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ABSTRACT
XIAOXUE CHEN. Processing and properties of materials with or without adiabatic
shear susceptibility. (Under the direction DR. QIUMING WEI)

In this dissertation, two topic areas related to adiabatic shear banding (ASB)
phenomenon were studied. Body centered cubic (BCC) metals and alloys may exhibit ASB
under uniaxial high strain rate compression if the grain size is refined into the ultrafine
grained (UFG, grain size d > 100 nm but < 1000 nm) or nanocrystalline (NC, d < 100 nm)
regime through severe plastic deformation (SPD). Such adiabatic shear localization
behavior is an essential property for a kinetic energy (KE) penetrator which exhibits a “self-
sharpening” effect. This means that the head of the penetrator remains sharp during the
penetration so that most of the KE is primarily imparted to destroy the target. However,
UFG/NC BCC refractory metals processed by SPD could not be used as KE penetrators
due to the limitation of their physical dimensions. In this work, heterogeneous multi-layer
structures of W/Fe/W and W/V/W have been produced using cold rolling and diffusion
bonding to achieve a hierarchical structure whereby the limiting dimensions were extended
and during testing the products exhibited ASB. The ASBs were observed to propagate
through the heterogeneous layers and the bonding interfaces remained intact upon high rate
loading. Subscale heterogeneous projectiles have been fabricated for ballistic testing. ASBs
identified at the head of the projectile residuals suggest an early onset of shear localization
behavior during the ballistic event.

In contrast to the former topic, a twinning induced plasticity (TWIP) steel with a
composition of Fe-15Mn-2.5Si-2Al-0.6C and face centered cubic (FCC) structure has been

found to exhibit strong strain and strain rate hardening upon the mechanical loading,



resulting in outstanding ASB resistance. The strain and strain rate hardening mechanisms
have been experimentally investigated as a function of strain rate under uniaxial tension
and compression. The steel sample is characterized by a constant strain hardening rate
accompanied by high strength and high ductility under tension. This extraordinary strong
strain rate hardening behavior was discussed in the context of deformation kinetics: high
strain rate sensitivity (SRS) and low activation volume compared with coarse-grained (CG)
FCC counterparts. It is reported for the first time: a marginal size effect has been revealed
in this TWIP steel and it is attributed to an extremely small activation volume. According
to the Zener-Hollomon equation, increasing the strain rate has an equivalent effect to that
of a decrease in deformation temperature which favors the formation of twins with small

thickness and spacing.
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CHAPTER 1: INTRODUCTION
1.1 Kinetic energy penetrators
1.1.1 Overview

Modern tanks use two main types of ammunition to defeat the armor of opposing tanks.
One type is called high explosive anti-tank (HEAT) projectile which has an explosively
driven warhead to penetrate the armor steel to a depth of seven or more times the diameter
of the charge. The other type is armor piercing fin stabilized discarding sabot (APFSDS)
projectile. The core part of the APFSDS projectile is a kinetic energy (KE) penetrator. KE
penetrators are long-rod, armor-piercing projectiles that are fired from modern high-
velocity tank guns; they aim to defeat an armored target by burrowing a cavity through the
armored material [1]. This ammunition does not contain explosives but uses KE to destroy
the target. Ideally, if the armor is defeated, the combination of heat, spalling (particle spray),
and the pressure wave generated during the penetration process, destroys the target.

The underlying principle of the KE penetrator is that it uses Kinetic energy, which is a
function of its mass and velocity, to force its way through the armor. Therefore, for any
material to be a good candidate for the penetrator applications, high mass density is one
important requirement. Another imperative requirement is that the penetrator should
exhibit a “self-sharpening” behavior which means that the head of the penetrator remains
sharp during penetration. The rapid development of the flow and shear failure behaviors
lead to a quick discard of the penetrator material which builds up at the head of the
projectile. It helps to deliver a superior ballistic performance by effectively saving the
penetration energy. In general, higher mass density and “self-sharpening” behavior should

be the prerequisites for being a penetrator material. The performance of a prototype or



subscale penetrator is usually evaluated by ballistic test where projectiles are fired to a steel
target at strain rate up to 10° s at an indoor small-scale test range facility. By means of
measuring and examining the diameter of the tunnel formed upon penetrating through the
armor plate, the ballistic performance could be judged for comparison as well as evaluation
purposes.
1.1.2 Depleted Uranium alloys penetrator and Tungsten heavy alloys penetrator

Depleted Uranium (DU) alloys, such as U-3/4Ti and U-8Mo alloys with high mass
density (17-18 g/cm?®) are highly desired as the penetrator core materials because of their
outstanding combination of high strength, good ductility, maintained ductility as well as
“self-sharpening” behavior [2-4]. Figure 1.1 (a) is a schematic of the flow and failure
behavior of a DU alloy penetrator. An early onset of shear localization occurred at the head
of the DU projectile that helped to discard the material build up during penetration. In order
to provide a visualized observation of a DU projectile, radiographic images of residual
penetrators after perforating armor steel are shown in Figures 1.2 (a) and (b). Both of the
U-3/4Ti alloy and U-8Mo alloy developed a chiseled and pointed nose, which depict early
shear failure and discard mechanism. However, DU penetrators are made from the
radioactive waste of the uranium enrichment process which can lead to acute and chronic
toxicity to humans. Therefore, its application has been restricted and research is now being
focused on finding environment friendly substitutes.

In an effort to replace DU alloys, W based heavy alloys (WHA) have emerged as
attractive alternative candidate materials because of their unique combination of elevated
temperature properties and high mass density (~19.3 g/cm®). Conventional WHAs, such as

W-Ni-Fe alloys produced by liquid phase sintering, have been widely studied as DU alloy



substitutes. However, WHA penetrators do not flow soften as quickly as DU alloys
penetrators [2, 3], as seen in Figure 1.1 (a) as well as Figures 1.2 (a) and (b). From Figure
1.1 (b) and Figure 1.2 (c), plastic localizations develop only after the WHA has undergone
very large plastic strains, producing a large “mushroom” head and thus reducing the
eventual depth of penetration. The radiographic image in Figure 1.2 (c) further
demonstrates that a mushroom head forms on the residual of the penetrator with late shear

localization and discard mechanism.
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Figure 1.1: Schematic of flow and failure behavior of (a) DU and (b) WHA residual
penetrators [5].

(@) (b) (©)

Figure 1.2: Radiographic images of residual penetrators after perforating armor steel: U-
3/4Ti alloy (a), U-8Mo alloy (b), W composite (c) [1].

Evaluating the depth and morphology of the penetration tunnel created by DU alloy and

WHA penetrators also provides a visualized result on their penetration performance. From



Figure 1.3, the volumes of both of the DU and WHA alloys’ penetration cavities were almost equal
if considering the experimental error of the measurement. However, the penetration tunnels
produced by the DU alloy were narrower and deeper than the ones created by the WHA
penetrator. Moreover, the penetration tunnel of the WHA penetrator is often more
deteriorated because of its increased diameter due to the heavy plastic deformation at the
penetrator's head [6], which further demonstrates a poor ballistic performance compared to
a DU alloy penetrator. In general, under the same firing velocity, DU penetrator pierces
deeper and generates a smaller diameter tunnel compared to WHA penetrators, which

means that DU alloy penetrator delivers a better ballistic performance.
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Figure 1.3: Comparison of penetration tunnels formed by U-3/4Ti alloy and 97% W content
WHA into a mild steel target. The depth and shape of tunnels burrowed by DU alloy and
WHA alloys penetrator are depicted by dotted line and solid line, respectively [3].
1.1.3 Adiabatic shear bands
1.1.3.1 Overview

The “Self-sharpening” effect is rooted in a material’s tendency to have adiabatic shear

banding (ASB) or adiabatic shear localization (ASL). Hence, the mechanism of ASB has

been drawing scientific researchers’ attention from the materials and mechanical



engineering fields.

In 1943, Zener and Hollomon [7] had for the first time recognized the relationship
between plastic deformation and loading strain rate in steels. Since then, many mechanical
engineers have conducted research to develop criteria to explain this plastic instability.
Recht [8] came up with a hypothesis that high strain rate plastic behavior was influenced
by temperature gradients which are a function of thermophysical properties, strain rate and
shear strength. In 1981, Bai [9] derived a criterion for thermo-plastic shear instability in
which titanium (Ti) became unstable at small strains and instability developed fully at high
strain rates but for mild steel, this phenomenon was reversed. Then, an analytical study was
carried out by Bai et al. [10] calculating the width of a shear band to be ~10-100 pm.

Adiabatic plastic deformation had also been widely studied in the area of high strain
rate deformation, such as high velocity punching, high velocity forming, high speed
machining, cryogenic deformation, ballistic testing, etc. [11-16] through experiments and
numerical methods to examine the shear localization as well as its temperature dependence
[17-20]. The numerical results for stainless steels showed that a temperature as high as the
melting temperature was reached throughout the shear band shortly after the peak load was
attained. In contrast, inside a tantalum (Ta) shear band, the temperature rise was less, and
it changed from an initial room temperature to 898 K [21]. Validation of such temperature
increases is very hard to measure during experiments. ASB was also observed in metallic
glass; and composite materials through instrumented indentation tests and ballistic tests,
respectively [22, 23].

