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ABSTRACT

The presence of adiabatic shear bands (ASBs) in a material is detrimental to
their structural integrity and may lead to unexpected failure in service. Most of the
previous research work has been devoted to initiation and propagation of
adiabatic shear bands. This research is focused on process reversal of adiabatic
shearing with the ultimate intent of eliminating the deleterious effect of adiabatic
shear bands in structural parts which has been subjected to high strain rates
during forming or in service. The effect of heat treatment on structure and

mechanical properties of (ASBs) is investigated in this study.

Two groups of AISI 4340 steel cylindrical samples were austenized, oil quenched
and tempered at 315°C for 1 hr or 425°C for 1hr respectively, followed by air
cooling. The two groups were impacted at high strain rates using the modified
Split Hopkinson Pressure Bar (SHPB) to produce adiabatic shear bands in the
steel samples. Microstructural evaluation and hardness tests were conducted on
the specimens after the impact test. White etching ASBs were mostly observed in
the impacted steel samples under the optical microscope. The hardness in the
shear band region is much higher than in the rest of material. Since the objective
of this research is to eliminate the effect of these bands, selected samples were
heat treated at 315, 400, 500, 600 and 650 °C. The heat treatment time varied

between 20 min and 2 hrs.



Heat treatment of the adiabatic shear bands at 315 °C for two hours did not
produce any noticeable change in the structure and hardness of adiabatic shear
bands in the impacted steel sampies. As the tempering temperature was
increased from 300 to 600°C for a soaking time of 1 hr, recovery of the pre-
impact microstructure and properties in the shear bands became more
pronounced. At 400 °C, no significant change occurred while the change became
pronounced as the temperature was raised to 500 °C. However, heat treatment
of the shear bands at 650°C for 20 min. showed a significant change in the
microstructure. The hardness of shear bands also decreased considerably.
Complete microstructure and property recovery in the adiabatic shear band was
obtained by heating the impacted samples at 650°C for 2 hrs. The brittle white
adiabatic shear bands are completely replaced with a ductile material whose
microstructure is similar in appearance to the bulk material. A considerable

change occurred in the shear bands by heat treating at 600 °C for 1 hr.

The results of this study showed that microstructural changes taking place during
adiabatic shearing can be reversed by a heat treatment procedure. It is
suggested that the associated microstructural and property changes can be
traced to nucleation of new grains by coalescence of fine sub-grains in the

adiabatic shear bands.
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CHAPTER ONE: INTRODUCTION

Plastic deformation in metals at high strain-rates is characterized by strain
localization in narrow bands whose width may be in the range of about 100 pm.
The strain localization is usually caused by adiabatic heating in which heat
generated during deformation is concentrated and conserved along a narrow
band. The heat is not conducted away leading to a local rise in temperature. The
thermal softening effect of the local rise in temperature will cause a mechanical
instability leading to stress collapse and strain localization along the narrow
band. These narrow bands are called adiabatic shear bands. They have been
observed in metallic materials after rapid deformation. Adiabatic shear bands in
metals are generally harder and more brittie than the parent material and can act
as precursors to failure during dynamic loading. Many failures under dynamic
loading have been fraced to formation of adiabatic shear bands which
subsequently crack and lead to materials’ fragmentation. Material degradation
due to formation of adiabatic shear bands can be found in ballistic impact, high
speed machining, explosion fragmentation, metal forming processes among

others.

Two types of adiabatic shear bands have been identified in the literature:
deformed bands and transformed (also called white etching bands) bands.
Deformed bands are similar in appearance to the bulk material but consist of
highly distorted and elongated grains. They are commonly formed in some

nonferrous alloys and in pearlitic low carbon steels. When observed under optical



microscope transformed bands appear as white bands whose microstructural
features are difficult to be resolved using either optical or scanning electro
microscope. The word “transformed” is used to describe this type of band
because of the notion that the white color of the band is due to the austenization
of the bands during adiabatic heating and subsequent transformation into
untempered martensite on rapid quenching by the surrounding matrix. Results of
several other investigations, as will be enumerated in the literature review, have
however disproved this theory. The hardness of white etching bands has
generally been found to be comparable to that of untempered martensite. A
review of microstructure and properties of both types of adiabatic shear bands is

provided in detail in chapter two of this thesis.

Formation of adiabatic shear bands in a material during deformation at high
strain- rate can be regarded as a failure process even if fragmentation or fracture
of the material has not occurred. Adiabatic shear bands will act as crack initiation
sites during subsequent dynamic or quasi-static loading leading to premature and
unexpected failure in service. The presence of adiabatic shear bands in a
material will impair its mechanical integrity and is therefore not desirable in
structural parts. Several previous investigations on adiabatic shear bands since
1944, when it was first reported, have been focused on its initiation and
propagation both from material science and solid mechanics point of view. The
present investigation is aimed at process reversal of adiabatic shearing. The

objective is to explore the possibility of using heat treatment procedure to remove



adiabatic shear bands or to reduce the deleterious effects on the structure and

mechanical integrity of engineering materials.

In order to achieve the set research objective, cylindrical samples machined from
AISI 4340 steel were subjected to rapid deformation by direct impact using Split
Hopkinson Pressure Bar (SHPB). The impacted samples were evaluated for
adiabatic shear bands formation during impact loading and were subsequently
subjected to annealing treatment at temperature between 300 and 650 °C to
determine the effect of various heat treatment procedures on the structure and
material properties of the adiabatic shear bands in the impacted samples. In
addition, the effects of microstructure on the structure and material properties of
adiabatic shear bands formed during impact were also studied. The failure
mechanism of the adiabatic shear bands in samples that failed during testing was

investigated and is discussed in this research study.



CHAPTER TWO: LITERATURE REVIEW

2.1 Summary

Plastic deformation of metals and alloys under quasi-static-loading and low strain
rates at moderate strains is governed by slip and twinning mechanisms. Both slip
as well as twin deformations depend mainly on the crystallography of the
plastically deforming material. Deformations under quasi-static loading or low
strain rates are relatively uniform across the cross section of the material. The
mechanism of plastic deformation at high strain rates such as ballistic impact is a
complex phenomenon that is dominated by strain localisation along narrow
bands. Most sudden and unexpected failures of normally tough materials under
impact loading have been traced to this strain localisation during deformation.
Most of research studies to date are focused on mechanistic and microstructural
evaluation of the adiabatic shear bands. To the best of my knowledge, there has
been no intensive research on how to reverse the microstructural and property
changes accompanying adiabatic shearing. A review of previous work on
initiation, propagation and properties of adiabatic shear bands is presented in this

chapter.

2.2 Adiabatic Shear Bands (ASBs)

Adiabatic shear bands (ASBs) are regions of extreme localized deformation in

materials that are subjected to dynamic mechanical loading. During high strain-



rate deformation of a solid material, adiabatic heating may occur, whereby the
heat generated during the deformation in a particular region is retained and not
conducted away. This can cause a local rise in temperature and create a
condition whereby the thermal softening effect of adiabatic heating is greater
than the strain hardening effect of the deformation. Consequently thermo-
mechanical instability occurs in the material, resulting ultimately in an extreme
localization of deformation along narrow bands called adiabatic shear bands. In
many cases this strain localization can cause material fracture. When fracture
does not occur, the mechanical properties of a material will be impaired by the
presence of shear bands. Adiabatic shear bands are usually more brittle than
the bulk material and can serve as preferred path for crack initiation and
propagation during subsequent loading. The phenomenon of adiabatic heating
leading to strain localization and formation of shear bands during high strain-rate
deformation was first described by Zener and Holloman in 1941 [1]. Numerous
investigations have since been carried out to understand the mechanistic and
metallurgical aspects of adiabatic shear bands. Although shear bands can be
observed in a metal that is subjected to lower strain-rate deformations, the
termed adiabatic shear bands is employed when the strain rate is greater than

10%s™ [2].

Shear bands formation has been observed in a wide range of pure metals and
alloys including steels [3], ultra-fine-grained (UDG) iron [4], pure titanium [5],

titanium alloys [6], tungsten alloys [7], aluminum alloys [8] copper [9], Nickel



alloys [10], tantalum alloys [11], metallic glasses [12], and metal matrix
composites [13] among others. Shear bands formation have equally been
reported in various applications involving rapid deformation. Such applications
include high speed machining, ballistic impact, metal forming processes and
explosion fragmentation [14-18]. An Investigation by Wright [19] showed that the
average strain rate in the flow zone when machining a low carbon steel at 183
m/min and 0.5 mm/rev was 10* s™'. This strain rate is sufficiently high enough to
promote adiabatic heating and strain localization during the machining operation.
This explains the formation of ASBs in the region closed to the machine surface

of most metals after high speed machining.

Two major types of adiabatic shear bands have been observed in metallic
materials in the literature. In quench and tempered steels, adiabatic shear bands
appear as distinct white bands when observed under an optical microscope after
etching. The white etching band is completely different in appearance from the
surrounding bulk material. In pearlitic and ferritic steels and in most non ferrous
metals, the shear bands appear as largely deformed narrow bands showing
strong evidence of large shear distortion in that region during deformation. The
white etching ASBs found in steel are sometimes referred to as transformed
bands and are considered a product of transformation from austenite to
untempered martensite. It was suggested that the structure in the narrow bands
is converted to austenite during adiabatic heating while the austenite transforms

to martensite through rapid quenching by the surrounding matrix [20].



