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actual experimental examination. The disadvantage, however, is that usually results
obtained by computer simulations have to be verified by the experimental results in order

to become valid.
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CHAPTER 2 DESIGN OF EXPERIMENT AND
EXPERIMENTAL PROCEDURE

2.1 INTRODUCTION

The experiment was performed on the torsional split Hopkinson bar using the
tubular-shaped specimens. The strain rates achieved with this equipment ranged from
about 250 s to 850 s'. This chapter presents the equipment description and experimental

procedure along with the specimen properties.

2.2 TORSIONAL SPLIT HOPKINSON BAR

2.2.1 Historical Development

The split Hopkinson bar was developed as an improved version of the Hopkinson
bar which was first developed and used by British engineer John Hopkinson in 1914.
Hopkinson realised that displacements in the bar were directly related to the stresses in
the bar and that length of the wave in the bar was related to duration of impact through
the velocity of the sound in the bar. This first version of the bar utilised only one bar

which was struck by bullet or detonation of explosive.

Kolsky [78] modified the original version of the Hopkinson bar in 1949, and he
developed the split Hopkinson bar that utilises two bars instead of one. Specimen was
placed between the bars (transmitter bar and incident bar), and by sending the
compression wave through the incident bar towards the specimen, one part of the wave
was transmitted through the specimen and the other part was reflected back from the
specimen. The values for axial stress were thus obtained from the transmitted wave, and
values for the strain rate were obtained from the magnitude of the reflected wave.
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The first torsional split Hopkinson bar was developed by Baker and Yew in 1966
[79]. They used the same idea as in the original SHB but they applied a torsional step
wave. The torque was stored in a portion of the incident bar and than released, providing
the step torsional pulse that was loading the specimen placed between the bars. Again,
the analysis of the stress and strain was obtained from the reflected and transmitted

pulses on each side of the specimen.

Since the torsional SHB was developed in 1966, much of the advancement has
taken place in the design of the bar. Today, many facilities exist that use the split
Hopkinson bar for the high strain rate testing in the range of 10° to 10* s*. One such
instrumentation exists at the University of Manitoba where the study on high strain rate
behaviour of materials has been progressing for many years. The torsional version of the
bar was developed at the University of Manitoba in 1995 by C. D. Liu, E. Cepus and M.

N. Bassim.

2.2.2 Design and Implementation of the TSHB

In this study, the stored torque torsional split Hopkinson bar was used. The
standard set-up is shown in figure 2.1 and the wave diagram for three pulses (incident,
reflected and transmitted pulses) is presented in figure 2.2. The version developed by C.
D. Liu, E. Cepus and M. N. Bassim used in this study is presented in figure 2.3.

The TSHB consists of two bars; incident and transmitter bar (figure 2.1 and 2.3).
Bars are 25.4 mm in diameter made of 6061-T6 Aluminum alloy and are supported by
Teflon bearings along the length. The loading pulse is produced by releasing the torque
that is stored by the means of the clamp. Clamping must be adequate so that no slipping
occurs during torque-storing, and upon release of the torque it must release the torque

fast enough so that sharp step wave is generated.



DCDT: direct current differential transformer
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Figure 2.1: Standard Set-up of the Torsional Split Hopkinson Bar [80]
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Figure 2.2: Wave Characteristic Diagram For the Stored-Torque Kolsky Bar (80]
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When the torque is released, the loading pulse (the incident wave) travels towards
the specimen. The unloading pulse is also generated and travels in the opposite direction,
from the clamp towards the loading mechanism (figure 2.2). When the incident wave (the
loading pulse) reaches the specimen, one part is transmitted through the specimen, and
the other part is reflected back. The incident pulse, reflected pulse and transmitted pulse
are recorded with the digital wave recorder through the strain gauges placed on the bars.
The strain gauge on the incident bar captures both the incident and reflected waves. The
transmitted pulse is captured by the strain gauge on the transmitter bar. Strain gauges are
placed at certain distances from the specimen to avoid the interference of the incident
and reflected pulses. More on the actual design of the TSHB can be found in [53] and
[80].

There are some advantages of the torsional split Hopkinson bar over the axial
split Hopkinson bars. The compressive pulse in axial loading is accompanied by the
Poisson’s ratio effect and this produces the radial expansion of the specimen which
presents the violation of the assumption made in axial testing. Under higher strain rates,
the radial expansion is opposed by the inertia effects and the results obtained from the
tests are not valid because of geometric dispersion. Due to the torsional loading in the
tests performed on TSHB, the radial component of the stress is not present due to the

absence of Poisson’s ratio.

Another advantage of the TSHB is the absence of the wave dispersion. In
compressive SHB, the pulse that is generated is dispersed because the different frequency
components of the pulse travel at different velocities. Higher frequencies travel at lower
velocities. In the torsional pulse, all frequency components travel at the same velocity
and there is no wave dispersion. However, the disadvantage of the non-dispersive pulse is
that if the pulse is noisy (high frequency components superimposed on the main pulse)
when initiated, the noise will travel along with the main pulse causing non-constant strain
rate. This does not happen in the compressive SHB since higher frequencies attenuate

due to the wave dispersion.
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The main disadvantage of the torsional SHB is the higher cost of specimen
preparation. Specimens for the TSHB are of tubular shape and are more difficult to
machine than the cylindrical specimens for the axial SHB. Another problem is the
mounting or gripping of the specimen. If specimen is placed in the hexagonal slots at the
end of the two bars, care must be exercised to obtain a good grip, so that there are no

unwanted reflections off the specimen..

To obtain the values for the stress and strain in the specimen, the strains in the
incident and transmitter bars are recorded through the strain gauges. The reflected pulse
gives the value of the strain rate in the specimen . By integration of the strain rate, the
shear strain in the specimen can be obtained. The shear strain in the specimen is
obtained by taking the difference in rotation of its two ends and dividing the difference
by the specimen gauge length

Ds -Ds 2
gy = ¢12L, ¢ @1)

where D, is a mean diameter of the specimen, ¢, is angle of twist of the incident bar, ¢.
is the angle of twist of the transmitter bar, and L, is a gauge length of the specimen.