Overall, ASB is a failure pattern of materials at high strain rates, when thermal softening

overcomes strain hardening and strain rate hardening effects [7, 8, 24]. It is generally



characterized by failure inside the shear localization bands in which severe plastic
deformation (SPD) occur and is confined to within the band and large strain gradients exist
between the shear band and the rest of the material, which consequently leads to cracks.
1.1.3.2 The microstructural and mechanical aspects of adiabatic shear bands

Figures 1.4 (a) to (d) are examples of shear localization observed in WHA, interstitial-
free steel, copper (Cu) and Ti by using Scanning Electron Microscopy (SEM), Electron
Backscattered Microscopy (EBSD) and Transmission Electron Microscopy (TEM). Figure
1.4 (a) is a SEM image of a WHA alloy, processed by hot hydrostatic extrusion and hot
torsion, tested under a uniaxial dynamic (DY) compressive load [25]. From the image, the
WHA alloy sample displays a shear band with a width of about 100 um along the diagonal
of the micrograph. One should note that the grains sheared extensively inside the band and
yet underwent recrystallization process. Flow lines turn downward through the boundary
into the shear band and then curve away on the other side forming an antisymmetric pattern,
which is typically called the canonical structure and could be used to predict the occurrence
of ASB of W [26]. In comparison with the ASB in a refractory metal alloy, which has a
high melting temperature, the ASB developed in an interstitial-free steel shows a totally
different morphology with extensive recrystallized grains within the band and a well-
defined shear band. It demonstrates that a large amount of heat is generated within the band
due to a confinement of the SPD. Since the temporal scale of the shear deformation is much
shorter than that of heat conduction, most of the heat remained within the band possibly
recrystallizing the grains [27]. TEM images of Cu and Ti taken from the shear localization
region further demonstrate the effect of heating by the presence of the nanoscale

recrystallized grains with grain size of ~200 nm.



Figure 1.4: An overview SEM micrograph showing a localization of deformation in an
adiabatic shear band in the extrusion and hot torsion processed WHA subjected to uniaxial
dynamic compression [25] (a). An overview of an interstitial-free steel with an ultrafine-
grained structure inside the shear bands (b). Ultrafine-grained structures in the bands of Cu
(c) and Ti (d) [28]

In order to understand and correlate the microstructures of ASB to the high strain rate
mechanical behavior, Marchand and Duffy [29] conducted a high strain rate torsional test
at the strain rate of about 1.6 x 102 st on HY-100 steel tubes, as shown in Figures 1.5 (a)
and (b). From Figure 1.5 (a), an obvious strain hardening behavior was observed at stage
1 and homogenous deformation was demonstrated by the continuous and un-deformed grid
patterns in the left of the micrograph in Figure 1.5 (b). At stage 2, strain hardening was
negligible while an elastic-nearly perfectly plastic behavior [30] was observed from the

stress-strain curve; the shear strain was up to 40 %. This could be explained by the

triggering or onset of the thermal softening, offsetting strain hardening and strain rate



hardening. Slightly sheared grid patterns were observed in the middle picture in Figure 1.6
(b) with the grid pattern being continuous. While at stage 3, a stress collapse is clearly
observed which indicated the onset of the ASB. The onset of the ductile failure via shear
banding occurs in a sudden and a drastic way. These studies show that immediately
following the onset of the ductile failure, the stress level at this material point drops almost
vertically to about a quarter of its peak value. This is called a sudden drop, a ductile failure,
or a stress collapse and they are used to derive a quantitative measure that can predict the
onset of the ASB state [31]. The grid pattern in the right picture of Figure 1.5 (b) is not
continuous anymore and a narrow shear band and even a fracture was observed on the

sample surface.
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Figure 1.5: A typical stress-strain curve showing three stages of plastic deformation at
strain rate of 1.6 x 10® s (a) and corresponding images with grid patterns to display the
deformation (b) [29].

1.1.3.3 Relationship between adiabatic shear bands and materials properties

The stress-strain curves and microstructural characteristics provide the experimental

aspects of understanding the onset and development of ASB, while a theoretical study is

important for investigating mechanisms and criteria of adiabatic shear instability.

In separate studies, Shockey and Staker [32, 33] developed the constitutive equation

relating the shear stress under a pure shear load as a function of shear strain vy, strain rate y



and absolute temperature T

t=1(y,v,T), (1.2)
where
dt

Eq. (1.2) denotes the condition for plastic instability. That is, when the slope of the true
stress-strain curve is zero, an instability develops and catastrophic shear or failure is
imminent as given by
= Oy + Cny Tt GPvygy =0 (L3)
In Eqg. (1.3), the three terms from left to right stand for the contributions from strain
hardening, strain rate hardening and thermal softening. In other words, the shear instability

or ASB occurrence is a competition among these three terms. The temperature rise within

the material was estimated to be [34]

% ry
AT = o J, Tdy (1.4)

if 90 % or more plastic deformation work is transformed into thermal energy; where a. is a
constant and is 0.9 for a Kolsky bar system. p is the material density, and Cp is the heat
capacity (specific heat). As seen in Figure 1.4 (a), for the WHA, the shear band does not
show a well-defined central region; this is different from other shear bands, such as the
shear bands formed in severe plastically deformed steel, because the temperature rise
within the bands might not be sufficiently high to cause extensive recrystallization. [26].
1.3.3.4 Susceptibility to adiabatic shear banding

A rough estimate of susceptibility of ASB from Wright [26] is given by

1

1.5
(%)“E)} (1.5)

afm min{1,
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where y is the susceptibility to ASB, a is a non-dimensional thermal softening parameter

do

a=-— pdTT, m is the strain ate sensitivity, n is the strain hardening exponent, ¢ is the flow
P

stress and oo is the yield stress. Wei et al. [35] rewrote the above equation as

1
n+vynm

1
XSE — min{=,
a m

(1.6)

under the assumption that thermal softening parameter is independent of temperature for a
constant microstructure. From Eq. 1.6, the susceptibility to ASB can be discussed as a
function of m and n. In general, vanishingly small m and n contribute to a high
susceptibility to adiabatic shear banding.
1.1.4 Rate sensitivity of deformation of Face Centered Cubic (FCC) and Body Centered
Cubic (BCC) metals
1.1.4.1 Strain rate sensitivity and activation volume

Strain rate sensitivity (SRS) and activation volume v* are two important parameters that
are used to examine and describe the deformation kinetics quantitatively in metals with
refined grain structure. The SRS depicts how a material’s plastic flow behavior is sensitive
to the strain rate. The higher the SRS value m, the more sensitive the plastic flow to the
strain rate. For rate-sensitive materials, the presence of the strain rate sensitivity of flow
stress, m, helps to sustain the homogeneous deformation

There are two ways to express the SRS of flow stress, and one of them is widely used

in engineering community assuming a power law rate dependence,

__dlno
= .7
The other one is [36-38]
m = kel (L.8)

ov* '
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where kg is the Boltzmann constant and the activation volume v* is defined as [38, 39].
v =V3kT(ED) (1.9)

Activation volume is usually described as a measure of the Burger’s vector multiplying
the area swept out by dislocations during the thermal activation process. It is an activation
enthalpy with respect to flow stress at a specific temperature, influencing the rate-related
mechanics during the plastic deformation. Elmustafa and Stone [40] summarized the
physical significance of studying activation volume. First, the activation volume differs
from material to material even under the same class of materials. Second, the activation
volume can be predicted in terms of the effects of parameters, such as dislocation density
and solid solution concentration. Eq. 1.9 is a way to interpret activation volume physically
from a uniaxial compressive stress or shear stress.
1.1.4.2 Body Centered Cubic (BCC) and Faced Centered Cubic (FCC) metals after severe
plastic deformation

SRS and activation volume have been widely studied to understand the deformation
kinetics of face centered cubic (FCC) and body centered cubic (BCC) metals with ultrafine
scale grain (UFG, 100 nm < d < 1 pm) or nanocrystalline (NC, d < 100 nm) structure
processed by SPD, such as equal channel angular pressing or extrusion (ECAP or ECAE),
high pressure torsions (HPT) and low temperature or cold rolling (CR) [35, 37, 41-50]. The
SRS of UFG/NC FCC metals is elevated while that of UFG/NC BCC metals is much
reduced compared to their coarse-grained (CG) counterparts, and vice versa for activation
volume [37, 51]. In other words, BCC metals after SPD with decreased SRS values have a
propensity to show ASL at high strain rates. For FCC metals, such as Cu, the SRS values

were 0.015 after CR and 0.019 for ECAP + CR while it is 0.004 for CG and annealed FCC
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metals, the activation volume was about 45b® for a UFG/NC structure while was ~1000b3
for CG structure [37, 52]. However, ASL was also observed in refractory metals which
have BCC lattice structures, such as tungsten (W), tantalum (Ta), vanadium (V), and
niobium (Nb) under high strain rate (or DY) loading conditions with their grains refined
into the UFG or NC scale through SPD [30, 35, 41, 48, 53-56]. Iron with a BCC structure
and refined grains at ambient temperature also shows ASL at high strain rates [57]. The
SRS value for CG Fe was 0.045 and activation volume was about 10b® while SRS value
for UFG/NC grain Fe was 0.009/0.007 and the activation volume was increased to
26b3/17b%. A summary for BCC and FCC metals can be found in Table 1.1.

In a nutshell, BCC metals with UFG or NC grains processed by SPD vyield low m
increasing the propensity to show adiabatic shear failure. However, just having the low m
value is inadequate to provide sufficient propensity to the shear banding instability. It is
the lack of both strain hardening and strain rate hardening that allows softening
mechanisms, either adiabatic or geometric, to function, thus, leading to shear banding as

the primary mode of plastic deformation [58].
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Table 1.1: SRS and activation volume values for CG, UFG and NC grain FCC and BCC
metals [35, 37, 41, 48, 51, 52, 54-57].