Results of many research studies however disagree with the suggestion of
austenite-to-martensite transformation during formation of the white etching
ASBs found in steels. For example, Cho et al [21] measured temperature
distribution in the shear bands of HY-100 steel during high strain rate
deformation and reported maximum temperature to be about 600 °C. Duffy and
Chi [22] also reported a maximum temperature of 600 °C in ASB during high
strain deformation of HY-100 and AISI 4340 VAR steel. The fact that this
maximum temperature is below the austenitization temperature raises some
doubts on the possibility of austenite formation during adiabatic shearing. Where
mathematical modeling of conversion of plastic deformation energy into heat
suggests a temperature rise into the austenitic region, the soaking time at that
temperature is insufficient for transformation into austenite to occur. Without
austenitization of the shear band, martensitic transformation during adiabatic
shearing cannot occur [23]. Several transmission electron microcopy studies on
white etching bands in steels showed the shear band to consist of very fine
grains of submicron size [15, 23, 25, and 26]. Zurek [26] suggested that the
white nature of the etching (ASBs) in steels is due to the resolution limit of optical

microscopy in resolving the nanometer substructure of the shear bands.



2.3 Initiation and Propagation of Adiabatic Shear Bands

2.3.1 Stages in plastic deformation at high strain rate

According to a study by Marchand and Duffy [27], plastic deformation of metallic
materials appears to follow a three stage process which begins with a
homogeneous strain state, followed by a generally inhomogeneous strain state
and finally by a narrowing of localisation in to a fine shear band. A typical stress
strain curve showing strain values at which each of the three stages of
deformation occur, as recorded by Marchand and Duffy, is given in Fig. 2.1.
Three still cameras were focused on a HY 100 steel sample undergoing torsional
rapid deformation to provide simultaneous photographs at different locations on
the sample’s surface.

The first stage of deformation representing the stage of homogenous deformation
was observed from initial yield to a strain of about 0.23. Inhomogeneous
deformation stage was observed above the strain values of 0.27. As deformation
proceeds at this stage, magnitude of localized strain increases and the width of
the region over which localization occur, decreases. In the investigated steel
samples, Marchand and Duffy reported that with an increase of nominal strain
from 0.27 to 0.35, the localised strain increased from about 0.48 to 1.70 over a
band width that is decreasing from 600 um to 150 um. The third stage marking
the extreme localisation of strain to very narrow bands was recorded at nominal

strain greater than 0.38. A strain of up to 1900 % was recorded at this stage.
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Fig. 2.1: Dynamic stress-strain curve showing three stages of deformation at high
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A relationship between the width of the shear band (w) and the strain within the

shear band (y,,) in HY 100 steel was deduced to be:

Yroc = aw’ . (2.1)

Where (a) and (b) are constants.

Many investigators have attributed the process by which deformation zone
narrows to an extremely fine shear bands at the final stage during high strain-rate
deformation to stress collapse as a result of the dominating thermal effect of
softening in the shear band, thereby creating a state of thermo-mechanical
instability [14, 27, 28, and 29]. Wright and Walter [28] investigated the dynamics
of stress collapse leading to adiabatic shearing and inferred that the loss in
strength has greater significance than the localization of strain. Schoenfeld and
Wright [14] reported that stress collapse and strain localisation in a material
undergoing rapid deformation occur at the most prominent non uniformity, which
may occur due to specimen design, wave propagation or internal imperfections in
material structure. Feng and Bassim [30] suggested that the presence of

geometrical defects in material can improve the initiation of (ASBs).

Typical responses of a material undergoing plastic deformation are shown in Fig
2.2 [14]. Plastic deformation involves two simultaneously occurring effects:
thermal softening as a result of the conversion of part of the deformation energy
into heat energy and strain hardening due to dislocation multiplication effects of

deformation, which effect predominates at any point in time depends on

10



deformation temperature and strain rate. For deformation at low strain rates or if
adiabatic heating is suppressed, the strain hardening dominates the deformation
process and the material may continuously become hardened at large strains
indicated by the isothermal curve in Fig. 2.2. Plastic deformation at high strain
rates will, however, produce adiabatic heating which leads to stress reduction
with strain as a maximum flow stress is reached. Below the maximum flow
stress, work hardening dominates the deformation process while thermal
softening effect of adiabatic heating dominates beyond the maximum flow stress.
For a perfect material with uniform distribution of stress, strain and temperature,
softening may continue indefinitely [14]. However non uniformity in the material

will lead to stress collapse, strain localisation and formation of ASBs.

11
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2.3.2 Initiation mechanisms

Four possible shear band initiation mechanisms have been indentified in single
phase homogenous materials [31]. They are grain size inhomogeneity,
geometrical softening, Peirce-Asaro-Needleman [30] textural localisation and
dislocation pile-up release as schematically presented in Fig. 2.3. A larger grain
which exhibits a lower yield than smaller grain may deform preferably and acts as
shear band initiation site under dynamic loading. Geometrical softening can
occur as a result of grain rotation leading to localised softening and initiation of
shear bands. Localised deformation of a grain can result in extended strain-
localised band through cooperative plastic deformation of grains as proposed by
Pierce et al [32], Anand and Kalidindi [33], and reviewed by Nesterenko et al [31]
(Fig. 2.3c). A local rise in temperature and softening can be produced when a
dislocation pile pierces through a grain boundary creating a site for shear band
initiation as proposed by Armstrong and Zerilli [34] and schematically presented

in Fig. 2.3d by Nestrenko et al [31].

13



(d}

Fig. 2.3 : Possible shear-band initiation mechanisms in single-phase
homogeneous materials. (a) grain size inhomogeneity, (b)
geometrical softening, (c) Peirce-Asaro-Neddleman textural
localization and (d) dislocation pile-up release [30].
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2.3.3 Constitutive relations

Several constitutive equations governing adiabatic shearing has been developed,
some of which can be used to predict various boundary parameter governing
adiabatic shear localisation. Johnson-Cook’s model [35] was proposed for metals
undergoing large deformation at high strain rates and high temperature.

According to this model, the flow shear stress is given by the equation (2.2)

7:=(A+By")(l + CIn—_Y—j 1£—T—lf-—] (2.2)
Yo Tmcl( -Tref

Where A the static yield strength, B the strain hardening parameter, y the
equivalent plastic strain, n the strain hardening exponent, Cthe strain rate

parameter, ¥ the equivalent plastic strain rate, vy, the reference strain rate, T

the temperature, T, the reference temperature, T, the melting temperature,

ref

and m the temperature exponent. Johnson Cook’s model shows that the flow
stress is a function of strain hardening coefficient, the strain-rate sensitivity and
temperature. According to this model, the flow stress will drop to zero when the
temperature in the shear band region reaches the melting temperature. The
dynamic stress-strain curves have also been described by power law as given in

equation (2.3) [36, 37]:
= l_ n .l_ i _.T__ ' 23
I o
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Where ,is the static yield stress, » is the strain hardening coefficient, m is the
strain-rate sensitivity, v thermal softening coefficient, y, is the strain at yield in a
quasi-static simple shear test, yis the strain rate, 7, is a reference shear rate

and T is the reference temperature. Several other models indicating the
influence of various variables on the dynamic propagation of adiabatic shear
bands are described in the literature [28, 29, 36-39]. For example an analysis by
Wright [39] shows that the speed of adiabatic shear band can be estimated from

its physical properties and constitutive equations.

2.3.4 Propagation of adiabatic shear bands

A single shear band may initiate and propagate in a material under high strain-
rate deformation leading to fracture of the material into two pieces. Multiple shear
bands simultaneously can initiate and propagate leading to fragmentation into
several pieces. Xue et al [40] studied multiple shear bands formation in stainless
steels by means of thick wall cylinder technique and identified various
parameters which could influence shear-band distribution as machining effect,
shrink fitting effect and annealing effect. Study by Nestrenko et al [40, 41] shows
that shear bands form during high strain rate collapse of a thick wall titanium
cylinder undergo self reorganisation as they initiate and propagate. The shear
bands were shown to arrange themselves in periodic and characteristic spacing.
An analysis by Grady and Kipp [42], further simplified by Nesterenko et al [40,

41], the constitutive equation predicting the shear bands spacing (L) as follows:

16
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Lszz[ pLe } . (2.4)

v a1,
Where k is thermal conductivity, p is density, Cis thermal heat capacity, and 7

is the applied shear strain-rate. The following relation was assumed between flow

stress and temperature.