The angle of twist of the transmitter bar ¢, can be obtained from the measured
strain in the transmitter bar

T=

Nie]

¢ _ p o
ox ~ 2 ot 22)

where D is diameter of the bar, and ¢ = /G/p is the velocity of the torsional wave (G is
modulus of rigidity, p is density). From equation (2.2)
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= 2[)' Jy 10 ae 2.3)

The angle of twist in the incident bar is determined from the difference between

incident and reflected pulses
b1 = 2§00 = yalD)ar 2.4)
From equations (2.1), (2.3) and (2.4), the strain rate in the specimen is obtained

ps(t) = f— L (o) = [p(e) = yr(D]] (2.5)

Equation (2.5) can be simplified for the case of homogeneous strain when

yr = y1 — (—yr) and the strain rate becomes

2"0’ 2% yae) 2.6)

75(t) =

From the recorded history of strain in the incident bar from the reflected pulse,
the strain rate in the specimen is obtained from equation (2.6). The strain in the specimen
is obtained by numerical integration of equation (2.6). Therefore, by recording the
reflected wave in the incident bar, strain rate and strain in the specimen are obtained.

Transmitted pulse provides the measure for the shear stress in the specimen. The

shear stress in the tubular specimen is given by

27T,
= (Din), @7
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where ¢, stands for specimen wall thickness and 7, for torque in the specimen. The
torque in the specimen is given by the average of the torques at each end, 7; at the

interface with incident bar, and 7 at the interface with transmitter bar

T, = —T-‘—gi (2.8)

The torque 7, can be found from the strains of the incident and reflected waves
3
T, = —"'Dm’tG(}’i + ¥r) (29)

Again, for the homogeneous state of stress in the specimen, yr = y; + yg, and the stress

in the specimen is obtained

t.l(t) = 8 D} 1,

More information on the torsional split Hopkinson bar and its design can be found

in reference [53].
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2.3 DESIGN OF SPECIMENS

This section describes the type of specimens used in this study. Material,
geometry and heat treatment with corresponding microstructure are explained. Attention
is also placed on the specimen preparation since it is of great importance that specimens
be machined properly with the fewest defects.

2.3.1 Material for Specimens

This study was performed on AISI 4140 steel received as hexagonal bar in cold
drawn and partially annealed condition. The composition of the steel is presented in
Table 2.1 along with some thermophysical data. It is seen that the values of thermal
conductivity and thermal diffusivity are relatively low which explains the susceptibility

of this material to adiabatic shear band formation.

2.3.2 Specimen Geometries

Three different variations on the basic geometry of the specimen were utilised in
this study. The basic specimen shape with dimensions is presented in figure 2.4. The
gauge section of the specimen is tubular in shape with the outer diameter 13.36 mm and
wall thickness of 0.4 mm. Ends of the specimen are hexagonal and fit into the slots at the
ends of the bars which are the same size hexagonal groves.

Three different gauge lengths machined for this study are 3.00 mm, 3.78 mm and
10 mm. Different gauge lengths were made in order to obtain different strain rates and
this will be discussed in more detail in the section on experimental results. All other
geometrical properties of the specimen remained the same for each sample.



Table 2.1: Properties of AISI 4140 Steel [81, 82]
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C

P (max.)

S (max.)

Si

Cr

Mo

0.38-0.43

0.75-1.0

0.03

0.04

0.25-0.4

0.8-1.1

0.15-0.25

¢ Thermal Conductivity k=41 W/mK

*

Density p = 8100 kg/m’

Specific Heat ¢, =435 J/kgK

Thermal Diffusivity g = 11.2 x10% m?¥s
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Figure 2.4: Specimen Geometry and Dimensions
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2.3.3 Specimen Preparations

This section is included, because for the valid experimental data, it is crucial to
have properly prepared specimens. This includes the exercised care in machining.
According to Molinari and Clifton [83] the geometrical variation influences the material
response. They defined the defect parameter , ¢, that is related to vanations in the wall
thickness. It was concluded that the larger the variation in the wall thickness, therefore
the greater ¢ , the earlier is the yield drop and fracture with smaller maximum strains.
According to this, special care has to be taken in order to have the same ¢ for all
specimens if the results are to be compared. It was also concluded that the

circumferential variation in geometry does not influence the behaviour considerably.

The hexagonal bar was first cut in length approximately 15 centimetres for easier
handling. First, the hole was drilled with the centring drill to ensure the proper centring
of the internal diameter. Cooling fluid was used to take away the chips and heat that was

generated during machining.

Next, the hole was drilled with 31/64 in. drill to about 2.5 cm depth. The final
dimension of the hole was then achieved by reaming with 12.7 mm reamer. The reamer
was carefully chosen in order to obtain the best possible finish of the internal dimension.
While reaming, instead of the cooling fluid, the cutting grease was used, since it provides
better surface finish.

The next step was to machine the gauge section of the specimen. Here is where
extra care was taken to ensure the consistency among specimens. Three different gauge
lengths were machined for this study. Group 1 of specimens with 3.00 mm gauge length,
group 2 with 3.78 mm gauge length and group 3 with 10 mm gauge length. 3.00 and 3.78
mm gauge lengths were cut using specially designed cutting tool that cuts notches of 3.00
mm and 3.78 mm respectively. The notch was cut to diameter of 13.46 mm to ensure that



76

after sanding and polishing, the outer diameter is 13.36 mm. Again, while machining
these notches, the cutting grease was used to obtain satisfactory surface finish. Before
machining the gauge section, the cutting tool had to be squared in order to satisfy for the
minimal geometrical defect parameter ¢ defined by Molinari and Clifton. The
measurement of the depth of the feed was observed on the digital displacement meter
installed on the lathe. Further to this measurement, frequent measurements with digital

calliper were performed to ensure the dimension is met.

Specimens with the gauge length of 10 mm were cut in the similar fashion. Since
the gauge length is long, it was not possible to machine it with 10 mm cutting tool
because of vibrations produced due to high contact area between the tool and the
material. Here, two notches 3 mm wide were cut first and than, the 10 mm wide cutting

tool was used to take off the rest of the material.

When gauge sections were machined, the specimen was separated from the bulk

material with the parting tool while still in the lathe.