SRS Activation
volume
cG 0.004 100003
FCC Cu UFG/UC 0.015/0.019 48b3/41b°
o cG 0.045 1003
UFG/NC 0.009/0.007 260%/17h°
™ cG 0.046 1008
NC 0.007 12b3
cG 0.04 i
BCC W UFG 0.015 1063
y cG 0.05 i
NC 0.014 i
CG 0.045 i
Nb UFG 0.012 i

1.2 Heterogeneously stacked structure for kinetic energy penetrator application
1.2.1 Cold-rolled tungsten and its limitations

Pure commercial W processed by a cold-rolling (CR) technique exhibited elastic-nearly
perfectly plastic deformation behavior under quasi-static (QS) loading and ASL at high
strain rates, which meets the prerequisites of being a potential penetrator material [30, 54].
However, UFG or NC W cannot be used for fabricating KE penetrators directly due to the
physical dimensional limitations of SPD, which can only process materials with
thicknesses of about several hundred micrometer to a few millimeters. The dimensions of
a nominal projectile in a prototype as well as at subscales are shown in Table 1.2 [59].
From Table 1.2, one can see that the length of a subscale projectile is about 24 mm at a
minimum, while the prototype projectile length is about half a meter. According to current
SPD methods, such as ECAP and HPT, as well as CR, it is very hard to manufacture a
material with a final thickness from several tens of millimeters to a half meter scale through

the use of common SPD laboratory equipment. Therefore, a proof-of-concept study of pure
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W with significantly improved susceptibility to ASB having the appropriate dimensions
would have an important merit for scientific reasons and demonstrating tits utility for the
KE penetrator application.

Table 1.2: Nominal projectiles with prototype and subscale dimensions (L: length, D:
diameter).

Scale size Diameter (mm)
Prototype L/D=20 25.4
L/D=3.15 8.063
Subscale L/D=6.30 4.032
L/D=12.60 2.016

1.2.2 Diffusion bonding using an interlayer
1.2.2.1 Overview

Welding processes which widely use resistance and fusion can be classified into fusion
welding and pressure welding, could bind two or more different metals, alloys and
nonmetals together. The workpieces must be brought together within atomic spacing of
each other to allow a permanent joint to form. Fusion welding happens when the
workpieces are melted at their adjoining edges, then closure to within an interatomic
distance takes place spontaneously as a weld pool is built up [60]. In contrast, pressure
welding uses force or plastic deformation to bring the work piece to within the atomic
spacing and joins the workpieces, via processes such as accumulative roll-bonding (ARB)
[61, 62]. However, the metal that will be used for joining in this study is pure W that has a
very high melting point and was severely deformed by rolling at temperatures lower than
the homologous temperature of less than a quarter or so. Considering the melting point of
W as well as the KE penetrator application, the aforementioned welding methods are
excluded because the welding temperature may ruin the refined microstructure achieved

by low homologous temperature rolling and, likewise, the stress wave propagation could
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be stopped by intermetallic compounds that could form at the weld zone. Similarly, the
ARB process may not provide a bonding interface which is strong enough to sustain the
tensile stresses which are experienced during the projectile gun launching process.

Diffusion bonding is a solid-state welding technique used in metalworking, capable of
joining similar and dissimilar metals. It involves the interdiffusion of atoms across the
interface of a weld in the solid and, sometimes, the liquid state (when a molten interlayer
is created) [60]. The diffusion bonding method has been studied to join dissimilar materials
and fabricate a bulk material by stacking workpieces [63-70]. Using an interlayer between
the workpieces help to decrease the bonding temperature caused by the large melting point
difference between the two different materials or the high melting point of the material
itself as well as the thermal expansion coefficient difference between two different
materials [65, 66, 69, 70]. Diffusion bonding experiments between W and a-Fe, W and
F82H steel using Ti interlayer, W and EUROFER97, W and Cu as well as W and V were
widely studied in the literature [64-72]. These research efforts demonstrated that diffusion
bonding could be a successful bonding method that may be used for bonding rolled W
together using such an interlayer.
1.2.2.2 Diffusion bonding mechanism

There are four mechanisms that are widely used to explain the diffusion process in the
literature: exchanging of places between two adjacent atoms, the motion of interstitial
atoms, circular exchanging of four atoms and the motion of vacancies [60]. Among these
modes, the motion of vacancies is the most popular mechanism with the lowest activation
energy and was proved by Kirkendall Experiment where the vacancies in the lattice change

places with adjacent atoms and the movement direction of vacancies is opposite to that of
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the atoms. The possibility of an atom jump to an adjacent site is a function of the

equilibrium concentration of vacancies

D = Doexp(— =) (1.10)
where Q is the activation energy of vacancy formation (J/mol or eV/atom), i.e., the energy
that could activate an atom thermally so that it can clear the potential barrier between the
sites and jump to an adjacent site. Do is a temperature-independent preexponential (m?/s),
R is the gas constant (8.31 J/mol-K or 8.62 x 10 eV/atom-K). The mathematics of steady-
state diffusion in a single direction (x) can be expressed by Fick’s First Law [73]

J=-D (1.11)

where J is the diffusion flux, and C is the concentration profile.

The success or failure of the process is determined by the bonding temperature, the
bonding pressure (or pressing load) and the hold time (duration of pressure). The bonding
temperature is a temperature which is below the recrystallization point but is sufficiently
high to bring about the diffusion of atoms and molecules. It should be anywhere between
50% and 70% of the melting point of the most fusible metal in the composition. Elevated
temperature helps the diffusion atoms across the interface of the weld as well as assists in
the surface deformation by crushing or reducing the height of surface asperities.

Bonding pressure breaks up and removes the brittle surface oxide film and contaminants.
Additionally, it brings the mating surfaces physically closer together, thereby enhancing
atom-to-atom contact and atomic interactions. In the case of diffusion in a vacuum or an
inert gas environment, deformation is only needed to crush the asperities on the mating
surfaces so that an actual and successful contact can be formed. More specifically, the

purpose of the pressing load is mainly to produce a micro-plastic deformation which would
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lead to a maximum contact area between the mating surfaces and promote inter-diffusion.
If the bonding pressure is insufficient, voids will be left unfilled, which will impair the
joint strength.

Bonding time should be sufficient for an intimate contact to be formed and for diffusion
processes to take place. It should be just sufficient for an intimate contact to be formed and
for diffusion bonding to take place considering the economic efficiency of the process. An
excessive diffusion time might leave voids in the weld zone or even change the chemical
composition of the metal or lead to the formation of brittle intermetallic phases which could
have a detrimental effect on the mechanical strength and consequently the quality of the
joint [60, 63].

Surface roughness or asperities also affect the joint quality. For a sound joint to be
formed, the surface roughness should be no more than 40 to 80 um high for soft materials
while no more than 2.5 um high for hard alloys, refractory metals, high temperature alloys
and tool metals [60]. Additionally, edges must be smooth and fit to each other for a good
surface contact. Last but not least, a vacuum environment is preferred during diffusion
bonding process and it should be maintained at a range between 101-103 Pa. Inert gas
environment, such as dry argon or dry helium, could also be the medium in the chamber.
1.2.2.3 Fe-W and V-W phase diagrams

The Fe-W and V-W phase diagrams can be seen in Figure 1.6 (a) and (b). There are
three types of intermetallic phases in the Fe-W phase diagram: & phase FeW, u phase Fe7Wsg
and A phase Fe W as a metastable phase. The & phase FeW has an orthorhombic structure,
M phase Fe7Ws has a trigonal structure and the A phase FeoW has a hexagonal structure.

The W compositions (in wt.%) in & phase FeW, p phase Fe7Ws and A phase Fe,W are
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50.7 %, 42.1 % and 33.3 %, respectively [74]. Different from the Fe-W phase diagram, the
V-W system belongs to the binary isomorphic category. As such, a continuous series of

solid solutions with a BCC structure can occur between W and V at all temperatures.

Atomic Percent Tungsten
10 20 3 4

(a) ATOMIC PERCENT TUNGSTEN 80 100 (b) LB R AR R Ul
0 10 20 30 40 50 6070 |90 ' ' sazare
18001 :

461,
16001 293 705 %2 -

~ 62 3 { 69.1% § 70 L

e - 43,68 9

21400+ (HFe7We)-"% ”

g 1 i 5

21200+ b7 L ; g o

& 64~ /) : A

§1ooo Vi i &

w /

F 8004......... MAGNETIC TRANSFORMATION 472 2000

- d(Few): e (v.w)
600 B arem
R i N S T S M e e i e e i R
Fe WEISHT PERCENT Tunesten O 0 W v Veight Feroent Tungsten v

Figure 1.6: Phase diagrams of the Fe-W system (a) and V-W system (b) [74].

As such, V and Fe are two potential interlayers that could be used for creating the
heterogeneously layered structure and extending the geometry to the desired dimensional
scale of a proof-of-concept projectile through diffusion bonding. First, both of V and Fe
have comparatively low melting temperatures which are 2183 K and 1811 K, respectively.
As discussed before, using an interlayer between the workpieces helps to decrease the
bonding temperature caused by the high melting point of the W material itself. Second, a-
Fe, V and W, all have BCC structures with similar atomic radii as 0.127 nm, 0.135 nm and
0.137 nm, respectively. Third, the Fe-W system has a partial solid solution phase diagram
while V-W system has unlimited solubility. Potentially, a certain amount of intermetallic
in the Fe-W system could help in increasing the bond strength to some extent.