’C—':’Co[l——a(T~T0)] (2.5)
7, is the strength at a reference temperature T, and a is a softening parameter.
Grady and Kipp [42] analysis is based on stress collapse mechanism while
ignoring work hardening and strain-rate sensitivity. A similar analysis was carried
out by Wright and Oekendon [43] on the basis of small perturbation leading to

nucleation of ASBs. According the analysis of Wright and Oeckendon, shear

band spacing (Lwo), where muitiple shear bands are formed, is given by

kCm’y™
Lyo =27 (—3:5—2—“)

e (2.6)

Wright-Oeckendon’s analysis was based on the following assumption that

T=1, [1 -a(T - TO)](—;,—j (2.7)

o}

where 7, is a reference strain rate and m is the strain rate sensitivity. z, is the

flow stress at the reference temperature T, and strain rate 7,

17



2.4 Microstructure and Properties of Adiabatic Shear Bands

Adiabatic shear bands in pearlitic steels appear as highly deformed materials.
Investigations by Meyers and Wittman [2] on high strain deformation of a low
carbon (0.2 wt. % C) steel show that white shear bands are formed only in the
steel samples with martensitic and bainitic structures. The shear bands in the
pearlitic (annealed or normalized) appear as highly deformed material. The
microstructure of a deformed band was shown to be very laminar consisting of
alternate highly elongated layers of ferrite and pearlite (Fig. 2.4). In aus-
quenched steel, both deformed and white etching bands were observed, an
effect which was attributed to difference in shearing strain at various locations.
Meyer and Wittman suggested that for brittle pearlite to have such a high amount
of deformation as observed under the microscope, a large amount of fracturing of
the cementite carbides must have occurred. A study by Zhang et al [44] on shear
banding in quenched and tempered low alloy steels showed that tempering
temperature has considerable influence on the type of shear bands that is
formed. Whereas deformed bands formed in specimens tempered at high
temperatures, white ASBs formed in specimen tempered at low or medium

temperatures.

Investigation on fine-blanking of annealed SS 400 steel by Chen et al [16] shows
that the deformed band is also made up of elongated grains. The elongated

grains were observed to align parallel to the direction of applied shear stress.
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Microstructural evolution during formation of adiabatic shear bands shown to
occur in 3 stages as schematically presented in Fig. 2.5. The 3 steps involved in
the evolution of microstructure in the shear bands are as follows:

1. Alignment and elongation of grains in shear direction.

2. Partitioning of elongated sub-grains by transverse cell walls under high

hydrostatic pressure and shear stress.

Fig. 2.4: Deformed band in a normalized AlSI 1018 steel showing laminar
structure consisting of layers of ferrite and pearlite [2]
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3. Fragmentation of laminar and spheroidization of the cementite in the shear

direction.

Fragmentation of cementite laminar in the deformation direction and partial
spheroidization of cementite has also been reported by Zurek [26] during shear
bands formation in pearlitic 4340 steel subjected to rapid deformation using a
dynamic punch test. White ASBs was reported formed in this steel at average
strain rate of 1800 s™. The size of the spheroidized cementite ranged between
0.1 and 0.05 pm and no evidence of martensite or phase transformation was
observed in the shear band. An increase in hardness of about 30% was recorded

inside the deformed band.
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a. Original pearlitic structure b. Reorientation and elongation of grains

c. Cell wall formation on the d. Fragmentation of lamellae
elongated grains

Fig. 2.5: Schematic representation of the structural evolution during shear
banding in fine-blanking process [16]
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An investigation by Cho et al [21] on dynamic torsional deformation of HY-100
steel that was quench hardened and tempered at 638 °C indicates the formation
of deformation band rather than white etching band during strain localization.
TEM examination of the shear bands showed that microstructure of the shear
band changed and showed no resemblance with the parent martensitic
microstructure. The martensite laths were replaced by a more equiaxed structure
within the shear band. The martensite laths were shown to bend and align in
shear flow direction along the flanks of the shear bands. The aligned martensite
laths along the flanks of the shear bands were found to be narrower than before.
Cho and his colleagues observed two microstructures in the centre of the shear
bands: (a) highly elongated narrow subgrains (laths) that extended in the shear
direction, and (b) fine equiaxed cells with high dislocation densities. Schematic
illustration of the microstructural evolution during adiabatic shearing as proposed
by Cho et al is given in Fig. 2.6. Cho et al's findings agree with those of Zhang et
al [44] that deformed bands are formed in quench hardened steels when they are

tempered at high temperatures.
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¢. Partitioning of elongated subgrains into | d. Formation of equiaxed cellular structure
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Fig.2.6: Schematic representation of microstructural evolution during adiabatic
shearing in HY-100 steel (quench hardened and tempered at 638°C [21].
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Microstructural evaluation of white etching bands in martensitic steel by
Wingrove [45] after high strain deformation shows the bands to consist of a high
density dislocation and cell boundaries. The microstructure was not typical of
normal martensite that is observed in steel but the diffraction pattern suggests
that the microstructure consists of martensite. An investigation by Derep [25] on
the structures of white etching bands in steels using transmission electron
microscopy indicats that it consists of extremely fine martensite lathes and
carbide grains at the outer region, while the centre of the shear bands consists of
fine equiaxed grains of ferrite, iron carbides and austenite. The length and width
of the martensite laths were found to be as small as 290 and 170 nm
respectively. The mean carbide and ferrite sizes were measured to be about 30

and 135 nm respectively.

Studies by Meyers et al [24] shows that shear bands in stainless steels consist of
two regions: one region comprises of extremely fine grains (0.1-0.2 um) with well
defined grain boundaries and a low density dislocations and another region
having a glassy structure. The glassy region was formed by a solid state
amorphitization process. TEM study of white layers produced in the surface of
ball bearing steel by Liermann [46] shows that the white shear bands consist of
very fine cells, less than 100 nm in size. Electron diffraction pattern showed that
the band was composed of austenite and martensite in approximately equal
parts. In addition, an amorphous region was also found in the white etching band

region.
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Barry and Byrne [15] conducted a TEM investigation on the surface white layer
formed during machining of hardened steels and reported that the layer consists
of very fine misoriented cells, with average size in the range of tens of nm. The
microstructural feature of the cells could not be resolved reliably as a result of the
extremely small size of the cells. They also reported that the structure of the
white surface layer is different from that of conventional martensites found in
steels. Increased amount of retained austenite in white etching bands have also
been reported two other studies prompting the suggestion of reverse martensite
transformation during formation of white ASBs in steels [25, 47]. In most cases,
the conclusion of increased austenite in the shear bands were made based on
observed ECC reflections in diffraction pattern of white etching bands and there
has been no clear explanation on what can be responsible for increased retained
austenite in the white etching bands formed in steels during rapid deformation.
Barry and Byrne [15] suggested that retention of austenite is favored by the
extremely fine size of the cells and the high dislocation densities around which
Cottrell atmosphere may form and impede austenite transformation, Thus, while
some authors like Glenn and Leslie [20] proposed martensitic transformation
during formation of white etching bands, Barry and Byrne [15], suggested reverse
martensite transformation. However, as discussed earlier, results of several other
investigations [21, 22, 23, and 26] discuss the likelihood of any transformation

taking place during formation of white shear bands and attribute the white color
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of the shear bands to the limit of optical microscopy in resolving the nanosacled

structure of white ASBs.

Shear bands are generally harder and more brittle than the bulk material.
Investigations by Meyers and Wittman [2] showed that microhardness of shear
bands in low carbon steels is independent of impact velocity. Microhardness
transverses of bands in quenched 8620 steels were found to the almost identical
for both tempered and aus-quenched structures, while the matrix microstructure
hardness varied significantly. Rogers and Shastry [48] observe that the hardness
of shear bands in steels is a function of carbon content. The increased in
hardness in deformed bands can be attributed to work hardening in the shear
localized region. In case of white etching bands, it may be due to work hardening
as well as to structural changes that occur in the shear bands. Results of several
investigations showed that the structure of white shear bands in steel consist of
the same body tetragonal structure as the matrix, but with the carbide plates and
martensite laths broken down by plastic deformation. Consequently the carbide
plates and martensite laths will be replaced by a very fine microcrystalline

structure [2, 23, 49].

Dynamic recrystallization in addition to dynamic recovery has been reported in
adiabatic shear bands during strain localization in many metals [4, 11]. Unlike in
static loading condition where the phenomena of grain recrystallization and

growth are well studied and understood, recrystallization at high strain rates are
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not so well understood or reported in the literature. The temperature rise and/ or
time associated with adiabatic shearing are considered insufficient, in many
cases, to achieve dynamic recrystallization and the kinetics of classical
recrystalization models cannot account for the observed recrystallization
behavior in adiabatic shear bands in many metals. A model of progressive sub-
grain disorientation recrystallization has been proposed by Hines et al [11, 50].
This model is based on mechanically assisted sub grain rotation that is kinetically
feasible in the stringent time and temperature profile of adiabatic shear bands in
certain metals. It shows that the recrystallized grains present in the shear bands
are the result of rotation of the recovered microstructure itself, with subsequent
dislocation annihilation responsible for transformation of sub-grain dislocation

walls to grain boundaries [9, 11, and 50].

The study on adiabatic shear bands on stainless steels using Electron
Backscattered Diffraction (EBSD) by Meyers et al [24] also showed grain
subdivision in the regions adjacent to adiabatic shear bands, with angular
rotation in the scale of one grain (30 um) of up to 20°. It was suggested that
these rotations are due to the need to accommodate the imposed shear strain as
well as to achieve compatible deformation between neighboring grains. Inside
the shear band, the microstructure breaks down into units smaller than the

resolution limit of EBSD method.