After the separation, specimen was polished in the lathe. Sanding was first
performed with sand papers from coarser to finer, the fines one being 600 (or 1200P) grit
size. After each change of the sand paper, specimen was cleaned in the ultrasonic bath to
ensure that contamination with larger particles does not happen. After sanding was done,
the gauge section was polished with the diamond paste from 6 4 to 1 4. Polishing with 1
u diamond paste was done after specimens were heat treated because of the scale that

grows on the metal during the heat treatment.

The final cleanup of the specimens was performed in the ultrasonic alcohol bath
to clean all the remaining particles and grease.



2.3.4 Specimen Heat Treatment

Since the material was received in cold drawn and partially annealed condition,
specimens were heat treated to achieve the desired microstructures. There are four groups
of specimens (A, B, C and D) according to heat treatment and produced microstructure,
and that is presented in table 2.2. Annealing was done at 850 °C for 1 hour followed by
quenching in oil or air cooling. After quenching the specimens were tempered at different
temperatures in order to obtain different microstructures. Hardness produced by heat
treatment is different for each group of specimens (A, B, C and D) and is presented in
table 2.3.

Heat treatment was performed in the inclined Marshall furnace in the presence of
inert Argon gas in order to reduce the oxidation and scale formation. Nevertheless, some
of the scale occurred and specimens were finally polished to remove the oxide film with

1 u diamond paste.

It is beneficial to emphasise here that there are three groups of specimens
according to the gauge length and strain rate (group 1, group 2 and group 3), and there
are four groups of specimens according to the heat treatment and microstructure (group
A, group B, group C and group D). For the convenience, this classification is presented in
the tabular form (table 2.4). Therefore, each group of strain rate (1, 2 or 3), has all four
groups of heat treatment (A, B, C and D).



Table 2.2: Specimen Heat Treatment
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Designation Specimen Heat Treatment
A As received. No heat treatment was performed
B Specimen was heated at 850 °C for 1 hour and air cooled.
Specimen was heated at 850 °C for 1 hour and oil quenched,
¢ followed by tempering at 315 °C for 1 hour and air cooled.
b Specimen was heated at 850 °C for 1 hour and oil quenched,
followed by tempering at 480 °C for 1 hour and air cooled.

Table 2.3: Specimen Hardness

Group

| Hardness (VHN)

250 207 292 352




Table 2.4: Classification of Specimens
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According to Strain Rate

According to Heat Treatment

Group 1 A B C D
Group 2 A B C D
Group 3 A B C D
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2.3.5 Pre-Test Specimen Microstructures

As mentioned earlier, there are four groups of specimens according to the heat
treatment. These are A, B, C and D. The heat treatment performed on specimens is
presented in table 22 and is discussed in the previous section. The resulting

microstructures are explained in this section.

Sample A is in as received condition. The optical micrograph of specimen A is
presented in figure 2.5. It is seen that the structure consists of ferrite (white) and pearlite
(dark) phases. The pearlite phase is very fine consisting of fine lamellae of cementite and
ferrite. The grains are somewhat elongated due to the cold rolling. As mentioned earlier,
it seems that only partial annealing was performed which is explained by the elongated
structure.

Sample B is presented in figure 2.6 and it is observed that the microstructure
consists also of ferrite and pearlite phases. In this case, the grains are equiaxed because
of the annealing that was performed at 850 °C. By observing the micrograph, one can
also see that the pearlite phase is coarser than in sample A. This is due to the longer total

annealing time for sample B than for sample A that was annealed by the supplier.

The hardness of the sample A is higher than hardness of the sample B (table 2.3)
due to the finer pearlite phase present in A, as well as due to the remainder of the strain
hardening effect produced during rolling. Partial annealing of specimen A did not
produce essential recovery of the residual strain and recrystallisation for the uniform and
strain free microstructure. The result is a present strain field that hinders the dislocation
motion and increases hardness, along with the effect of finer phase that is more resistant
to plastic deformation due to the greater interphase/interface area between phases that

serves as the dislocation motion barrier.
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Figure 2.6: Sample B Pre-Test Optical Micrograph
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Figure 2.7 shows the microstructure of sample C. This specimen was quenched
and tempered at 315 °C. The microstructure shows tempered martensite consisting of
martensite and very fine dispersed cementite particles inside the ferrite matrix. After
quenching, since diffusion did not occur, all of the carbon remained in the BCT (body
centred tetragonal) distorted lattice single phase (martensite). After tempering was
performed, the diffusion was allowed to occur, and carbon started diffusing forming the
cementite (Fe;C) phase out of martensite, leaving the ferrite matrix with finely dispersed
cementite. The dark boundaries in the micrograph are believed to be the prior austenite
grain boundaries occupied by the precipitated carbides during tempering.

Sample D pre-test optical micrograph is presented in figure 2.8. The structure is
also tempered martensite (martensite-ferrite-carbide aggregate) as sample C, but
tempering was performed at higher temperature. The structure shows mixture of
cementite phase (dark) dispersed in the ferrite (white) matrix, and martensite (light).
Prior austenite grain boundaries are absent in this micrograph, and the cementite phase is

coarser and more uniformly dispersed than in the sample C micrograph.

One would probably expect the hardness of the sample C to be higher than for the
sample D because of the higher tempering temperature for sample D. This is, however,
not the case, probably due to the more uniform distribution of the cementite phase within
the ferrite matrix in sample D. Also, the cementite phase in sample C seemed to have just
started to segregate, which is explained by the dominance of the white ferrite phase in the
micrograph (figure 2.7). The consequence is the lower hardness of sample C due to the

dominant softer ferrite phase.
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Figure 2.8: Sample D Pre-Test Optical Micrograph



24 EXPERIMENTAL PROCEDURE

This section describes the experimental procedure, post-test specimen preparation

for examination and the procedure for the experimental evaluation.