In a short, UFG W pieces processed by low homologous temperature rolling could be
joined together by diffusion bonding using an Fe or V interlayer. Through this technique,

a heterogeneously layered structure could be achieved by stacking W and the interlayer
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alternatively to a desired geometry, which could overcome the inherent geometrical size
limitation of rolled W and thus lead to a bulk manufacturing method for KE penetrator
materials based on SPD W.

1.3 Armor materials

1.3.1 Overview

An armor is a protective covering that could be used to prevent perforation, piercing, or
damage from being imparted upon by dissipating the impact, shock and blast energy from
objects, individual or vehicle-borne by direct contact weapons or KE projectiles [75].
Monolithic plates or multi-layer materials or composites have been widely used for body
armor or personnel armor, light armor used for vehicular, aircraft and heavy tank armor
[76]. Textile based materials using high performance fibers can be classified into soft armor
for personnel armor application [77].

Ti-6Al-4V was used as the commander’s hatch and top protection armor on the M2
Bradley Fighting Vehicle [78]; previously, aluminum 5000 series armors were commonly
used in Army land systems such as the Paladin Self Propelled Howitzer and armored
personnel carriers while aluminum 7000 series armors were applied to the upper half of the
Bradley fighting vehicle [79].  Concurrently, armor steels which have been extensively
studied for ballistic impact resistance fall into two categories. One type is called rolled
homogeneous armor steel (RHA), providing maximum resistance to penetration and shock,
has been used to provide the protection of tanks, military sites, etc. because of its greater
ductility preventing brittle fracture. To date, MIL-A-12560 under Class 1 specification,
has been widely used to describe standard steel armor materials for comparison and

determining the performance improvements of new candidate armors. Another type of
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armor steel is face-hardened steel which is processed to have one face worked as the impact
face to be much harder than the remainder of the plate thickness [80]. Carburizing and
nitriding are commonly used as processing methods. However, the main deficiencies of
faced-hardened armor is the inherent brittleness and difficulty in its manufacturing.

In addition to metallic armor types, ceramics, such as alumina, SiC and B4C with high
hardness and lower densities make them ideal candidates for high specific strength armor
design. However, ceramics, if used as monolithic layers against projectile impact, easily
fracture due to their lack of toughness [81].

1.3.2 Properties of armor steel

An armor steel which has a superior ballistic performance must be resistant to cracking,
spalling and fracture upon impact while maintaining structural integrity. Hardness and
toughness are taken into consideration in evaluating the ballistic performance of the armor
steel. One should note that an upper limit on armor hardness has to be established to prevent
shattering of the armor due to the embrittlement introduced by the high hardness [80].

In addition to hardness and toughness, the armor steel has to provide an excellent
thermomechanical behavior and be resistant to a catastrophic deformation-adiabatic failure
at high strain rates. As discussed previously, ASB occurs at high stain rates when thermal
softening overcomes strain hardening and strain rate hardening. In other words, strong
strain hardening behavior under QS and DY loading conditions is a prerequisite for any
armor steel to be resistant to adiabatic shear failure. Moreover, a high SRS value and strong
strain rate hardening behavior are preferred for armor steel for the purpose of preventing

the formation of ASL.
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1.3.3 Twinning induced plasticity steel
1.3.3.1 Introduction about twinning induced plasticity steel

TWIP steel, a current acronym used to describe twining induced plasticity steel, refers
to the occurrence of mechanical twinning during straining. TWIP steels are fully austenitic
steels with an enhanced strain hardening rate as well as high strength and good formability
compared with other ferritic steels with elongation less than 25 % and relatively low
ultimate tensile strength (< 1 GPa) which contribute to the controlling of crystallographic
texture. Due to a low stacking fault energy (SFE) of 18 to 35 mJm™ at room temperature,
alternate deformation mechanism can occur such as mechanical twining during plastic
deformation [82, 83]. In contrast, the SFE of transformation induced plasticity (TRIP) steel
is less, ~12 to 18 mJm, which allows the austenite to martensite transformation as the
dominant deformation mechanism [84, 85].

TWIP steels primarily are composed of Fe-Mn-C which was developed based on
Hadfield steels. In 1882, R. Hadfield [86] created a single phase austenitic steel alloy (Fe-
Mn-C) with a chemical composition of 1.0 to 1.4 wt. % carbon (C) and 10 to 14 wt. %
manganese (Mn) exhibiting strong work hardening. Since then, Fe-Mn-C based alloys have
been widely studied. These include the effects of chemical composition on mechanical
properties, work hardening and high strain rate property under tension, interaction between
dislocations and the twin structure during straining, texture generation and evolution, and
so on and so forth. Experiments and modeling of TWIP steels have been done in a variety
of application fields, such as railroads, crusher jaws and cones, impact hammers and bullet-
proof helmets because of their high strength, high toughness, good ductility, extraordinary

strong work hardening and diminished instability during straining [82, 87-100]. Figure 1.7
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(a) provides the fracture elongation as a function of tensile strength for many types of steels
where high Mn austenitic steels, i.e. TWIP steels, demonstrate an outstanding combination
of both of the elongation and strength among other types of steel that include dual phase

steels, complex phase steels, TRIP steels, high-strength low-alloy steels (HSLA), etc.
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Figure 1.7: Fracture elongation in tension as a function of the ultimate tensile strength for
steels (indicated years correspond to the approximate beginning of real development by
steelmakers) (a). Tensile behavior of TWIP steels with coarse grains (between 20 um and
40 um) (b) [99, 101-104].

The remarkable balance between strength and ductility as well as the strong strain
hardening make lightweight TWIP steels being exploited in the automotive industries with
greatly enhanced formability. However, macroscopic plastic instability or serrated flow or
jerky serration has been observed during the deformation of the austenitic high-Mn TWIP
alloy [105]. The serrated flow or jerky serration in Figure 1.8 (b), caused by dynamic strain
aging (DSA), can lead to deformation instability, cracking during forming or delayed
fracture after forming. Silicon (Si) and aluminum (Al) are commonly added to TWIP steel,
and, with a decreased Mn content to improve the formability, they effectively suppress the
delayed fracture and, at the same time, also decrease the density of the TWIP steel.

Addition of Al can raise the SFE of the steel alloy which decreases the tendency for twin

formation and activating slip as well as promoting the dislocation movement [92]. However,
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adding Si can decrease the SFE of the system and destabilize the austenite phase. Moreover,
addition of both Al and Si increase strength of the TWIP steel by solid solution hardening
and overall stabilize the austenite phase owing to their ability to slow down the
precipitation of carbides, especially cementite, leaving more carbon available for
enrichment of the austenite phase [82, 106].

Even though mechanical twins occur during plastic deformation, twinning is not the
only one or main source of the observed large elongations before failure. Qin [107]
estimated that the true strain resulting from twinning was less than 0.15 while it is usually
larger than 0.5 for TWIP steel; the twin volume fraction that contributes to plastic strain
usually does not exceed 3% [108]. In turn, the mechanisms of the observed extraordinary
work hardening of TWIP steel were then explained by two main contributions: “dynamic
Hall-Petch” effect and “dynamic strain-aging” mechanism. “Dynamic Hall-Petch” effect
means that the deformation twining that developed during straining prevents dislocation
movement and reduces the dislocation mean free path. The dislocations in the matrix can
interact with the twins and lead to dislocation glide that may not be favorably oriented with
respect to the loading direction. Twining boundaries act as grain boundaries which leads
to a refined grain structure. In addition, few dislocation sources can operate inside twins
since they are very thin [109-111]. “Dynamic strain-aging” mechanism indicates that the
dislocations are pinned and locked by the solute atom dipoles (C-Mn), increasing
dislocation density and thus the work hardening rate [112-116].
1.3.3.2 Mechanisms of twin formation in face-centered cubic (FCC) metals

Three fundamental twin formation mechanisms have been categorized according to the

way of% < 110 > glide dislocation dissociation in an FCC structure: pole mechanism,
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model based on a deviation process and models based on SFs [117].
Venables [118] proposed two mechanisms to explain the pole mechanism. One is that

the gliding dislocation dissociates into a Frank partial dislocation or the pole dislocation of

type % < 111 > and a Shockley twinning partial of type g < 211 > under the applied

stress. The equation of this dissociation is:
~[011] - Z[111] + £ [211] (1.12)
The Frank partial dislocation is sessile while the Shockley dislocation could move away,
leaving a wide intrinsic SF behind. The Shockley dislocation winds down and combined at
the FCC close-packed plane and then a twin structure forms. This mechanism could explain
the twin nucleation process and could also explain why the twin is easy to form at the close-

pack plane. The other mechanism [119] could be used to explain the twin growth process

in which a Shockley partial dislocation reacts with the perfect % < 110 > dislocation

during its movement in the matrix. At the same time, a Frank partial dislocation is created

and left at the interface plane, as described in the equation:

[121] + 2 [101] - S [111] (1.13)

ola

In the deviation process based model, Cohen and Weertman [120] explained that the

perfect % < 110 > dislocation dissociated into a sessile Frank partial screw dislocation

% < 111 > and a gliding Shockley partial dislocation % < 211 >, according the equation:
~[101] - 2 [111] + £[121] (1.14)

Based on this theory, a deformation twin forms on a conjugated plane instead of the close-

packed plane via the pole mechanism.