27



2.5 Factors influencing formation of Adiabatic Shear Bands

The susceptibility of a material to strain localization and subsequent adiabatic
shearing depends on factors such as loading condition, heat capacity, heat
conductivity, strength level, microstructure, geometry, defects and strain rate
among others [44, 51, 52] . Adiabatic shear bands form readily in materials with
low-strain hardening coefficient, low strain-rate sensitivity, low thermal
conductivity, high thermal softening and high strength/hardness value [26, 52].
Lindholm et al [53] and Shrivastava et al [54] reported that formation of adiabatic
shear bands in a material is strongly dependent on strain-hardening capacity of
the material and the loading conditions. Zurek [26] submitted that ASBs are
usually not formed under tensile loading because early void or crack growth
during tensile loading prevents sufficient localisation of deformation. However
during dynamic punch test which can typify a pure shear stress, Zurek observed
that fracture by either void or crack formation was suppressed and local heating

can accumulate to produce ASBs.

Microstructure plays a significant role in the formation of ASBs in metals. For
example, investigations by Nakkalil et al [55] on high strain rate deformation of
pearlitic steels show that the strain level for the onset of strain localization
decreases with decreasing inter-laminar spacing of the pearlite. Zhang et al [44]
conclude from their investigations on shear banding during ballistic impact that
tempered martensite produces ASBs more easily than austenitic structures. The

presence of abrasive particles was reported to favour occurrence of adiabatic
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shear bands in impact wear. The presence of defects, imperfections and
inhomogeneities in structure has severally been reported to promote adiabatic
shear bands formation. Schonefeld and Wright [14] concluded that shear strain
localization will occur eventually at the most prominent non-uniformity in
structure. Feng and Bassim [30] observed that ASB cannot propagate without
the presence of material or geometrical defects. Molinari and Clifton [56], Wright
[57], Duffy and Chi [22] reported that the strain at which critical strain collapses

occurs increases with increasing size of initial perturbations.

A study by Li et al [7] on adiabatic shear instability in tungsten alloys shows that
specimen geometry has significant influence on its shear bands sensibility.
While adiabatic shear bands did not form in the cylindrical specimens of the alloy,
initiation and propagation of shear localization sequential to failure was observed
in specimens having the geometry of a truncated cone. This result was attributed
to uneven stress distribution in the truncated cone specimen. Bassim [58] studied
the effect of specimen geometry in dynamic torsion test and observed that the

dimensions of the test specimens influence the deformation process.

Bonnet-Lebouvier [38] studied the relationship between shear band propagation
speed (C) and the loading condition that is typified by applied impact velocity (V)
and showed that there exists a threshold velocity below which no shear band
propagation is obtained as shown in Fig. 2.7. In addition three stages are

noticeable: In stage I, C has an almost linear relationship with V. The relationship
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tends to be nearly asymptotic in Stage Il, while C only slightly increases with V in
stage Ill. A dimensional analysis by Bonnet-Lebouvier et al [38] shows that in
stage |, shear band propagation speed C speed is correlated to (a) material
parameters: elastic modulus (n), mass density (p) specific heat (C), heat
conductivity (k), strain hardening coefficient (n) , strain rate sensitivity (m),
Taylor-Quinney coefficient (B), stress level (K) and (b) loading conditions: applied

velocity (V) and initial temperature (T,) as follows:

Kp
pC,yTom

% = o (-An+B) (2.8)

Where (A) and (B) are constants. This analysis shows that shear speed
depends, in stage |, on stress level K and is independent of elastic modulus (p).
Increasing C, will lead to decrease in shear band speed. A lower initial
temperature (T,) leads to increase in initial stress, to a stronger thermal softening
and ultimately to increase in C. Increasing m and n will have a stabilizing effect
on shear band and lead to reduction in shear band speed. Although the presence
of initial geometrical defect is necessary for the initiation of adiabatic shear
bands, Bonnet-Lebourvier [38] analyses suggest that shear propagation speed is
independent of geometrical defects. Whereas it was difficult to obtain a simple
relationship for stage Il, Lebourvier et al obtained the following relationship for

stage llI:
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Fig. 2.7: Effect of applied velocity on the stationary shear band speed [38].
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C = 77C2 m(—An'FB) (29)

This analysis shows that shear band speed propagation does not depend on V in
stage Il implying that external work does not influence the shear band
propagation speed. Increasing the stress limit K leads to increased shear band
speed in stage Ill as in stage |. The influence of thermal effects and parameters
m, n, and k is the same as in stage |. The combined opposite effect of increased
elastic modulus (u) in increasing energy flux to the band tip (leading to an
increase of C) and reducing the level of stored energy in front of band tip
(producing a decrease of C) cancels the effects of elastic modulus on shear band

speed [38].
2.6 Adiabatic shear bands failure

As described in the preceding sections, initiation of adiabatic shear bands during
high strain rate deformation of a material is promoted by inhomogeneities in the
material. Adiabatic shear bands can serve as precursors and preferential sites for
failure, either by ductile void nucleation, growth and coalescence, or by cracking.
It is suggested that high temperature of the shear bands regions make them to
have lower flow stress than the surrounding matrix thereby generating tensile
stresses which will open up voids in the shear bands [23, 59]. The level of
damage accumulation, which leads to fracture, will depend on the magnitude of

tensile stress across the shear band [26].
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Xue et al [41] studied damage evolution within shear bands in Ti-6Al-4V alloy and
reported that void evolution is comprised of the three main stages; nucleation,
growth and coalescence as presented in Fig. 2.8. The voids, once initiated, will
grow continuously into the surrounding soft matrix. According to the
investigations by Xu et al, most voids first grow to the width of the band and then
are elongated to elliptical shape along the direction of shear band. The second
stage of void growth is characterised by the void elongation and rotation along
direction of shear moment. At the third and final stage, the voids coalescence
and generate cracks. A schematic representation of void nucleation, growth and
coalescence resulting ultimately in cracks is presented in Fig. 2.9. If there are
shear strains present concurrently with the tensile stress creating the voids, the
voids are elongated and rotated as in Fig. 2.9b [41]. The final stage of crack
elongation and rotation before failure is shown by the optical micrograph in Fig.

2.10.

The study by Erlich et al [61] showed that the absence of tensile stresses after
impact resulted in bands with no voids, giving credence to the conclusion that
tensile stresses open up voids in shear bands. Rogers [62] suggested two
possible explanations for formation of voids in shear bands: (a) tensile stresses
and (b) growth by cavitations within a heated zone during deformation. Atomic
mobility at high temperature is responsible for formation of spherical voids to

reduce surface energy [61, 63]. SEM Investigation of fracture surface of a
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specimen that failed by shear band propagation by Guduru et al [64] showed
elongated structure with sheared edges as in Fig. 2.11. This observation leads to
the conclusion that the development of triaxial stresses in the shear bands

produces void growth and ultimately leads to failure.

The increased hardness that is usually observed in shear bands makes them
more brittle than the surrounding matrix and more susceptible to cracking.
Investigations by Meyers and Wittman [2] on failure of quenched and tempered
AIS! 8620 steels subjected to ballistic impact show that shear bands precede
cracking and in many cases cracks are intersected by other shear bands. A
generalized schematic representation of damage of impacted steel targets is
shown in Fig. 2.12. Spalling was found to occur in most cases at approximately
2 mm from the rear surface of the targets due to reflection of the shock wave at
the free surface. Grebe et al [63] also reported two fracture modes in Titanium
alloy plates subjected to ballistic impact (a) spalling induced by tensile pulses
generated by the reflection of the shock wave at the back surface of the target
and (b) shear tensile failures along shear bands. The characteristic dimpled

appearance of the spalled surface is shown in Fig. 2.13.

Wright and Walter [28] suggested that the formation of adiabatic shear bands
during high strain rate deformation results in reduction of shearing forces that can
be transmitted through the material and cause failure. Li et al [12] report that the

highly localized shear strain in the main shear bands in metallic glasses
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generates a stress concentration, which can initiate a mode 1l shear microcrack.
The mode !l cracks will open and become shaliow | + I complex cracks with the
depth of 10 - 20 um. It was observed that the test specimens fracture as soon as
the complex crack became mode | crack, which propagate from the surface

toward the centre.

In a review paper on failure dynamics, Klepaczko [65] suggested that one of the
most possible hypotheses in exploring the failure criteria for adiabatic shear

banding is that the maximum shear strain governs failure in ASB core. An

instability strain (T,,) must be attained for catastrophic strain localization and

failure to occur. Failure is assumed to occur when the plastic shear strain is o

times larger than the instability strain, leading to the following failure criterion

defining failure strain (fc) in the core of ASB.
Fe@=al,[T) (2.10)

Where (f) is the plastic shear strain rate. Another failure criterion for ASB

considered by Klepacko in his article applied the hypotheses that strain energy
density inside the ASB governs the failure. In this case the failure criterion

defining the critical strain energy density for failure is given by

W (D) = Wy (@) | (2.11)
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Fig. 2.8: Void nucleation and growth inside a shear band in Ti-6Al-4V alloy
(a) nucleation of voids within a shear band, (b) growth of voids
(c) elongation and rotation of voids (d) coalescence of voids to

form crack [41]
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Fig. 2.9: Schematic representation of void nucleation, growth and coalescence
in (a) absence and (b) presence of continuing shear [41].
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Fig. 2.10: The final stage of void elongation and rotation before failure [59].
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Fig. 2.12: Generalized schematic of expected damage on targets after
ballistic impact [2]
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CHAPTER 3: EXPERIMENTAL PROCEDURE

3.1 Summary

Eighty cylindrical samples were machined out of rolled AISI| 4340 steel bar.
Samples were austenitized at 843°C for 30 minutes then quenched in oil. Half of
the austenitized samples were tempered at 315°C for 1 hr. followed by air
cooling, while the rest were tempered at 425 °C for 1 hr. and air cooled. The
samples were subjected to rapid deformation by direct impact using Split

Hopkinson Pressures Bar (SHPB).