2.4.1 Split Hopkinson Bar Procedure

Some explanations for the testing procedure are presented in this section. The
preliminary preparation included lowering the hydraulic jack to the lowest position.
Hydraulic jack was used to apply the torque to the portion of the incident bar. The torque
was stored by the clamping mechanism. After the hydraulic jack was lowered, the release
valve on the jack was tighten and the jack was prepared for applying the torque. Next, the
notched bolt was placed in the slot and tightened with the wrench. The bolt was used in
the clamping mechanism to serve as the torque release pin. As a safety measure, the
protective mash was placed over the clamping mechanism because after the torque
release by breaking the bolt, the broken pieces of the bolt fly all over. After the bolt and
the mash were in place, the clamping mechanism was further tightened by the
lever-wrench to secure the incident bar in the position during torque-storing by the
hydraulic jack.

After all of the above was done in the exact sequence as described, the torque was
applied to the loading arm connected to the incident bar. The load placed on the loading
arm was 130 kg, which translated to the torque on the bar was 130 kg x 0.3 m =382 Nm.

After the torque was stored, the specimen was placed in the slots between the
incident and transmitter bars. The transmitter bar was then tightened in the opposite
direction from the loading pulse to ensure that there was no gap between the specimen
and the transmitter bar. Otherwise, the noise would have been initiated at the interface of
the specimen and the transmitter bar which would result in invalid data.
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With the specimen in place, all of the equipment for data collection was turned on
and armed for capturing pulses. These include three wave-form recorders and
oscilloscopes. The computer programme for storing the captured pulses by the recorders
was initiated and test was ready to be performed.

Test proceeded in the following manner. With everything in place and ready as
described above, the pin breaking bolt on the clamping mechanism was tightened until
the notched bolt (or pin) fractured. Upon the fracture of the boit, the torque was released
and the loading pulse (the torsional wave) travelled down the incident bar from the
clamping mechanism towards the specimen. When the pulse reached the specimen, part
of it travelled through the specimen loading it and continuing down the transmitter bar.
Another part reflected off the specimen and travelled back from the specimen towards
the clamping mechanism. Three pulses were captured during this very short-time process.
These three pulses included the incident pulse, the transmitted pulse and the reflected
pulse. All of them were used later in the computer analyses to obtain the data on material

response to the loading.

2.4.2 Post-Test Specimen Preparation

After the test was performed, specimens were prepared for examination. In order
to examine the adiabatic shear band characteristics the gauge section needed to be
separated from the hexagonal ends at both sides of the gauge section. In order to do this,
a diamond saw was used to cut thin cuts as close to the hexagonal ends of the specimen
as possible. After the gauge section (now the hollow thin-walled cylinder) was separated,
the burrs left from cutting were removed by grinding.

The last preparation was cleaning the specimens in the ultrasonic cleaner in
alcohol and subsequent etching of the localised plastic deformation area.
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During this preparation, special care was taken to avoid touching the surface of
the specimen in order to preserve as much as possible the morphology that was created

during the tests.

2.4.3 Procedure For Experimental Evaluation

This section will explain the procedure used in the evaluation of the test data and

what type of data were sought for.

The three different gauge length specimens were subjected to three different
strain rates due to the length of the gauge section. The dependence of strain rate on the
gauge length follows the following relation [53]

j’max = 2[?DDS ¥ max -025-:0.6

The equation works in a very close proximity with the experimental data on the
strain rate. Here, ¢ is the wave speed in Aluminum bar, D; is the specimen mean
diameter, L, is the specimen gauge length, D is the diameter of the Hopkinson bar, yma is
the maximum allowable shear strain in the Aluminum bar found to be 5.38x10" for this
specific set-up. The factors 0.25 and 0.6 come from the fact that there is energy
dissipation, and that the part of the produced energy is lost due to the pulse passing
through the sample. As well, the maximum available load in the bar was limited to about
60 % in order to reduce the fatigue in the Aluminum bar which is very susceptible to

fatigue failure.

When the specimen data are substituted in the above relation, the following strain
rates were obtained, and they are in agreement with the experimentally obtained values.
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. 269 -= m
Speed of sound in the bar c= J— = 3097 ¥
' 2710
Specimen mean diameter D; = 13mm
3.00mm
Specimen gauge length L, = 3.78mm
10.00 mm
Diameter of the bar D = 254mm
Ty _ 140-.108

Maximum alowable strain in the bar yma = G = 26100 = 5.38-10°?

Gauge length 300 mm 300 = 2oL 10 538.109.0.25.06 = 8525

. .13.1072
Gauge length3.78 mm 318 = 3_353?333 _12:’5_—41910_3 -5.38-1032.0.25-0.6 = 680s”!

.3097-13. 10"
Gauge length 10.00 mm F1000 = ToaTagE a5 45T -5-38-107-025-0.6= 2555°!

Specimens were observed under both Nikon Epiphot optical microscope and
JEOL JXA - 840 scanning electron microscope. Both the surface of the specimen and the
fracture surface inside the adiabatic shear band was examined. The fracture surface
examination was conducted under the scanning electron microscope because of higher
depth of focus and higher available magnification. Throughout the examination, the
photographs of the adiabatic shear bands and fracture surfaces were taken for each
specimen. For the sake of clarity, there were 4 specimens in each group of strain rate.
Since there were three different strain rates, the number of specimens is 12. Table 2.5

presents the summary of the specimens used in the experiment.



Table 2.5: Summary of the Test Samples *
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Aat255s! Aat680s! A at 852
Bat255s* B at 680 s Bat852s
Cat255s! Cat680s" Cat852s"
Dat 255" D at 680 s Dat8525s?

* A, B, C, D stands for the specimen heat treatment designation, and number after the
letter designation stands for the strain rate at which the specimen was tested.
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The local strain measurement in the sample was performed simply by measuring
the shear angle y in radians and taking its tangent. Figure 2.9 illustrates the procedure for
obtaining the local strain. Measurement of the adiabatic shear band width was taken from

the photomicrographs for each sample and is measured in micrometers.

The measurement of the number of dimples per square millimetre was somewhat
more complicated. It was performed by the method similar to intersect method used to
obtain the grain size. Measurement was taken from the photomicrograph for each sample.
The procedure was to draw about 20 lines in different directions on the high
magnification photograph of the fracture surface. The number of intersections between
each line and dimple was recorded. By comparing, it was possible to find the number of
dimples per line length, and from there, knowing the magnification of the photograph, it
was possible to find the number of dimples per square millimetre. The error involved
with this procedure was negligible on the final result since the number of dimples was

too great (from over 1 million to over 16 million).