Last but not least, Mahajan and Chin [121] proposed a model that is based on the
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presence of an extrinsic SF. In this theory, if the two co-planar perfect §< 110 >

dislocations meet, they could dissociate into three Shockley partial dislocations on three
adjacent close-packed planes. Meanwhile, an extrinsic SF forms and plays a role of a three-

layer nucleus for twin formation. The equation for this dissociation process is:

[011] +2[101] - 3 x =[111] (1.15)

N

In the above model, Idrissi et al. [90, 117] confirmed this deviation model using TEM

results to explain the twin formation process. A Shockley partial dislocation reacting with

the perfect% < 110 > dislocation could then be used in terms of the twin growth process

explanation.
1.3.3.2 Strain hardening behavior

Strain hardening and strain rate hardening, usually described by the SRS, are two factors
which influence necking or strain localization in metals under tension. Strain hardening or
work hardening describes that when the dislocation density is increased during straining,
the accompanying continued plastic deformation is responsible for the work hardening
process, which means that dislocations themselves act as obstacles to the movement of
other dislocations whereby a ductile metal becomes harder and stronger [122]. The true
stress-strain relationship in the plastic region of deformation from the onset of the plastic
deformation to the point of necking can be approximated by the flow stress equation

or = Key (1.16)

where K is a material’s strength constant and n is the strain hardening exponent which has
a value less than unity. Materials with higher n values have better formability than those
with low n values. The slope of the stress-strain curve, do/de, is used to define the strain

hardening rate. The higher the strain hardening rate, the larger uniform elongation and
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greater ultimate tensile strength. The theory of SRS was discussed in chapter 1.2.3.

The extraordinary strong strain hardening property of a variety of TWIP steels is clearly
observed in Figure 1.8 (b) with different chemical compositions. Figure 1.9 (a) and (b)
shows the four strain hardening stages of Fe-17Mn-0.4C-1.3Al TWIP steel interpreted by
the way of the strain hardening rate. Stage A in Figure 1.8 (b) is the initial strain hardening
stage with a decreasing strain hardening rate where the dislocation generation rate is
relatively constant and dislocation annihilation rate by dynamic recovery is increasing
while the role of twinning is absent. At stage B, the slip of dislocations and the interaction
between dislocations start occurring and act as the role of twin initiation sites. The highest
strain hardening rate is observed at the beginning of stage C and the strain hardening rate
continuously decreases with strain. The reason could be explained as a reduction in the rate
of primary twin formation. At stage D, secondary twin systems such as multiple twin-twin
intersections are formed which considerably limit dislocation glide distances so that the
strain hardening rate keeps decreasing with greater strains as a consequence. However, not
all TWIP steel may exhibit stage D as shown, and the lack of stage D could be attributed

to the absence of secondary twinning [108].
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Figure 1.8: Fe-17Mn-0.4C-1.3Al TWIP steel showing four stages of strain hardening (a).
Enlargement of initial strain hardening state (b) [108].

1.3.3.3 High strain rate behavior

The SRS value m in Eg. 1.5 and 1.6 are closely related to the activation volume which
governs the dislocation glide. The m value is positive since the dislocation glide may be
associated with thermally activated overcoming of dislocation forest junctions, stationary
solute atoms or their clusters, or Peierls barriers [108]. Interestingly, researchers found that
Fe-18Mn-1.5Al-0.22Si-0.6C TWIP steel exhibit a positive SRS when the strain was
smaller than 0.1, but negative SRS as strain increases [90]. One of the dominant
explanations to the negative SRS in the literature attributes this to dynamic strain aging
(DSA) which requires a certain degree of coupling between the intermittent motion of
dislocations and the evolution of mobile solute atoms [123-126]. It is important to suppress
the occurrence of Portevin-Le Chatelier (PLC) bands and DSA because it was found that
DSA leads to a rapid edge cracking during the whole expansion [124, 127, 128].

Besides DSA, the time-dependent twinning rate process, twin nucleation and twin
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growth, should also be taken into consideration when discussing TWIP steel in the context
of its strain rate hardening or its SRS [129, 130]. Fe-25.4Mn-2.55Si-2.28Si TWIP steel was
sensitive to the strain rate under DY tensile loading, i.e., as the strain rate increased, the
yield strength and ultimate tensile strength increased remarkably [131]. The investigation
on an Fe-29.85Mn-2.98Si-3.07Al-0.059C also demonstrated a positive relationship
between the strain rate and the stress as well as work hardening rate [132]. Fe-22Mn-0.4C
TWIP steel at the strain rate of 10° s has higher flow stress (maximum strength: 2265
MPa) than at a lower strain rate of 10~ st (maximum strength: 1798 MPa) [133]. Fe-(25-
28) Mn-1.6Al -0.08C TWIP steel tested at the strain rate of 1250 s showed higher flow
stress at room temperature compared to the one tested at the strain rate of 10 s [82].
However, the mechanism behind the increased flow stress at high strain rate or the strain
rate hardening behavior of the TWIP steels have not been explored and explained in detail
in the literature yet.
1.4 Objectives of this dissertation

After reviewing the rate sensitivity of BCC and FCC metals with UFG or NC structure
processed by SPD, we acknowledged that W after rolling, has developed a propensity to
ASB under high stain rate loading, which makes it a potential KE penetrator material,
including other advantages, such as high mass density, high melting point, etc. However,
no one has successfully fabricated UFG or NC W that has a suitable KE penetrator
dimension using standard SPD laboratory equipment.

In this work, the low homologous temperature rolled W layers will be stacked together
using Fe or V interlayers in between to produce three-layer structure and a multi-interlayer

bulk material through diffusion bonding. The purpose of this study is to investigate the
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microstructure as well as the high strain rate mechanical behavior of the W/Fe (V) /W
heterogeneous structures and demonstrate if ASB or ASL could occur at high strain rate.
This study is a proof-of-concept if a heterogeneously layered structure would be applied to
the fabrication of W based KE penetrators and overcome the geometrical size limitations
of SPD processed W. Therefore, the study of a significantly improved susceptibility to
ASB of pure W along with the appropriate dimensions will have important implications
both technologically and scientifically.

Many studies have been published in the literature on TWIP steels to investigate their
high strength, good ductility and strong strain hardening behavior [82, 87-94, 97-99, 108,
117, 129, 131, 132, 134-145]. However, the mechanism behind the negligible instability
under tension, strong strain hardening and strain rate hardening under both QS and DY
loading conditions have not been discussed in depth yet. Therefore, revealing the
mechanisms that dominate these outstanding properties have important merit both

theoretically and practically from an application perspective.
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CHAPTER 2: MATERIALS AND EXPERIMENTAL PROCEDURE
2.1 Materials

The starting material for rolling was a W slab purchased from the Alfa Aesar Company
(Ward Hill, MA) with a purity of 99.95 % (metals basis). The Fe and V foils were
purchased from the Alfa Aesar Company (Ward Hill, MA) with a thickness of 25 um and
75 um, respectively. The purity of the Fe foil is 99.5 % (metals basis) and 99.8 % (metals
basis) for the V foil.

The investigated TWIP steel was manufactured by Salzgitter Mannesmann Forschung
(Salzgitter, Germany) with a chemical composition being shown in Table 2.1. The
chemical analysis was requested by U.S. Army Research Laboratory and performed by
Luvak Inc. (Boylston, MA).

Table 2.1: Chemical composition of the TWIP steel.

Element Wt. % At. %
Fe Balance Balance
Mn 14.7 14.2
Si 2.49 4.72
Al 2.06 4.06
Cr 0.083 0.085
Cu 0.075 0.063
Ni 0.046 0.042
Ti 0.014 0.016
Mo 0.007 0.0039
Ni 0.0066 0.0038
Co 0.0057 0.0051
V 0.0045 0.0047

Interstitials
C 0.636 -
@) 0.0009 -
N 0.0006 -
H 0.00033 -
S < 0.001 -
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2.2 Materials processing
2.2.1 Rolling

The sharp corners of the W slab were removed to avoid stress concentrations during
rolling. Each surface of the W slab was roughly polished to eliminate surface oxidation and
contamination. Then the work piece was sealed in a stainless steel canister to minimize
oxidation when heating in a box furnace to 1073 K for 15 min before rolling. This was
necessary since W starts to oxidize in air from 873 K [146].

Rolling was performed on a laboratory rolling mill (FENN, The Horsburgh & Scott Co.,
Cleveland, OH) with 0.254 mm thickness reduction per pass (Figure 2.1). The W
workpiece thickness was reduced to ~0.7 mm with a total equivalent strain of ~1.74. The
rolled W was then extracted from the stainless steel canister and cut into squares with
dimensions of ~10 mm by 10mm and polished on both sides to a surface finish of ~0.5 um
using SiC sandpapers and diamond lapping films. The Fe foil with a thickness of ~25 um
and V foil with at thickness of ~75 um were used in their as received condition. Before
bonding, both of the W piece and foils were cleaned for 15 min in an ultrasonic bath with

acetone at room temperature.

Y (ND
(NO) Upper roll
x (RD)
Z(TD)

ry -

. _._H_" ...... ——— — __h_t_.'.

Lower roll

Figure 2.1: Schematic of the rolling system. Normal direction (ND), rolling direction (RD)
and transverse direction (TD) are shown in figure.