The impacted samples were cut, ground, polished, etched and examined under
optical and scanning electron microscopes to investigate the formation of
adiabatic shear bands during impact. Both transverse and longitudinal sections of
some samples were examined in order to picture the geometry of the shear
bands in the impacted samples. As the objective of this research is to study the
effective of heat treatment on the microstructure and the properties of the
adiabatic shear bands in the metal, selected samples from each group after
impact were heat treated at different temperatures to observe the changes in
microstructure and micro hardness of the shear bands relative to the bulk matrix

regions.
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3.2 Material
The material used in this study is AlSI 4340 steel. The chemical analysis of the
AISI 4340 steel is presented in Table 3.1. The geometry of the test pieces is as

shown in Fig. 3.1.

3.3 Heat Treatment of specimens before impact

All samples were austenitized at 843°C for 30 minutes followed by oil quenching
to obtain a fully martensitic microstructure. Martensites have needle like
structures and are generally very strong and hard, but brittle. The high strength
and hardness of martensite is due to effectiveness of supersaturated interstitial
carbon atoms in the body centre tetragonal structure of martensite in hindering
dislocation motion. Moreover, there are few slip systems, along which dislocation
movement can occur, in body centre tetragonal crystal structure. As-quench
martensites are generally too brittle for any engineering application and must be
tempered to improve the ductility and toughness. Tempering reduces internal
stresses introduced into the steel during rapid quenching. Heated samples were
divided into two groups; the first group was tempered at 315°C for one hour
followed by air cooling, while the second group was tempered at 425°C for one
hour and air cooled. Typical optical micrograph showing martensitic structure of

the samples before impact is shown in Fig. 3.2.
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Table 3.1: Chemical Composition of 4340 steel

Element Compositions Wt %

C 0.38-0.43
Mn 0.60- 0.80

P Max. 0.035

S Max. 0.040
Si 0.15-0.35
Cr 0.70- 0.90
Mo 0.20- 0.30
Ni 1.65-2.00
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Fig. 3.2: Photomicrograph showing martensitic structure of the steel samples
before impact
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3.4 Impact Test

The two groups of the investigated samples were impacted using the modified
Split Hopkinson Pressure Bar (SHPB). The firing pressure ranged between 100
and 250 KPa. All impact tests were conducted at room temperature and

pressure.

3.4.1 Modified Split Hopkinson Pressure Bar (SHPB)

The Split Hopkinson Pressure Bar is the most commonly used method to
investigate the effect of the high strain rate on different kind of materials. The
SHPB which was developed from Bertram Hopkinson bar by Kolsky in 1949 [16]
remains the standard equipment for measuring the response of engineering
materials to high strain-rate deformation. Fig 3.3 shows a three dimensional view
of the(SHPB). (SHPB) can produce higher strain rates > 10° s™) than most other
methods that have been developed for obtaining dynamic stress-strain curves for
dynamic mechanical loading under tensile, compressive and torsional loading

[17]. This apparatus consists of the following parts shows in (Fig. 3.4)

a. Accumulator and Firing Chamber
The compressed air in the accumulator is used to produce the pressure in the fire
barrel to force the projectile to strike the sample at high strain rates.

Pressure gage is attached to the accumulator to measure the firing pressure
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b. Control Box

This unit controls all the various parts of the SHPB and consists of the following

parts:

Power Switch button.

Retract Reset button, which serves to bring the projectile to the start point.
Charge button for initiating the charging process before firing.
Accumulator Pressure button for controlling the firing pressure.

Fire button for firing the projectile once the desired pressure has been
attained.

And the Pressure Gauge.

¢. Gun Barrel

A hollow cylinder connected to the fire barrel to guide the projectile (4340 steel

solid cylinder) towards the sample at high strain rate.

d. The Timer

Two sets of light beams are connected at 250 mm apart from each other. With

this arrangement, the time for the projectile to travel a distance of 250 mm can be

measured. The projectile velocity was calculated using this information.
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e. Transmitter

The front face of the transmitter bar is used to hang the specimens using a high
viscosity gel to keep it stuck to the centre of the bar. The transmitting bar is
connected to a strain gauge and pulse amplifier which captures the transmitting
elastic waves generated during impact and amplifies it before sending it to an
oscilloscope. The oscilloscope captures and stores the strain wave's data in form
of voltage time data. The data from the oscilloscope was analyzed with a
computer process to obtain stress-strain data for the impact test. The transmitter
bar is supported by wooden blocks to reduce the vibration. A wooden box is fixed
around the sample to control the noise and to reduce the risk of flying parts in

case of broken samples.

f. The Projectile
The projectile is a solid cylinder machined out of 4340 steel rod to the length and
diameter of 127 and 38 mm respectively; the hardness of this cylinder after heat

treatment was 47-HRC.
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Fig. 3.3 Three dimensional view of the Applied Split Hopkinson Pressure
Bar (SHPB).
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Fig 3.4 (A) right view of the Hopkinson Bar, (B) left view of the Hopkinson Bar
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3.4.2 Impact procedure

The test pieces in as-tempered condition were subjected to high strain-rate
deformation using the Split Hopkinson Pressure Bar (SHPB). The schematic view
of compressional SHPB used in this investigation is presented in Fig. 3.4. A light
gun fires a cylindrical projectile that travels through the gun barrel and strikes the
specimen at a very high impact velocity, generating elastic waves, which travel
through the specimen and are transmitted onto the output bar (transmitter). The
firing pressure was varied to obtain different velocities at which the projectile
strikes the test piece. A strain gauge connected to the output bar at about 30 cm
from the impact receiving end of the output bar captures the strain signal in form
of elastic waves transmitting through the bar. A strain pulse amplifier amplifies
the strain signal and sends it to an oscilloscope, which collects and stores the
strain data. The oscilloscope captures the strain signal in form of voltage against
time. Equipment calibration under quasi-static loading conditions shows the

correlation between the measured voltage and the corresponding load as follows:

P =1.6396V (3.1)

Where P is load in KN and V the measured voltage in mV. Assuming constant
volume and linear variation of displacement with time and constant strain rate,
the true stress (o) and true strain (g) at time ts are given by the following

expressions [18]:
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Where P (t) is Load at time ts, Li and Ls are original and final lengths of the
specimen respectively, A; is the original cross section area and f is the total time

of deformation. The strain rate (&) is given by the slope of the strain- time curve:

;= OF
ot (3.4)

3.5 Metallography

Sample preparation for metallographic investigation of the impacted samples
involves sectioning, mounting grinding, polishing and etching. The samples were
cut both in transverse and longitudinal sections in order o have a clear picture of
the geometry of the adiabatic shear bands in the impacted cylindrical steel

specimens.
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3.5.1 Samples Preparation

Mounting is an important step for preparing samples for metallographic
investigations. Small size specimens are difficult to handle during grinding and
polishing operations. Mount thickness is important because very thick samples
are hard to keep flat during grinding and polishing processes, while thin samples
are hard to handle. Cleaning of the specimens is necessary before mounting for

edge retention.

Plastic mounting of metallographic samples can be divided into two types. First
type needs pressure and high temperature to fuse powder material into a solid
mass around the samples. The second type involves mixing two polymeric liquid
at room temperature and allows settling around the samples in a mould. The first
type of plastic mounting procedure was used in this study and the molding
powder was black bakelite phenolic powder, the mounting temperature and
pressure were 130°C and 4.2 MPa respectively. The elevated temperature and
pressure inside the mould chamber allows compaction and meiting of the black
bakelite around the samples forming a cylindrical plastic mount as shown in Fig.
3.5. This process is followed by grinding and polishing of the samples in order to
obtain the mirror like surface. Polished samples were etched using the 2% Nital

to reveal the surface microstructure when viewed under the optical microscope.
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3.6 Specimens Investigations

3.6.1 Microstructure Analysis

The prepared samples were investigated using both optical and scanning
electron microscopes, Zeiss optical microscope with the Clemex Vision Analyzer
and JEOL JSM-5900 LV Scanning Electron Microscope with applied voltage of

20 V were used in this study.

2.6.2 Microhardness Measurement

The micro-hardness test was based on the Vickers method (HV). The equipment
used was Letz Wetzlar microharness tester . A 136° pyramids diamond indenter
was used to form square indent inside and outside the shear bands. 50 gm load
was used to form the indent depending on the metal hardness. The load was
applied for 10-15 second to allow the indent to form. On removing the indenter,
the lengths of the two diagonals using microscopic lens guided by small ruler
were measured. Tables are available that give the Diagonal Pyramid Hardness
(DPH) values corresponding to the measured indent diagonal. The DPH is

related to the indent diagonal by the following expression:

Constant x Applied Load (3.5)

DPH= - >
(Indent Diagonal)

To compare the hardness inside and outside the shear bands regions, the

indents were located in both regions as shown in Fig. 3.6
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Fig.3.6: Photomicrograph showing indents formed in the shear
bands during microhardness testing
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3.7 Post Impact Heat Treatments

Some of the test samples were sectioned and heat treated for a time period
ranging between 20 minutes and 2 hours at elevated temperatures of 315, 400,
500, 600 and 650 °C. The purpose of this annealing treatment is to reverse the
microstructural transformation accompanying adiabatic shearing and eliminate
the deleterious effect of adiabatic shear bands on the mechanical properties of
the materials. It is intended to investigate how the heat treatment variables such
as temperature and time influence the structure and properties of adiabatic shear
bands. A survey of literature suggests that adiabatic shear bands consist of sub-
grains of order of a few hundreds of nm and high density dislocations. The high
temperature treatment is intended to reduce the dislocation density in the
adiabatic shear bands, trigger coarsening of the extremely fine sub-grains in the
shear bands, and ultimately leading to an improvement on the ductility and

damage resistance as well as tolerance of adiabatic shear bands.
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CHAPTER FOUR: RESULTS AND DISCUSSION

4.1 Results

4.1.1 Dynamic stress-strain curves

The stress-strain data were calculated from the raw data captured by the
oscilloscope during impact test using equations (3.1- 3.4). Typical stress-time
and stress-strain curves for the samples during impact loading are presented in
figures 4.1 and 4.2 respectively. Both the strain (¢) and strain rate (£) increase
with deformation time. The strain rate increases almost linearly as the strain
increases from the inception to the end of deformation. The curves show clear
yield point, which signals the onset of plastic deformation. Strain hardening effect
of the plastic deformation dominates the deformation process until a maximum
flow stress (omax) iS reached. Beyond the maximum flow stress, the thermal
softening begins to play the major role in the deformation process. Consequently,
the flow stress decreases progressively with further increase in strain. As strain
increases, a critical strain (eqit) is reached where a sharp drop in stress is
noticeable, indicating stress collapse due to rapid thermal softening effect of

adiabatic heating leading to strain localization.

The strain rate depends on the velocity at which the projectile strikes the test
specimen. The firing pressure was adjusted to produce different projectile
velocities. The higher the impact velocity, the greater is the amount of

deformation at any given time (g;) and the greater is also the rate of deformation
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(Figs. 4.3 and 4.4). The effects of impact velocity on the flow stress for samples
that were tempered at 315 °C as a function of time, strain and strain rates are
presented in Figs. 4.5 and 4.6. The average strain rate of the samples that were
deformed by projectile striking at impact velocities of 20.5, 22.49, 30.15 and
30.29 m/s were calculated to be 998, 1092, 1380 and 1420 s” respectively.
Depending on the impact velocity, the average strain rates varied between 800
and 1100 s™ at the inception of deformation and between 1240 and 1850 s just
before the completion of the deformation process. The higher the impact velocity

(strain rate), the greater is the yield or maximum attainable flow stress.

The effect of strain rates on the adiabatic shearing in specimens tempered at
315°C shows that the higher the strain rate, the shorter is the time for the
commencement of stress collapse and strain localization. Depending on the
impact velocity, the critical strain for adiabatic shearing lies between 0.38 and
0.45. The stress-strain and stress-time curves for samples tempered at 425 °C
are presented in Figs. 4.7 and 4.8. For about the same impact momentum of the
projectile, the total strains for these samples are generally lower than those for
the samples that were tempered at 315 ° C. The average critical strain and time
for strain localization was found to be about 0.16 and 242 ps respectively, which
are also lower than for samples tempered at 315° C. These results suggest that
the time and critical strain for commencement of strain localization do not only
depend on the strain rates, they are also influenced by the microstructure of the

steel.
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4.1.2 Microstructural evaluation of the samples after deformation

Optical microscopic examination of the samples after impact test shows
formation of distinct adiabatic shear bands which appears mainly as white bands
on polished surfaces of impacted specimens after etching with nital (Fig. 4.9).
The width of the white etching bands varies along the path of propagation
between 50 and 80 um. The width of shear bands during formed adiabatic
shearing is assumed to adjust itself so as to achieve maximum growth rate. The
direction of flow pattern around the white etching band can be noticed around the
white etching band. The viscous flow pattern band becomes less noticeable with
distance away from the shear band, suggesting the thermal softening around the
white etching band reduces gradually with distance from the shear band. Layers
of deformed band on both sides of the white etching bands form the transition

region between the white shear bands and the bulk material.

As a result of the adiabatic shearing during impact the circular cross section of
the samples assumed elliptical shape after impact. When observed under the
stereo microscope at low magnification, the adiabatic shear band forms a circular
propagating path as in Figure 4.10. Except in the regions where there are
significant distortions in the geometry of the sample, the circumference of the
shear band is very close to the edge of the cylindrical samples on transverse
sections near the impacted surface. The diameter of the shear bands decreases

with distance from the impacted surface.
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Figure 4.11a shows typical macrostructure of the longitudinal section (cut
parallel to the direction of the applied impact loading) of the impacted samples
as seen under the stereo microscope. Two bands displaying parabolic shape
with one appearing as the inverse of the other can be observed on the section.
The curve path traced by the shear band in longitudinal sections at higher
magnification when observed under optical microscope is presented in Fig
4 11b. It is evident from the geometry of the adiabatic shear bands in the
transverse and longitudinal sections that adiabatic shear bands propagate in
three directions during the rapid deformation forming two identical cones inside
the cylindrical specimen. A schematic representation of the geometry of the
shear band inside the test specimen is given in Fig. 4.12. The cones that
extend outwards from the centre of the specimen towards the bottom or top of
the cylindrical specimens are symmetrical and appear as mirror image of one

another.

When observed either in transverse or longitudinal section, the adiabatic shear
band propagation paths are usually very smooth curves for samples tempered
at 315 °C before impact as shown in Fig. 4.13. However, most of the shear
band’s propagation paths that were observed in steel samples tempered at

425°C were characterized with bends and contours as shown in Fig. 4.14.
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Fig 4.11: Geometry of adiabatic shear bands in the longitudinal section
of the cylindrical test specimen. (a) Macrostructure as seen
under stereomicroscope (b) microstructure as captured by
optical microscope at magnification of (50X)
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Fig. 4.12 Schematic representation of adiabatic shear bands
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Fig. 4.13: Optical micrograph showing smooth propagation path of
adiabatic shear band in samples tempered at 315 °C
(a) transverse section (b) longitudinal section
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Fig 4.14: Optical micrograph showing contour and bends in the shear
bands propagation path in steel tempered at 425 °C
(a) Transverse section (b) Longitudinal section
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Single shear bands were observed to propagate along a circular path in the
transverse sections of samples tempered at 315 °C while double or triple shear
bands were observed in the transverse sections of many of the steel sample
tempered at 425 °C as shown in Fig. 4.15. Where multiple shear bands were
formed, the circles formed by the shear bands were concentric circles with their
centre coinciding with the centre of the impacted cylindrical specimen. Of the
multiple shear bands formed in the transverse sections of samples tempered at
425 °C, the one farthest from the edge of the cylindrical test specimens are
white etching bands while the other bands close to the edge of the specimens
are more like deformed bands than white etching bands. They have the same
color and appearance as the bulk material but the plate-like structure of the

bulk material could not be resolved in the deformed band.

As mentioned earlier the adiabatic shear bands, when observed in the
transverse section of the impacted samples, have a circular shape. In most of
the samples, a small fractional part of the circular shear bands is deformed
bands which do not display characteristic white color of white etching band as
shown in Fig. 4.16. Adiabatic shear bands serve as precursor and preferential
crack initiation sites during dynamic loading. In some samples, rapidly
propagating shear bands were observed to transform into cracks which cause
fracture of some of the samples under impact. Figure 4.17 shows fully
developed cracks propagating along adiabatic shear bands in some of the

investigated samples as observed under the optical microscope after impact.
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Fig. 4.15: Multiple shear bands in a steel sample tempered at 425° C.
Left hand corner of (A) is the edge of the sample.
(B) shows the secondary deformed band observed on
the transverse section at higher magnification (500 X).
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Fig. 4.17: Optical Micrographs showing cracking in adiabatic shear bands
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The cracks in the shear bands were observed to initiate as a result of
coalescence of voids which form in the shear bands during adiabatic shearing.
Microcracks initiate and propagate along the direction of the shear bands at
opposite sides of voids’ clusters as shown in Fig. 4.18. Adjacent microcracks
link together as deformation continues and develop into a full blown crack
which propagate along the shear bands. Fig. 4.19 shows an undulating crack
propagation path giving credence to the coalescence of voids as the
mechanism for crack initiation and propagation. Some of the cracks in the
shear bands penetrated into the bulk materials at some point where shear band
rapidly change direction leading fragmentation of some of the samples into two
identical pieces as shown in Fig. 4.20. Examination of the fractured surface
shows that the samples failed by shear along adiabatic shear bands and the
two cones formed by the shear bands in the test specimens are clearly
noticeable on the fracture surface. A schematic representation of crack
propagation path leading to fragmentation of samples into two identical parts is

shown in Fig. 4.21.
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Fig. 4.18: Void formation preceding crack nucleation and propagation in
the adiabatic shear band.
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Fig. 4.19: A rapidly propagating crack during adiabatic shearing showing
an undulating crack propagation path.
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Fig 4.20: Photograph of a sample which broke into two identical
fragments during impact showing the two cones
formed by adiabatic shear bands before fracture
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Fig. 4.21 Schematic representation of fracture path in failed samples
during impact.
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4.1.3 Micro-hardness test on samples before and after impact