Figure 2.9: Measurement of the Local Strain in the Sample
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CHAPTER 3 RESULTS
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3.1 INTRODUCTION

This chapter presents the results obtained from the torsional split Hopkinson bar
tests. It presents the photomicrographs of the adiabatic shear bands and fracture surfaces
for all samples tested. The chapter is subdivided into sections according to the strain rate
that was applied to the sample. The discussion on the findings is presented in the next
chapter.

3.2 SHORT GAUGE LENGTH - STRAIN RATE 852 s

3.2.1 Adiabatic Shear Band Morphology

This section describes the morphology of the adiabatic shear bands on the surface
of the specimens. The strain rate applied to these samples was 852 s due to their shortest
gauge length of only 3.00 millimetres. Specimens tested in this strain rate range were all
four groups of microstructure and hardness, i.e., group A, B, C and D.

Figure 3.1 shows the adiabatic shear band in sample A. The shear band is of
transformed type with local strain of 275 % and width of 120 um. It is seen from the
photomicrograph that only the locally deformed region exists. The rest of the material is
not deformed. This also suggests the transformed type of the band.

The adiabatic shear band in specimen B is presented in figure 3.2. It shows the
transformed type of the band with microcracks formed within the band. The cracks
formed inside the band originate at interfaces between the ferrite and pearlite or are
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Figure 3.2: ASB in Sample B Tested at 852 5™
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formed by decohesion between lamellae of a single pearlite grain. As presented in section
2.3.5 in Chapter 2, the pre-test microstructure of sample B consists of pearlite and ferrite
grains. The cracks originate at the interface because of the great difference in strength of
soft ferrite and hard pearlite phases. It is also observed from figure 3.2 that the fracture is
of intergranular type. As will be presented later in the chapter, the fracture surface of all
the specimens tested shows the ductile mode of failure characterised by dimples. The
width of the band for sample B is 157 um, and local strain was not available due to the

material transformation in the band.

Sample C also produced the transformed type of the band when tested at this
strain rate with the band width of 100 um. The local strain measurement was impossible
to obtain for the same reason as for the sample B. The shear band appearance for sample
C is presented in figure 3.3. As in sample B, the microcracks formed inside the band are
evident. However, the nucleation sites for cracks in this sample are different than
nucleation sites for cracks in sample B due to different original microstructures. Sample
C has structure of tempered martensite, and nucleation sites for the cracks are most
probably prior austenitic grain boundaries present in the original microstructure of
sample C. It is believed that prior austenitic grain boundaries served as sites for the initial
carbide precipitation during tempering. With these strong boundaries occupied by
carbides, there exist large difference in strength between the boundaries and surrounding
softer phase consisting of martensite and ferrite-carbide phase, which led to cracking
along these boundaries.

The adiabatic shear band in specimen D is presented in figure 3.4. The band is of
transformed type with width of 58 um and local strain of 275 %. Cracks were present in
this sample as well, and the crack nucleation sites are believed to be the interfaces
between carbide phases and softer ferrite phase.
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Figure 3.3: ASB in Sample C Tested at 852 s

Figure 3.4: ASB in Sample D Tested at 852 s*
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3.2.2 Fracture Surface of the Band

All the specimens tested exhibited the fracture inside the band. The fracture
surface is characterised by the ductile dimples, which indicates the ductile mode of
fracture. Same type of the ductile fracture was found in all samples, with the difference
in the size of the dimples. Figures 3.5 to 3.8 present the fracture surfaces of samples A,
B, C and D respectively. This section presents the photomicrographs of the fracture
surfaces, while the Chapter 4 presents the discussion on specific aspects of the fracture
surface.

It was found that the hardness does not have the influence on he fracture type, but
it has the influence on the size of ductile dimples. More on this relationship is presented

in Chapter 4.
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Fracture Surface of Sample A Tested at 852 s™
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Figure

Fracture Surface of Sample B Tested at 852 s
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3

Figure



Figure 3.8: Fracture Surface of Sample D Tested at 852 s
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3.3 MEDIUM GAUGE LENGTH - STRAIN RATE 680 s™

3.3.1 Adiabatic Shear Band Morphology

All the specimens tested at strain rate of 680 s exhibited the adiabatic shear
band. However, the type of the band is not the same for all specimens as it was for the

strain rate of 852 s™.

Sample A exhibited the deformed type of the band and the band appearance is
presented in figure 3.9. Figure 3.10 presents the same band but the surface was etched
and the microstructure of the band was revealed. It is clear that the material in the band
did not undergo any phase transformation. The microstructure inside the band consists of
the same ferrite-pearlite structure as the original pre-test microstructure. It is evident,
though, that the material exhibited heavy local strain characterised by the elongated
grains within the band. The shear band width for sample A is 220 um, with the local
strain of 470 %.

Figure 3.11 presents the adiabatic shear band for sample B. The material
exhibited the same deformed type of the band as the sample A. The etch-revealed
microstructure of the band is presented in figure 3.12. From this figure, it is evident that
the band is of deformed type since the microstructure consists of ferrite and pearlite
elongated grains due to the high local straining. As seen in figure 3.12, this material
exhibited two parallel shear bands whose formation will be given more detailed
discussion in Chapter 4. The width of the band is 280 um with the local strain of 275 %.



Figure 3.10: ASB in Sample A - Etched, Tested at 680 s*!
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Figure 3.11: ASB in Sample B Tested at 680 s™

Figure 3.12: ASB in Sample B - Etched, Tested at 680 s™
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Sample C exhibited the transformed type of the band. The adiabatic shear band
morphology is presented in figure 3.13, and the etched band with revealed microstructure
is presented in figure 3.14. It is seen from figure 3.14 that the microstructure of the band
differs from the original pre-test microstructure of this material. The band etched white
with Nital, and it is seen that the surrounding material did not experience any
deformation whatsoever, while the material in the band experienced heavy localised
shear deformation with shear strain of 348 %. The band width for this sample is 180 um.
The formation of the transformed band was discussed in detail in Chapter 1 and is not

repeated here.