32

2.2.2 Diffusion Bonding

Rolled W pieces were stacked together with an Fe or V interlayer in between, as seen
in Figure 2.2 (a). Diffusion bonding was performed on an MTS 810 hydro-servo system as
shown in Figure 2.2 (b). The contact face between W piece and compression platen was
lubricated by lithium-based grease to reduce fiction. The model 652 high-temperature
furnace with the MIC2000 controller system was used to heat the sample to the bonding
temperature and maintained the temperature during bonding. The heating rate was
controlled and was set to 20 K/min and the temperature was held at the 1073 K for 1 hr.
After bonding, the sample was furnace cooled with an applied pressure. Dry Argon gas
was flowing in during the entire bonding and cooling processes. The bonded piece was

then EDM cut into specimens for high strain rate compressive mechanical testing.

(a) Argoln gas  (b) r

Work piece (465 pm) |- ////////////

Interlayer (25 um) p>

N7

Furnace

Figure 2.2: Schematic representation of diffusion bonding using hot press (a). The MTS
810 hydro-servo system (b).

The bonding temperature was chosen to be at 1073 K by considering that this
temperature falls into the range of 50 %-70 % of the Fe or V interlayer melting point, which
is 1846 K and 2147 K, respectively. Note, the bonding temperature cannot be higher than
that of rolling. Otherwise, the benefits, such as ductility and propensity to ASB gained from

the lower temperature rolling will be diminished [54].
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Table 2.2 is the flow stress values of a-Fe at different temperatures and rates for various
strains. Bonding pressure was chosen to be at 24 MPa based on the flow stress values of a-
Fe at 1073 K, listed in Table 2.2. It was assumed that the selected bonding pressure will
deform the asperities of the Fe interlayer and develop actual contact between the W and Fe
surfaces. Bonding pressure for W/V/W system was determined to be at 230 MPa based on
the values listed in Table 2.3. Bonding time was selected to be 1lhr for the W/Fe/W and
WI/V/IW systems for an intimate contact to form and the diffusion process to take place.
However, this should not be so long as to change the chemical composition of the metal or
lead to the formation of brittle intermetallic phases. Dry Argon gas was flown in the tube
furnace to create an inert gas environment during the diffusion bonding.

Table 2.2: Flow stress values (in MPa) of a-Fe at different temperatures and rates for
various strains [147].

Strain Strain rate, s~ 1 Temperature, K

973 1073 1173
0.1 48.6 22.8 20.1
0.2 54.2 24.4 21.3
0.3 0.001 54.9 24.8 21.9
0.4 56.5 24.1 22.4
0.5 57.9 23.6 22.7

Table 2.3: Tensile properties of vanadium sheet deformed at an engineering strain rate of
6.67 x 10 s, Tests at 1173 K and 1273 K were repeated twice [148].

Temperature, K UYS, MPa LYS, MPa 0.2 % offset UTS, MPa

1073 128.92 112.385 - 119.969
1173 91.011 82.048 - 110.316
1173 106.869 89.632 - 106.869
1223 - - 72.965 91.431
1273 - - 54.882 63.914
1273 - - 63.975 78.124

Three types of heterogeneously stacked structures were prepared by diffusion bonding:

a three-layer W/Fe/W structure, a three-layer W/V/W structure and a fifty-one layer
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WI/Fe/W bulk sample. The three-layer structures with a total thickness of ~1.5 mm were
intended for testing at high strain rates using a split-Hopkinson pressure bar (SHPB) or
Kolsky bar system. The fifty-one-layer W/Fe/W structure with a total thickness of ~12 cm
was intended for the subscale ballistic test.
2.3 Microstructural characterization

Microstructural characterization before and after mechanical testing is crucial for
understanding the microstructure-mechanical property relationship. Microstructure
characterization tools, such as X-ray diffraction (XRD), scanning electron microscopy
(SEM)/energy-dispersive X-ray spectroscopy (EDX)/Electron backscatter diffraction
(EBSD) and transmission electron microscopy (TEM), were used to examine the
microstructural and crystallographic properties of both the W based-heterogeneously
stacked structure and the TWIP steel.
2.3.1 X-ray diffraction

A Bruker AXS D8 Discover X-ray diffractometer (XRD) with CuKa target (A = 0.154
nm) was used to study the crystallographic texture and phase identification of TWIP steel.
The TWIP steel sample that was used for the XRD examination has dimensions of about 9
mm x 4 mm x 3mm, wherein the 3 mm was the thickness. The surface was polished to a
0.5 um finish and then lightly etched with a 10 % of Nital solution (10 % Nitric acid and
90 % ethanol) for releasing the surface stress concentration that was introduced by
mechanical polishing.
2.3.2 Optical microscopy/scanning electron microscopy/energy-dispersive X-ray
spectroscopy/electron backscatter diffraction

Optical microscopy (OM) was frequently used to identify the microstructure of the
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metals before and after deformation with appropriate polishing and etching procedures.
The contrast between different phases, grain size, micro twins and the morphology of ASB
can be observed from OM. In this work, an Olympus BX51 OM was used for optical
examination of the W/Fe (V)/W structure and TWIP steel. The W/Fe (V)/W structure and
as-received TWIP steel before and after mechanical testing were polished to a 0.5 pm
surface finish, followed by etching with Murakami’s solution and 3 % Nital solution,
respectively. The purpose of performing optical examination on W/Fe (V)/W is to reveal
the grain size change before and after rolling, bonding interface quality and the morphology
of ASB in the heterogeneously stacked structure. TWIP steel was studied for the
microstructure change, especially the occurrence of mechanical twins, before and after the
mechanical tests.

The WI/Fe (V)/W samples after diffusion bonding and high strain rate test were
examined with a JEOL 6480 SEM/EDX. Post-loading SEM observations were performed
on the dynamically tested samples in order to reveal flow lines within and around the shear
bands. An EDX spectrometer attached to the SEM was used to identify the chemical
composition and atomic diffusion across the W/Fe (V) bonding interface. Field emission
SEM with an attached EBSD detector was used to study the crystal orientation and phases
of the W/Fe/W sandwich sample. The EBSD sample was prepared first through mechanical
polishing down to 0.05 um using a series of sand papers and alumina suspensions. Then, a
vibration polishing process using a colloidal silica polishing suspension was carried out for
4hr. A step size of 0.05 pum was in use. Fracture analysis of the tension and compression

tested TWIP steel samples was also studied by the JEOL 6480 SEM.
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2.3.3 Transmission electron microscopy

TEM specimens from the W/Fe/W sample after bonding, away from and inside the ASB
were prepared by focused ion beam (FIB). The TWIP steel TEM samples were prepared
by mechanical polishing down to a thickness of less than 100 pum followed by a twin-jet
electrochemical polishing (Struers, Westlake, OH), using a chemical solution of 90%
CH3COOH and 10% HCIO4. A JEOL JEM 2100 with a LaBs filament was used to take the
bright field (BF) image, dark field (DF) image, diffraction pattern (DP) and selected area
diffraction pattern (SADP). A Field emission TEM (Titan, Hillsboro, OR) with STEM and
EELS was used to analyze the intermetallic compounds within the W/Fe/W structure.
2.4 Mechanical testing
2.4.1 Nanohardness

Nanoindentation test was performed on the sample with a surface finish of 0.5 um using
MTS Nano Indenter G200. The W/Fe (V)/W structure and TWIP steel surfaces were
slightly etched by Murakami solution and 3 % Nital, respectively, for surface stress
releasing, which was introduced by mechanical polishing. During the test, the Berkovich
indenter tip approached the sample surface with a velocity of 10 nm/s starting from a
distance 1000nm above the sample surface. The allowable thermal drift rate was 0.5 nm/s
or lower and surface detect stiffness criteria was 125 N/m. The maximum load used for the
W/Fe (V)/W structure was 9.8 mN, while it was 500 mN for the TWIP steel.
2.4.2 Tension and compression tests

Flat, dog-bone tensile specimens were machined from the as-received TWIP steel with
a gauge length of 25 mm, width of 6 mm and thickness of 5mm (ASTM E8/E8M) along

the RD and TD. The tensile test was carried out on an Instron 5580 load frame at room
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temperature. A non-contact video extensometer was used to measure the strain of the
sample upon tensile loading. The gauge section of tensile sample was carefully polished to
6 um surface finish to remove any defects or stress concentrations.

QS compressive test samples were machined from the TWIP steel with dimensions of
~2.5 mm x 2.5 mm x 5 mm with the gauge length being 5 mm. QS uniaxial compression
test was performed on the Instron 5580 with a strain rate of ~10 s at room temperature.
An Instron 5900R was used for QS compression test inside an environmental chamber at
cryogenic and elevated temperatures (145 K to 588 K). The compressive strain of the
specimen was derived based on the cross-head displacement of the loading system. The
interfaces between the loading surfaces and platens were lubricated by a lithium-based
grease to reduce friction effects.

2.4.3 High strain rate compression test

High strain rate compression test was conducted on an SHPB system as shown in Figure
2.3. A sample was sandwiched between two co-axial, same diameter steel bars. The striker
bar, launched from the gun barrel by high compressive gas, impacted the free end of the
incident bar and a stress wave was generated. The stress wave traveled along the incident
bar and loaded the sample. Part of the stress wave was reflected and part of it was
transmitted. Two strain gauges were cemented on the incident and transmitted bars to
record the stress wave signals, which were recorded by a high speed multi-channel
oscilloscope. The stress history could be evaluated by capturing and analyzing the

transmitted signal and the equation is shown as

o, = 2o (2.1)

where os is the stress of the sample, Ao and As is the cross sectional areas of the bars and
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specimen respectively, E is the Young’s modulus of the specimen and &; is the transmitted
strain. Capture and processing of the reflected signal yields the strain history of the
specimen. The strain at any time t can be determined by integrating the strain rate from 0

tot,
g =272 [ et (2.2)

where & is the strain of the specimen, Co is the wave propagation velocity in the steel bar,
Ls is the specimen’s original gauge length and & is the reflected strain. Together they
provided the high strain rate stress-strain data. Strain rate of the specimen is given by Av/Ls,
where Av is the velocity difference across the specimen. The interfaces between the
specimen and the bars were carefully lubricated to minimize friction effect because friction
at the specimen and bar interfaces causes the state of stress to deviate from the the uniaxial
stress condition and leads to spuriously stiff results [149]. Details of the Kolsky bar
technique can be found in Ref. [150].