The average hardness value of the sample before impact and of the bulk
material outside shear band after impact was 350 DPH while the shear bands
have average hardness value of about 620 DPH. The result of micro-hardness
test shows that the shear bands are much harder than the bulk material (Fig.
4.22), a trend which can be traced to the very fine carbides and high dislocation
density in the shear bands. The increase in hardness, as a result of high strain
deformation of the samples, is concentrated in the shear band regions. No
noticeable change was observed on the bulk material outside the shear bands.
The high hardness of the shear bands make them more susceptible to cracking
during subsequent mechanical loading, if cracking does not occur during
adiabatic shearing. Formation of an adiabatic shear band can therefore be
regarded as initiation of a damage mechanism in a material even if cracking

does not occur during adiabatic shearing.

4.1.4 Effect of heat treatment on adiabatic shear bands

Effects of post impact thermal treatment

Heat treatment of the impacted samples at 315 °C for 2 hrs did not produce any
significant change in the morphology of the shear band and that of the bulk
material as observed under the optical microscope (Fig. 4.23). The adiabatic

shear bands remain clearly distinguishable white etching bands as observed

85



before the thermal treatment. Figure 4.24 shows how the hardness of the shear
band and that of the matrix vary with post impact thermal treatment. The
hardness of the shear band was not reduced by heat treating at 315 °C for 2
hours. Instead, the hardness of both the matrix and shear band was observed to

remain about the same within the limit of experimental error.

On soaking the impacted samples at 650 °C for 20 minutes, the white color of the
shear bands disappeared as shown in Fig. 4.25. Although the shear band after
this thermal treatment is optically distinguishable from the bulk material, it is very
similar in appearance to the bulk material when viewed under the optical
microscope. The shear flow pattern observed around the adiabatic shear bands
after impact remains noticeable after the 20 minutes heat treatment at 650° C.
SEM investigations of the samples after heat treatment at 650 °C shows
spheroidized cementite embedded in a ferrite matrix as shown in Fig. 4.26. The
hardness of shear bands decrease significantly to values slightly higher than the
hardness of the impacted bulk material before heat treatment as shown in

Fig. 4.24.

Prolonged heating of the impacted samples for 2 hrs leads to complete
replacement of the white etching band with a deformed band that is hardly
distinguishable from the bulk material when viewed under an optical microscope.
The only distinguishing feature of the shear band region from the bulk material is

the traces of flow pattern that indicates a prior massive deformation in that region
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during impact. Figure 4.27 shows the optical micrograph of the sample after post
impact annealing at 650 °C for 2 hrs. The hardness of both the shear bands and
bulk material becomes even and approximately equal to that of the steel sample
before impact as presented in Fig. 4.24. The microstructural changes that occur
in the shear bands during adiabatic shearing have been reversed by high
temperature treatment at 650 °C. The rather brittle white etching bands are
replaced by a more ductile material that has the same level of hardness as the

bulk material before impact.

The results of the investigation of the effects of one hour annealing on adiabatic
shear band at 400, 500 and 600 °C are shown in Fig. 4.28. The results show
that no significant change in the appearance of the adiabatic shear bands as
observed under the optical microscope after one hour annealing at 400 °C. The
adiabatic shear band retains its white color. However after one hour annealing
at 500 °C, the white color of the adiabatic shear band has started to fade and is
gradually being replaced by the grey color of the bulk material. After one hour
heat treatment at 600 °C, the color of the adiabatic shear bands has changed
completely from white to the grey color of the bulk material. The shear band
under microscope appears like smooth surface. The grain boundaries or the
plate-like structure of the bulk material could not be resolved with optical
microscope. Unlike in the case of 20 minutes annealing at 650 °C, which

completely transforms the white etching band into deformation band in which
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deformation pattern and shear flow are visible, no such flow pattern is visible in

the shear bands after annealing at 600 °C for one hour.
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Fig. 4.22: Typical hardness distribution in the steel samples before
and after impact.
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Figure 4.23: Optical Micrograph showing ASBs in impacted samples
(a) initial ASB, no post-impact heat treatment.

(b) impacted sample after annealing at 315 °C for 2 hrs.
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Fig. 4.24: Effect of post thermal treatment on hardness of ASBs and
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Fig. 4.25: Photomicrograph showing adiabatic shear band after post
impact annealing at 650 °C for 20 minutes
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Fig. 4.26: SEM micrograph showing precipitation of carbides in the

(a) shear bands and (b) bulk material during annealing at
650 °C

92



Fig. 4.27: The optical micrograph of the sample after post impact
annealing at 650°C for 2 hrs.
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Fig. 4.28: Optical Micrograph showing the microstructure of the adiabatic
shear band and bulk material after post impact thermal treatment

for one hour at 400 °C.
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Fig. 4.29: Optical Micrograph showing the microstructure of the adiabatic
shear band and bulk material after post impact thermal treatment

for one hour at 500 °C.
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Fig. 4.30: Optical Micrograph showing the microstructure of the adiabatic
shear band and bulk material after post impact thermal treatment

for one hour at 600 °C.
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4.2 Discussion

Results of this investigation show that stress collapse time and the critical strain
required for stress collapse leading to mechanical instability, loss of load
carrying capacity and ultimately to strain localization are significantly influenced
by strain rates and microstructure. Schonefeld and Wright [14] gave
inhomogeneous distribution of temperature as one of the perturbations that
influence stress collapse time. The observed decrease in critical strain for shear
localization, in the present study, as strain rate increases agrees with Ramesh’s
[5] observation that shear localization in tungsten heavy alloys is highly
dependent on strain rate. The higher strain rate probably increased the
perturbation, in the test specimen, which subsequently enhanced the chance of

a speedy onset of stress collapse as soon as the adiabatic heating began.

Culver [66] showed that the critical strain (ein) for the onset of strain localization

is influenced by a number of variables as shown in the following model:

. _ npC
crit. = T la. s/ |

BI%%r|

{ AT €,€ (41)
where " is the strain hardening exponent, P is density of the material, C is the

specific heat capacity, p is the fraction of deformation energy that is converted to

heat, 00/0T ig the slope of temperature dependence of flow stress taken at
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constant strain and strain rate. This model implies that the Eeire) will be

dependent on strain rate (é~)for a material in which 7 , p, C are constant.

The lower stress collapse time and minimum strain needed for adiabatic shearing
recorded for steels tempered at 425 °C in comparison to those tempered at
315 °C can be traced back to the microstructural transformation that takes place
during tempering of alloy steel at the tempering temperature of 425 °C. Cho et al
[21] suggested that the thermodynamic stability of microstructure may have an
influence on the readiness of a material to experience stress collapse and strain
localization. Consequently raising the tempering temperature ought to translate
to shear localization at higher strains. However, at tempering temperature of
425 °C, tempere embrittlement resulting in segregation of impurities along grain
boundaries can occur. The presence of these segregations in the microstructure
will increase the microstructural defects and perturbations which promote

initiation and propagation of adiabatic shear bands.

Increased perturbations or material defects in the samples tempered at 425 °C
can thus account for the low stress collapse time and critical strain value for
shear localization. Feng and Bassim [30] reported that the presence of material
or geometrical defects enhance the formation of the adiabatic shear bands.
Results of experimental studies by Duffy and Chi [22] also indicated that critical
strain, at which stress collapse occurs, depends on the size of initial geometrical
defects. The results of mathematically modeling of adiabatic shearing by Wright

and Walter [28] suggested that the time of stress collapse depended on the size
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of an initial perturbation. Therefore segregation of carbides along grain
boundaries during tempering of alloy steels at 425 °C will promote microstructural
defects that will enhance early initiation of adiabatic shear bands. This is in line
with the suggestion by Marchand and Duffy [27] that shear bands are most likely
initiated at a point in the test section and then propagate rapidly as deformation

progresses.