Figure 3.15 presents the adiabatic shear band in sample D. The band is of
transformed type and photomicrograph of the etched band is presented in figure 3.16. As
with sample C, the band etched white with Nital, and has experienced heavy localised
strain of 173 %, while the surrounding material did not undergo any plastic shearing.
This is a characteristic of the transformed type of the shear band. The shear band width
for this sample is 108 um. Figure 3.15 also shows the initiation of microcracks in the
shear band of sample D. The nucleation sites for crack initiation are the same as
described for sample D tested at strain rate of 852 s’, i.e., decohesion between the

carbide and ferrite phases or between retained martensite and ferrite.

The fracture surface morphologies for this strain rate range are not presented
here. The discussion on the influence of hardness and microstructure on fracture will be
based on available data for strain rates of 852 s and 255 s and is presented in Chapter
4



Figure 3.13: ASB in Sample C Tested at 680 s*

Figure 3.14: ASB in Sample C - Etched, Tested at 680 s
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Figure 3.16: ASB in Sample D - Etched, Tested at 680 s
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34 LONG GAUGE LENGTH - STRAIN RATE 255 s

3.4.1 Adiabatic Shear Band Morphology

Specimens tested at strain rate of 255 s all exhibited the deformed type of the
shear band. For comparison, it was seen that samples tested at 852 s all exhibited the
transformed adiabatic shear band, samples tested at 680 s exhibited either transformed
or deformed type of the band, and samples tested at 255 s™ all exhibited the deformed
type of the band.

Figure 3.17 presents the shear band formed in specimen A. The band is of
deformed type with width of 300 zm and local strain of 275 %.

Sample B exhibited also a deformed type of the shear band and is shown in figure
3.18. The visible microcracks are formed in the same manner described for sample B in
section 3.2.1. The width of the band is 340 um with local strain within the band of 100
%.

The adiabatic shear band formed in sample C is presented in figure 3.19. The
band is of deformed type as well, with the width of 200 um and local strain of 143 %.

The shear band for sample D is presented in figure 3.20. The band is also
deformed type with local strain of 100 % and width of 130 um.

The details of formation of the shear bands formed in samples tested at strain rate
of 255 s are analogous to ones explained for the samples tested at two previous strain
rates and are therefore not discussed in more detail here.
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: ASB in Sample A Tested at 255 s™
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Figure 3.18: ASB in Sample B Tested at 255 s
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Figure 3.20: ASB in Sample D Tested at 255 s
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3.4.2 Fracture Surface of the Band

As with samples tested at strain rate of 852 s described in section 3.2, all of the
samples tested at strain rate of 255 s exhibited fracture along the shear band. The
fracture type is ductile characterised by the ductile dimples formed at the fracture
surface. The fracture surfaces for samples A, B, C and D are presented in figures 3.21 to
3.24 respectively. As mentioned, all of the four samples showed ductile fracture, with the
difference of the dimple size. The harder samples showed smaller dimples than the softer

samples.

More on the characterisation of the fractures is presented in Chapter 4 on

discussion of the results.

It is worth summarising here some of the characteristics of the shear bands and
fractures formed in all of the tested samples. Samples tested at strain rate of 852 s all
showed the transformed type of the band with ductile fracture along the centre line of the
band. Strain rate of 680 s caused mixed types of the bands. Thus, samples A and B
exhibited deformed shear bands, while samples C and D showed the transformed bands.
Samples tested at strain rate of 255 s all exhibited deformed types of shear bands with
the ductile type of fracture along the shear band. The concise summary of the findings is
presented in table 3.1 and presents data on the type of the band, width and local strain.
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Figure 3.22: Fracture Surface of Sample B Tested at 255 s™
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Figure 3.24: Fracture Surface of Sample D Tested at 255 s™
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Table 3.1: Summary of the Test Data

Strain Rate | Sample | Typeof ASB | ASB Width (um) | Local Strain (%)
A Transformed 120 275
B Transformed 157 <>
852 ¢!
C Transformed 100 1X]
D Transformed 58 275
A Deformed 220 470
B Deformed 280 275
680 s
C Transformed 180 348
D Transformed 108 173
A Deformed 300 275
B Deformed 340 100
255«
C Deformed 200 143
D Deformed 130 100

«» Data not available.
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CHAPTER 4 DISCUSSION

4.1 INTRODUCTION

Test results described in Chapter 3 are discussed in more detail here. The nature
of the shear bands is discussed with some characteristics not described in Chapter 1.
Nucleation of the shear band by void nucleation and coalescence is presented evidence in
this chapter along with some evidence of high temperature rise within the band during its

formation.

This chapter concerns primarily with material hardness, microstructure, and
applied strain rate influence on the adiabatic shear band formation and fracture

characteristics.

42 TRANSFORMED VERSUS DEFORMED SHEAR BAND

As presented in Chapter 3, depending on the strain rate and material hardness and
microstructure, there can exist either deformed shear band or transformed shear band.
The difference in the appearance of these two types of the band is shown in figures 3.10
and 3.12 which show the deformed type of the band, and figures 3.14 and 3.16 which
show the transformed type of the band. The main distinction between these two types of
the band is in the microstructure of the band material. Deformed bands have the original
microstructure characterised by some recrystallisation that usually leaves finer
microstructure than the original one. Figure 4.1 shows the microstructure inside the
deformed band occurred in sample A tested at strain rate of 680 s™. It is seen that the
structure inside the band is the same as the structure surrounding the band, i.e., the
original, matrix material. The characteristic appearance is elongated grains within the



Figure 4.2: Optical Micrograph of Transformed Shear Band
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band depicted as black and white stringer-like pearlite-ferrite grains. The elongation
appears as a result of very high local strain inside the band (470 % for sample A in figure
4.1). The recrystallisation takes place as a result of very high temperature rise within the
shear band that leads to enough thermal energy for recrystallisation to occur.

The process of formation of the deformed shear band in pearlitic steel (samples A
and B) can be explained through the difference in strength of adjoining phases. During
the deformation process, the weaker ferrite phase will take the majority of the
deformation. The pearlite phase consisting of lamellae of cementite and ferrite will also
take certain amount of deformation in its ferrite lamellae since they are weaker than the

cementite lamellae.