Two SHPB systems were used in this work, one with a bar diameter of 8 mm and the
other with a bar diameter of 5 mm. Except for the bar diameter, the rest of the main
components are the same in these two systems. The SHPB system could be used for the

testing at strain rate ranging from ~1 x 103-5 x 10* s%. [149].



39

Compression Split-Hopkinson Pressure Bar

Collar Striker Bar Catcher

» [—I . al Incident Bar O [ Transmittedgar o M‘"I_I"“"'”"'T'“" O
i il =T I T

L L]

l Weatston Bridges |

[ 1 Oscilloscope [ 1

Figure 2.3: Schematic of a compression Kolsky bar system with the major components
shown.

High strain rate test samples were machined from the W/Fe (V)/W structure and TWIP
steel with dimensions of 1.5 mm x 1.5 mm x 1 mm and 2.5 mm x 2.5 mm x 2 mm with
gauge length being as 1 mm and 2 mm, respectively. Surfaces of the specimens were
polished to a surface finish of 0.5 pum before mechanical loading for direct post-loading
microscopic examinations. W/Fe (V)/W samples were tested by the SHPB system with a
bar diameter of 5 mm and TWIP steel samples were tested by the SHPB system with a 8
mm bar diameter.

2.4.4 Ballistic performance

Ballistic testing was conducted at an indoor small-scale test range facility at the U.S.
Army Research Laboratory (Aberdeen Proving Ground, MD). A laboratory gun consisting
of a Bofors 40 mm gun breech assembly with a custom-mode 40 mm smoothbore barrel
was used for projectile launching (Figure 2.4). The gun was positioned approximately 3 m
in front of the RHA targets and the propellant weight was adjusted to achieve the desired
nominal velocity which was about 1500 m-s™ [5, 151]. The positions of the projectile was
recorded and the depth at which each scale model penetrator came to rest in the target was

also measured for evaluating its penetration capability. After ballistic testing but before
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sectioning the target, Bi-Sn was filled in the penetration cavity to secure the residual for
follow-up microstructure characterization. However, sometimes residual was to be
removed from the RHA target and examined separately. Not only the residual but also the
target block, especially the projectile-target interface and the rear of the projectile position
in the target block, was carefully polished and exanimated to achieve the information about

ASB.
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Figure 2.4: Schematic of ballistic test experimental setup [2].

The W/Fe/W multi-layered structure with a 12 mm thickness was EDM machined into
2 projectiles with 4 mm in diameter and 12 mm in length. A mild steel target with a
hardness of 1.67 GPa was used, considering the small geometry of the projectile as well as
the projectile consumption rate during penetration process. A sabot was used to keep a sub-
caliber flight projectile in the center of the barrel during the acceleration from the gun tube.
A steel “pusher plate” supported the projectile from the rear and distributes the set-back
force over the plastic obturating plug [2]. Figure 2.5 is a schematic of the sabot that used
for the forward ballistic test. The shaded area at the core indicates the position of W/Fe/W

projectile.
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Table 2.4 lists the ballistic test parameters of the two W/Fe/W projectiles against the
mild steel target. The velocity was about 1000 m-s™ and the depth of the penetration in the
mild steel target was 14 mm for both shots 1 and 2, and the a, p and y angle listed Table
2.4 are also shown in Figure 2.6, which provide pre-impact and post-impact ballistic
measures. Specifically, o indicates the striking pitch, orientation of the projectile relative
to its flight path, measured in the vertical plane. B is the striking yaw, orientation of the
projectile relative to its flight path, measured in the horizontal plan and y means the total

solid angle orientation of the striking penetrator to its initial flight path (a2 + p% = y?).

v oyw—Te ~W

Figure 2.5: Schematic of a sabot for forward ballistic test.
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Figure 2.6: Pre-impact and post-impact ballistic measures [2].
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Table 2.4: Parameters of W/Fe/W projectile against the mild steel target.

. Depth of
Mass a B Y Velocity .
Shot D x L (mm ) enetration
© M) (geg) (deg) (ceg) (kms?) PR
1 2.54 4.01 x 12.50 1.94 2.63  3.27 1.09 14

2 241 3.76x11.76 —-168 398 431 1.09 14
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CHAPTER 3: W/Fe (V)/W (BCC)-PROPENSITY TO ADIABATIC SHEAR BANDING
AT HIGH STRAIN RATES

In this chapter, the W/Fe/W sandwich structure fabricated by diffusion bonding will be
discussed first in the context of its microstructure and atomic diffusion, followed by its
mechanical properties, such as its nano-hardness and high strain rate deformation behavior.
Then, the occurrence of ASL at high strain rates and intermetallic phase analysis at the
interface before and after loading will be examined in detail using OM, SEM, and TEM.
Similarly, the W/V/W sandwich system with a V interlayer will be investigated to
demonstrate the universality of ASL in these heterogeneously stacked structures.
3.1 Three-layer structure (Fe interlayer)
3.1.1 Microstructural analysis

Figure 3.1 (a-c) displays the optical micrographs of the W/Fe/W structure after diffusion
bonding and the corresponding RD, TD and ND views are shown in Figure 3.1 (d). From
Figure 3.1 (a) which is the microstructure image of the W layer, the grains are elongated
and parallel to the RD. This typical, stretched grain structure was introduced by the low
homologous temperature rolling, and the W grain width is ~5 um-10 um. Since the bonding
temperature is 1073K which is lower than the recrystallization temperature of W, no
nucleation and grain growth should be expected to be seen. However, a large number of
dislocation annihilation is expected to happen during the bonding process, which will be
demonstrated by the TEM results in chapter 3.1.5.

Optical images at the W/Fe bonding interface are presented in Figures 3.1 (b) and (c) at
low and high magnifications. The Fe foil which is sandwiched between two W sheets can

be seen as a white stripe in the images. Because of the lack of chemical reactivity between
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Fe and Murakami’s solution, no Fe grain or grain boundary is revealed or shown in the
microstructural images. From the low and high magnification images at the interface, intact
bonding faces were formed during diffusion bonding without any obvious cracking, voids
or debonding being observed at or near the interfaces. However, some dark areas inside the
Fe foil, close to the interfaces are seen in Figure 3.1 (c). An explanation could be that
intermetallic compounds formed during diffusion bonding and most of them were formed
within the Fe layer. This argument could be supported by the fact that it is easier for W

atoms to diffuse into Fe than Fe into W. More details will be discussed in section 3.1.2.

[

Figure 3.1: Optical micrograph of W part in W/Fe/W system after bonding (a). Optical
micrographs of W/Fe/W at low and high magnifications (b, ¢). Schematic of corresponding
RD, TD and ND (d). The light strip in (b) and (c) indicates the Fe interlayer which is
sandwiched between two W layers. Images were taken after etching with Murakami
solution and parallel to the TD.

EBSD examination was conducted on the W/Fe/W sample with results being shown in
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Figure 3.2. Figures 3.2 (a) and (b) are SEM images of the W/Fe/W layred system at a tilt
angle of 0° and 70°, respectively. A tilt angle of 0° is used to perform normal SEM
examination while a tilt angle of 70° is used for EBSD examination which is shown in
Figure 3.2 (c). The region highlighted in a dashed box in Figure 3.2 (b) indicates the

position where EBSD scanning was performed.

! il : \ { '
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Figure 3.2: SEM images at a tilt angle of 0° (a) and 70° (b). EBSD result from both of the
W and Fe parts (c). The EBSD scanning was performed separately for W and Fe layers.
Only part of W sheets was scanned.

From the EBSD images and the scanning results, the elongated W grains are clearly
revealed and the grain morphology is consistent to those under OM in Figure 3.1. A few

localized voids with a micrometer scale along the bonding faces are observed and the voids

may contribute to the gaps between asperities which were not completely closed during
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diffusion bonding. The nonuniform Fe grain morphology in Figure 3.2 (c) could be caused
by recrystallization and grain growth at the 1073 K bonding temperature, since the
recrystallization temperature of Fe is only about 888 K.

3.1.2 Atomic diffusion across the interface

During diffusion bonding, inter-diffusion occurred between the W and Fe at an atomic
scale upon the applied compressive stress, as well as the high temperature and then, intact
bonding face could be formed. Since the bonding quality and the microstructure change
may have an effect on the interface strength and the following high strain rate test, it is
important to investigate the atomic inter-diffusion across the W/Fe interface.