As mentioned in Chapter two, there has been some controversy in the generally
acceptable explanation for the white color of the adiabatic shear bands that form
in steels during high strain deformation. It has been suggested that the white
shear band is a product of austenite to untempered martensite during adiabatic
shearing [20]. In this case, the heat generated during adiabatic heating is
considered to be high enough to convert the structure of the steel to martensite
which is subsequently quenched by the surrounding matrix. The suggestion of
reverse martensitic transformation has also been made to be the actual
transformation taking place during adiabatic shearing leading to formation of
white ASBs in steels [15]. Considering the very short time involved in adiabatic
shearing, it is most unlikely that both austenite formation and subsequent
transformation to untempered martensite could have occurred. It is generally
believed that carbides and martensites plates are broken down and dissolved
during adiabatic shearing resulting in very fine carbides and martensites which

are too fine to be resolved using optical microscopy.
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Several TEM studies on white ASB in steel has shown that shear bands consist
of very fine cells less than 100 nm in size [15, 23]. Witmann et al [23] reported
that the white etching ASBs in an explosively deformed AlSI 4340 steel consist of
fine FesC, carbides and very fine martensite laths and suggested that white
etching forms because the dissolution of carbides changes the etching
characteristics of the structure. The carbides were 5 to 150 nm in thickness and
formed as films on the internal twin boundaries. In the transition region between
the white ASBs and the matrix, cementite carbides with diameters varying
between 5 and 200 nm were observed. The very fine microstructure observed in
between the matrix and the white etching bands in the present study may
therefore consist of these very fine cementites and fine highly deformed
martensite lathes that are aligned in the shear flow directions. Investigations by
Meyers et al [24] show that shear bands in stainless steels consist of two
regions: one region comprises extremely fine grains 0.1- 0.2 pm, well defined
grain boundaries as well as a low density of dislocations and another region
having a glassy structure that was formed by a solid state amorphitization

process.

The multiple ASBs observed in steel samples that were tempered at 425 °C can
be explained by perturbation theory which has been used earlier to explain the
low critical strain required for adiabatic shearing and the short stress collapse
time. The presence of segregations, formed in the microstructure at the

tempering temperature, offers many initiation sites for adiabatic shear bands and
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enhances multiple adiabatic shear banding in these steel samples. The variation
in the nature of the shear bands from the characteristic white shear bands to grey
color similar to that of the matrix can be traced back to the intensity of the
fragmentation and dissolution of carbide plates during adiabatic shearing. It is
suggested that the adiabatic heating and strain rate in the band displaying white
color is so intense as to completely dissolve the carbides into extremely fine cells
that are optically not resolvable. On the other hand, the strain rate in the shear
band displaying the characteristic grey color of the bulk material is sufficient to
highly deform carbide plates and aligns them in shear direction. The deformed
carbide plates have sufficiently reduced in size that they can easily be

distinguished from the characteristic carbide laths in the bulk material.

The increased hardness in the shear bands can be attributed to the work
hardening and grain refinement bands caused by massive localized plastic
deformation in the band during impact. Grain boundaries usually act as barriers
to motion of dislocations during plastic deformation. Increased grain boundary
per unit volume as a result of grain refinement in the shear bands will therefore
lead to higher resistance to plastic deformation and therefore to increased
hardness. Increased numbers of dislocations in the shear bands can also result
in dislocation interactions whereby the large amount of dislocations will hinder
the motion of one another when shear stress is applied. Thus, the hardness and
strength of the shear band should be expected to be higher than that of the bulk

material. Meyers and Wittman [2] observed that increased hardness in shear
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bands in low carbon steels does not depend on the impact velocity; Rogers and
Shastry [48] observed that hardness in white etching bands in steel was

dependent on carbon content.

In this investigation, it was observed that the hardness of the shear band
remained unchanged after 2 hour annealing at 315 °C. This suggests that
recrystallization process at this temperature is either non existence or extremely
slow. It can also been inferred from experimental results that the recovery
process taking place at 315 °C does not involve much dislocation climb and
rearrangement that can lead to a decrease in hardness. The observed
significant hardness reduction after 20 minutes annealing at 650 °C can be
traced to nucleation and growth of spheroidal cementite in the shear bands as
observed in Fig. 4.26. Spheroidization of cementite is promoted by the resulting
decrease in surface energy. The marked reduction in hardness of the shear band
can be traced to reduction in dislocation density as a result of recrystallization

and growth of strain free and relatively coarse carbide grains during the heat

treatment process. According to Hall-Petch equation the yield strength (@) of a
polycrystalline material decreases with increasing average diameter of the grains

(d) as follows

K
o, =0, +—=

\/E (4.2)

where ¢ and K are constants for the material.
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A possible mechanism for the observed change in microstructures of the shear
bands during the heat treatment operation at 650 °C is coalescence of dissolved
extremely fine carbides inside the shear bands, [21,25,26,55], forming larger
aggregates of spheroidized carbides that are observed in SEM investigations

shown in Fig. 4.26.

An earlier transmission electron microcopy investigation on the recrystallization
of cold rolled silicon irons has shown that strain free recrystallized nuclei are
formed by coalescence of sub-grains at the most severely deformed portion of
the grains. The atomic mechanisms for sub-grain coalescence forming new
recrystallized grains involves re-orientation or rotation of sub-grains such that a
sub-grain achieves the same orientation as one of its neighbors resulting in the
disappearance of the boundary separating them. Consequently, larger size
subgrains are formed without sub grain boundary migration [67-70]. Deformation
induced grain coalescence occasioned by grain rotation was observed and
reported in ultra fine grained aluminum (~20 nm) [71]. Paul et al [72] studied
shear band recrystallization during annealing in brass, they observed that shear
bands contain high angle boundaries and also noted that recrystallization of

strain free grains occurs by coalescence of neighboring sub-grains.

Apart from subgrain coalescence, other possible mechanisms for coarsening of

cementite particles in the shear bands may be subgrain growth, in which low

angle grain boundaries of the subgrains are able to move through the material by
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a process of climb and rearrangement, leading eventually to formation of a
nucleus and the subsequent grain growth [69]. It has been reported that shear

bands have high angle boundaries which are able to migrate and form nucleus

[71]. The nucleation rate (N) during recrystallization depends on temperature

(T) and activation energy for nucleation (Qn) according to the Arrhenius equation:
_ Q
N = ke®T (4.3)
The recrystallization rate (N) increases with increasing temperature and
decreasing activation energy for nucleation. Activation energy decreases with
increasing strain and decreasing initial grain size. This implies that the high strain
and very fine nature of the particles in the shear bands can enhance the rate of
recrystallization of new stress free carbide grains at the heat treatment
temperature. Nucleation and growth of strain free relatively coarse carbides
grains from the very fine nanosized carbide subgrains in shear bands resulted in

the observed decrease in hardness as reported in this study.
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CHAPTER FIVE: CONCLUSIONS

The main objective of this research was to investigate the formation of adiabatic
shear bands in AISI 4340 steel and explore the possibility of eliminating the
damaging effect of adiabatic shear bands in this material by heat treatment
procedure. Adiabatic shear bands were formed by subjecting the steel samples
in as quenched and tempered condition to rapid deformation by impact using
modified Split Hopkinson Pressure Bar (SHPB). The following conclusions can

be made from the results of the experimental investigations:

¢ The shear band deformation in the investigated steel sample is dependent on
the strain rates. The higher the strain rate, the shorter is the time for the
commencement of stress collapse and strain localization.

+ The time and critical strain for commencement of strain localization do not
only depend on the strain rates but also on the microstructure of the steel

¢ The adiabatic shear bands formed in the steel samples during the impact
loading are mostly white etching bands forming a circle when viewed in the
transverse section and elliptical shape when viewed in the longitudinal
section. In some cases a small fraction of the shear bands in both transverse
and longitudinal section are deformed bands.

¢ In most cases, the adiabatic shear bands form two symmetrical cones with
each facing the circular ends of the test specimens. The axis of the cones is

parallel to the direction of the applied impact loading.
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The adiabatic shear bands form smooth circles in the samples tempered at
315°C, while they propagate along the wavy (contoured) path in the samples
tempered at 425°C.

Single bands are formed in the samples tempered at 315°C, while double and
triple bands are simultaneously initiated and propagated in most of the
samples tempered to 425°C.

The micro hardness measurement showed that the hardness value inside the
adiabatic shear band is much higher than in the bulk of the specimen due to
the very fine carbides and the high dislocation density inside the shear bands.
The adiabatic shear bands are a preferred path for crack initiation and
propagation which cause the material to fracture into two identical fragments
in some test specimens.

Crack initiation in the adiabatic shear bands occurs by formation of micro-
pores which coalesce to form clusters of pores. The clusters are subsequently
linked by cracks running parallel to the shear bands. The micro-cracks
subsequently transform into full blown cracks leading to sample
fragmentation.

Heat treatment of the adiabatic shear band at 315 °C for two hours does not
produce any noticeable change in the structure and hardness of adiabatic
shear bands in the impacted steel samples.

As the tempering temperature is increased from 300 to 600°C for a soaking

time of 1 hr, recovery of the pre-impact microstructure and properties in the
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shear bands become more pronounced. At 400 °C, no significant change
occurs while the change becomes pronounced as the temperature was raised
to 500 °C. A considerable change occurs in the shear bands by heat treating
at 600 °C for 1 hr.

¢ Heat treated of the shear bands at 650°C for 20 min. showed a big change in
the microstructure and the hardness of shear bands decreases to a value that
is slightly higher the original hardness value of the steel sample before
impact.

¢ Complete microstructure and property recovery is obtained by heating the
impacted samples at 650°C for 2 hrs. The brittle white adiabatic shear bands
are completely replaced with a ductile material whose microstructure is similar
in appearance to that of the bulk material.

¢ The microstructural and property changes occurring in shear bands during
high temperature thermal treatment can be traced to nucleation of new grains

by coalescence of fine sub-grains in the white etching bands.
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