Figure 4.2 presents the typical optical photograph of the transformed shear band.
It is evident from photomicrograph that the material within the band has different
microstructure from the surrounding matrix material which has the original pre-test
microstructure. The original structure is tempered martensite characterised by carbide
particles in ferrite matrix (lite) and martensite (dark). The microstructure of the shear
band is typical of untempered martensite which suggests that the phase transformation
occurred due to very high temperature rise within the band followed by rapid quenching
of the material in the band by the surrounding matrix material.

4.3 MULTIPLE SHEAR BAND FORMATION

Chapter 3 focused only on the types and characteristics of the shear bands formed
in different material microstructures. There is however, additional characteristic of the
shear band formation that was not mentioned so far, and that is the multiple shear band
occurrence. The number of shear bands formed in the sample depends on the material
and on the strain rate as well as on the length of the gauge section. In this experiment, it
was observed that the number of shear bands depended strongly on the gauge length. The
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number of shear bands ranged from 1 to more than 10. Specimens with the shortest gauge
length of 3.00 mm exhibited from 1 to 3 shear bands, the same number as medium gauge
length (3.78 mm) specimens. Specimens with long gauge length of 10.00 mm showed
from 1 to more than 10 parallel shear bands. Sample A tested at 255 s was the sample
with the highest number of shear bands (more than 10). Figure 4.3 shows the multiple
shear band in sample A tested at 852 s™. It was also observed that during fracture, the
propagating crack along the shear band can change the plane of propagation and jump
from one band to another, leaving steps on the fracture surface. Figure 4.4 shows two
bands joined together by the propagating crack.

44 VOID NUCLEATION AND FRACTURE

As mentioned earlier in Chapter 3, the fracture surface in all samples tested
appeared to be characterised by dimples which is the indication of ductile fracture. The
dimple size varied according to the specimen hardness and strain rate and is discussed in
more detail in section 4.5. This section deals with characteristics of the fracture surfaces
exhibited by all samples tested.

High magnification of the fracture surface for sample B tested at 255 s* is
presented in figure 4.5. In all specimens tested, there was no indication of brittle fracture.
All specimens exhibited the same fracture surface appearance as presented for sample B
in figure 4.5, with the difference in the size of the dimples. It is believed that the fracture
is ductile because of the very high temperature rise within the band during deformation.
The major portion of the plastic work generated during straining is converted into heat
which softens the material in the shear band. Since the fracture is ductile, it was
concluded that crack formed and propagated before material in the band cooled down or
was quenched by the surrounding matrix in the case of the transformed band formation.
Therefore, the fracture occurred while the material was still hot. If it were
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supposed that fracture occurred after the band material was quenched by the surrounding
matrix, that would indicate that the band was already formed and the material in the band
was already hard. Under these conditions, the fracture type would most certainly be
brittle fracture characterised by cleavage. Since cleavage was not observed in any
sample, it was concluded that the fracture occurred during the band formation while the
material was still hot from the temperature released by plastic work done during shear

deformation.

The evidence of the high temperature released within the band during the
adiabatic shear band formation is seen in knobbly structure formed on dimple peaks on
the fracture surface. Figure 4.6 shows this for sample B tested at 680 s™. This knobbly
appearance suggests that there was melting of the material inside the band due to high
temperature. Melting of the surface can be produced either by the temperature released
during plastic work, or can be produced by temperature release due to rubbing two
surfaces against each other. However, in this case, it seems that the temperature
responsible for melting comes from the plastic work, because otherwise, the surface
would be smeared rather than fully developed, dimple-like.

As it was mentioned, the fracture surface also exhibited third characteristic
besides dimples and knobbly structure. The third characteristic of the fracture surface
observed in this experiment was flat, smeared surface. This is presented in figure 4.7 for
sampie B tested at 852 s”'. This smeared surface is characteristic of specimens tested in
torsion using a torsional split Hopkinson bar. It appears as a result of rubbing between
two fractured surfaces of the specimen. The smeared surface is not actually the
characteristic of the material or strain rate, but is purely a mechanical consequence of the

test conditions.

To summarise, there are three distinct regions on the fracture surface in the
specimens tested in this study. These are dimples, knobbly structure and smeared surface.
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Figure 4.6: Knobbly Structure on Fracture Surface
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Figure 4.7: Smeared Surface
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The most probable mechanism of fracture initiation is the microcrack initiation
and void nucleation and coalescence. The nucleation sites for samples tested in this
experiment include the interface between ferrite and pearlite grains in samples A and B.
It is also possible that voids nucleate at the interface between ferrite and cementite
lamellae in the single pearlite grain. The reason for void nucleation at these sites comes
from the difference in strength of two phases. The grain boundaries have high strength
compared to ferrite, and by plastic deformation of ferrite, the dislocations accumulate at
these boundaries raising the stress and strain fields at the boundary. Because of the high
stresses at the boundary, there will be decohesion between ferrite grains and pearlite (or
other ferrite) grains. The decohesion between ferrite and cementite lamellae in the single

pearlite grain forms in a similar fashion to one just described for ferrite/pearlite interface.

The microcrack initiation and void nucleation in samples C and D occurs at hard
carbide particles dispersed in the matrix (tempered martensite). The mechanism of
cracking in sample D is analogous to crack initiation in samples A and B described
above, with the difference in phases. Here, the stronger phase is carbide, and softer phase
is ferrite matrix. Sample C follows the same mechanism of crack initiation and void
nucleation, but it has another possible site for microcrack and void initiation. Since this
material also has the prior austenite grain boundaries, these boundaries are yet another
site for void nucleation and microcrack initiation. The mechanism is similar to one
described for samples A and B where the crack initiates at the boundary between the

ferrite/pearlite interface.

Figure 4.8 presents the voids in sample B tested at 852 s™. It is seen that voids
nucleated in line, grew and joined together forming a crack. It is also seen that there are
other parallel cracks in this photo. By joining of these independent cracks, the final
fracture occurred in the sample.
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4.5 INFLUENCE OF MICROSTRUCTURE AND HARDNESS ON
SHEAR BANDS

Before commenting on the influence of hardness on adiabatic shear band
formation and morphology, the microstructure effect is examined. It is seen from chapter
3 that all samples tested at strain rate of 852 s exhibited transformed type of the band.
Also, all the specimens tested at strain rate of 255 s exhibited the deformed type of the
band. In these two groups of strain rates, the influence of microstructure on ASB is not
evident. However, in the intermediate strain rate of 680 s, some specimens showed the
deformed band, and some showed the transformed band.

Specimens A and B tested at 680 s were characterised by the deformed type of
the shear band, while specimens C and D exhibited the transformed type of the shear
band. It is at this strain rate that the influence of microstructure can be examined.
Samples that showed deformed shear band are softer specimens A (VHN 250) and B
(VHN 207) with hypoeutectoid microstructure consisting of ferrite and pearlite. Ferrite is
the softest phase present in this steel, and since it is abundant in heat treatment belonging
to samples A and B, it takes most of the deformation. The stress required to plastically
deform ferritic-pearlitic structure is much less than the stress required to deform
tempered martensitic structure. Thus, the energy supplied from the torsional loading
pulse was spent in great portion on plastic deformation of the ferrite. The rest of the work
was converted into heat that softened the material in the band. By simultaneous action of
the plastic work and heat, the material within the band deformed both under influence of
heat (softening effect) and applied stress. As a result of the elevated temperature in the
band, some recrystallisation took place and the material in the band was characterised by

the same but finer original microstructure, elongated in the direction of shearing.

The situation for samples C and D was somewhat different due to their high
hardness. The microstructure of these steels is tempered martensite consisting of
martensite and finely dispersed carbide particles in ferrite matrix. Martensite is very hard
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and brittle, and ferrite reinforced by fine carbides can be as hard as martensite. The
difference in the shear band formation and type between softer samples A and B and
harder samples C and D, lies in their microstructure and corresponding hardness. The
mechanism of the shear band formation in samples A and B with softer ferrite-pearlite
microstructure is explained above. Martensitic structure undergoes deformation in a
different manner under high strain rates. Since the material is very hard (VHN 292 for C
and VHN 352 for D), at high strain rates the flow stress becomes too large and the
available plastic work due to the loading pulse is converted almost totally into heat. The
heat is then generated and the material in the band experiences thermal softening due to
high elevated temperature.. While soft, the material deforms leaving the shear band.
Immediately after deformation takes place, the deformed material within the band is
quenched by the surrounding matrix, thus undergoing the phase transformation, and the

transformed shear band is formed.

The influence of hardness on the width of shear band is presented in figure 4.9.
Data are presented for all samples tested and it is observed that the width of the shear
band decreases as the hardness of the sample increases. This is true for all three strain
rates produced in this experiment. The reason for this decrease in the band width with
hardness is that harder materials cannot deform plastically at high strain rates if enough
heat is not available. Since there is enough heat to soften the material, it will deform only
in the region that was under very high temperature rise, and that is very narrow region.
The rest of the material surrounding this narrow localised heated region will not undergo
any plastic deformation. This comes form the fact that the flow stress decreases with the
increase in temperature. Softer material will deform within and around the centre of the
locally heated band, because its flow stress is lower than that of the harder material under
the same strain rate and other conditions. All of this leads to wider shear bands in softer
materials due to the larger portion of the material around the centreline of the band being

deformed.
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SPECIMEN |HARDNESS] __ ASB WIDTH (micons)
(VHN) _I'Strain Rate [ Strain Rate [ Strain Rate
25 s 680 i/s 892 ls
A 20 300 20 120
B 207 340 280 157
C 292 200 180 100
D 352 130 108 58

T~

~

O Strain Rate 255 /s
O Strain Rate 680 1/s

4 Strain Rate 852 1/s

200 220

240 260

280 300

Hardness (VHN)

320

340 360

Figure 4.9: Influence of Hardness on ASB Width
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Hardness of the sample also influences the fracture. It was mentioned earlier that
the fracture type is the same for all tested samples, but the size of the produced dimples
on the fracture surface is different. The size of the dimples decreases with the increased
hardness and this is presented in figure 4.10 for strain rate of 255 s*. The relation
between the dimple size and the adiabatic shear band width is presented in figure 4.11. It
is seen that dimple size and the band width are proportional, i.e., for the wider band,
there are larger dimples. This is consistent with the fact that the band is wider and that

dimples are larger for the softer material.

4.6 INFLUENCE OF STRAIN RATE ON SHEAR BANDS

Strain rate has an influence on the formation of shear bands. As the strain rate
increases, the width of the shear band decreases. This is shown in figure 4.12 for all four
groups of samples tested at three different strain rates. The strain rate has similar
influence on shear band width as the hardness.
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SAMPLE
A B C D
STRAIN RATE ASB Width (tem)
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255 300 340 200 130
680 220 280 180 108
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Figure 4.12: Influence of Strain Rate on ASB Width
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CHAPTER 5 CONCLUSIONS

AT ATATRIAP AP A

Different microstructures of AISI 4140 steel were tested at strain rates of 255 s™,
680 s* and 852 s'. Samples were grouped according to their heat treatment and
microstructure in groups A, B, C and D.

All samples tested exhibited the presence of adiabatic shear bands. However, the
type of the shear band formed in the sample depended on the strain rate and
microstructure of the sample material. At low strain rate of 255 s*, all specimens showed
deformed type of shear band. Samples tested in the intermediate strain rate range of 680
s' showed mixed shear bands. Ferritic-pearlitic specimens A and B exhibited the
deformed type of the band, while samples C and D with tempered martensite structure
exhibited the transformed shear bands. All of the samples tested at high strain rate of 852
s showed the transformed type of the shear band. It was concluded that the type of the
shear band that forms depends on both the strain rate and microstructure.

The width of the shear band varies with hardness and the strain rate. Higher
hardness produces narrower shear bands, as does the higher strain rate. As the hardness

and strain rate are decreased, the width of the shear band increases.

The type of fracture exhibited by all samples tested in this study, independent on
strain rate or the microstructure, was ductile and was characterised by the occurrence of
dimples. While the primary mode of fracture does not depend on strain rate and hardness,
it was concluded that the size of dimples depends on the hardness. The higher the
hardness, the smaller the dimple size.
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