Two interfacial junctions between the W and Fe contact surfaces formed during
diffusion bonding are displayed in Figures 3.3 (a) and (b). Line scans were conducted
across the bonding faces with a length of 5.5 um from the left end to the right end. The
scanning paths are drawn as yellow lines in Figure 3.3 (a) and (b) where W is the section
with the lighter color. Figures 3.3 (¢) and (d) show the diffusion analysis at the interfaces.
The horizontal axes in Figures 3.3 (c) and (d) represent the scanning lengths which
correspond to the scanning paths in Figures 3.3 (a) and (b). The vertical axes in the Figure
3.3 (c) and (d) express the W and Fe atom counts that were received by the detector. The
gradual concentration decrease or increase for either W or Fe indicates that mutual atomic

diffusion occurred in the interface region.
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Figure 3.3: SEM images of two bonding junctions formed at W and Fe bonding faces with
a darker area being as Fe part and a lighter area being as W part (a, b). EDX analysis of Fe
and W atoms couple diffusion at two bonding interfaces (c, d). Image (c) displays the
results from image (a) while (d) is the results from image (b). Yellow lines in (a) and (b)
indicate the EDX line scan length and positions.

The concentration gradient in the interface region indicated by the EDX results clearly
shows and demonstrates the occurrence of inter-diffusion across the bonding face.
However, the elemental concentration or concentration profile is not revealed by EDX line
scan. In order to provide a better understanding of the atomic diffusion quantitatively, nine-
point elemental composition analyses were conducted along the yellow line in Figure 3.4
(a) with the corresponding concentration profile being shown in Figure 3.4 (b). Table 3.1

displays the elemental concentration from point A to B in weight %. From the Table 3.1

and Figures 3.1 (a) and (b), the W concentration is 2.6 % at point A (inside Fe foil) which
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is 4.6 um away from the interface. When the point analysis is conducted at the point 1 um
away from the interface but still inside the Fe foil, the Fe concentration decreases to 96.7 %
while W concentration increases to 9.3 %. Right at the interface, the chemical composition
of W and Fe is about half and half, where Fe is about 48.2 % and W is about 51.9 %.

However, no Fe atom was detected when the point analysis was performed inside the W

region.
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Figure 3.4: SEM micrograph of an Fe/W interface with a yellow line indicating the
positions of nine point EDX analyses (a). Point A (spectrum 1 in Table 3.1) is at the left
end of the yellow line while point B (spectrum 9 in Table 3.1) is the ninth point at the right
end. The distance between each point was ~0.93 um. Elemental concentration profile of W
and Fe along the interface (b). Darker area on the left in image (a) is the Fe part while
lighter part on the right is W part.

Table 3.1: Element concentration from A to B in weight % in Figure 3.4.

Spectrum Fe W Total
Spectrum 1 97.25 2.57 100.00
Spectrum 2 95.93 4.07 100.00
Spectrum 3 96.56 3.44 100.00
Spectrum 4 96.13 3.87 100.00
Spectrum 5 90.67 9.33 100.00
Spectrum 6 48.15 51.85 100.00
Spectrum 7 0.00 100.00 100.00
Spectrum 8 0.00 100.00 100.00
Spectrum 9 0.00 100.00 100.00
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From the point analysis and concentration profile performed by EDX, it may be
concluded that W atoms are easier to diffuse into Fe than Fe into W, which is consistent
with the optical observations in Figure 3.1, where suspected intermetallic phases or solid
solution formation might have occurred at the interface, but only inside the Fe foil. This is
reasonable as in couple diffusion scenario, W atoms have a greater possibilities to squeeze
into the vacancies in the Fe foils because the atomic bonds in the Fe foil are more active
and easier to break at the bonding temperature. In Peterson’s work in 1960 [152], the
diffusion coefficient of W in to Fe was provided at a series of temperatures. From Eq.
(1.10), the activation energy for W diffusion into Fe is calculated to be 243 kJ/mol, and the

temperature-independent preexponential is 5.26 x 10* m?/s. Then the diffusion depth of

/Dt is roughly calculated to be 1.68 pum, which falls on the same order of magnitude of the
experimental observation.
3.1.3 Nanoindentation hardness examination

Tightly formed W/Fe interfaces were observed and analyzed from OM and SEM images.
Atomic interdiffusion was demonstrated to exist at the interfaces, which were further
examined by EDX line scan analysis as well as point chemical analysis in previous
examinations. However, the existence of intermetallic compounds or solid solutions that
appear in the W/Fe phase diagram has not been examined yet. In this section,
nanoindentation hardness measurements are performed at the interface and in the
surrounding W and Fe layers for the purpose of identifying the presence of intermetallics
or solid solutions; it is known an intermetallic compound would have a higher hardness
value than that of either pure metal. Upon bonding at high pressure and temperature, Fe

and W would have a propensity to form intermetallic compounds, Fe;W and FeW, as was
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depicted in Figure 1.6 (a).

Nanoindentation tests were performed on the cross-sectional surface of the sandwiched
WI/Fe/W sample, as shown in Figure 3.5 (a). The distance between consecutive indentations
is ~10 um and the angle between the array of indentations and the horizontal line is ~80°.
The indentations were then projected to the horizontal line with a distance between
consecutive indentations being ~1.74 pum. The hardness values across the interface and
surrounding W and Fe regions are shown in Figure 3.5 (b). The average hardness of W is
8.22 GPa, while the 3.06 GPa for Fe. The values in the interface region fall between the
hardness of W and Fe, as shown in Table 3.2. The intermediate hardness value at the
interface could reflect that solutionizing occurs, i.e., the dissolution of W into the Fe matrix.
There is no steep hardness increase observed at the W/Fe interface. However, it is possible
that the intermetallic phase is too small to be detected by a nanoindenter.

Table 3.2: Nano indentation hardness values of the composite.

Materials Hardness values (GPa)
W 8.22
6.75
5.1
Interface 418
3.06

Fe 3.06
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Figure 3.5: Indentation image (a) and nanoindentation hardness test (b) across the bonding
interfaces (b). Two nanohardness trials in image (b) were conducted across the interface
and surrounded W and Fe parts.
3.1.4 High strain rate compressive mechanical properties

Figure 3.6 represents the uniaxial high strain rate true stress-strain curves of the W/Fe/W
layered structure at various strain rates (~6 x 10° s to ~1.0 x 10* s). A peak flow stress
value of ~4000 MPa has been reached. Another profound observation from these stress-
strain curves is that all of the stress-strain curves show an extraordinary flow softening
which is favorable to the ASB formation. One should note that the flow stress fluctuation
at high strain rates is inevitable upon high rate loading which has been also observed and
documented in other literature [132].

Due to the adiabatic heating, the global temperature rise in the sample can be calculated
by Eq. (1.4). The mass density p was taken as 19.25 g/cm? for this hierarchical structure
since the thin Fe foil mass could be negligible compared with the mass of W, the C;, is

0.134 J/g K. For a plastic strain of 0.1, the temperature rise of the W/Fe/W sandwiched

structure under DY loading is expected to be ~113 K.
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Figure 3.6: High strain rate true stress-strain curves under compressive load of sandwiched
W/Fe/W structure at strain rate of ~6 x 10° s* to 1 x 10* s™*. The last stress drops were
caused by unloading.
3.1.5 Post-loading examinations
3.1.5.1 Optical microscopy/Scanning electron microscopy observations

Post-loading SEM images of the W/Fe/W sample at the strain rate of ~6 x 10° s™ are
shown in Figures 3.7 (c-f) while the SEM images of the same sample before loading are
provided as Figures 3.7 (a) and (b). Before loading, the sandwiched structure is clearly seen
in an overview image in Figure 3.7 (a) and the zoomed-in interface area is shown in Figure
3.7 (b). Under the applied strain rate as ~6 x 10° s, the sample was loaded and a light
colored shear band was formed on the left side of the sample in Figure 3.7 (c). Shear
localization initiated from the left bottom corner of the specimen, propagated through the
bonding area and, then reached to the other W layer. From a zoomed-in image in Figure
3.7 (d), the Fe interlayer only sheared to a minimum extent with the bonding remaining

intact and exhibiting little localized delamination at ~6 x 10 s™. From Figure 3.7 (e) and

(F) which are the zoomed-in images of areas A and B in Figure 3.7 (c), the Fe layer was
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partially sheared inside the shear band. Those close-up views further confirm that the
bonding was intact with little localized delamination at the bonding faces.

Post-loading SEM images of the W/Fe/W sample at the strain rate of ~8 x 10% s are
displayed in Figure 3.8. From Figure 3.8 (a), two significant shear bands at an angle of
about 45° with respect to the loading direction are formed. A subsequent crack on the left
band as a consequence of the severe shear localization can also be observed in a zoomed-
in image in Figures 3.9 (b) and (c). The width of the shear band is ~100 um after a rough
measurement. Note, the Fe foil was sheared to failure inside the shear band, while the
bonding interfaces at the surroundings are intact. The right shear band delaminated the

bonding face between W and Fe and part of Fe foil was squeezed out of the plane.
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Figure 3.7: SEM images before high strain rate loading (a, b). Post-loading SEM images
of the W/Fe/W sample at the strain rate of ~6 x 10% s (c-f). Image (e) and (f) are the
zoomed-in images of the areas A and B in image (c), respectively. Loading direction is
indicated by arrows in images (c).

The adiabatic nature of the shear bands can be indicated by comparing the thermal

conduction length scale over the time of the DY loading with the width of the shear band

[46]. A simpler but closer estimate of the thermal conduction length scale is v2a - At,
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where o is the thermal diffusivity of W (0.662 cm?/s at room temperature and 0.226 cm?/s
at melting point) [46], and the At is the time elapsed during DY loading (~52 ps). As such,
the estimate of the thermal conduction length scale is on the order of about 40 pum, which
is smaller than the apparent shear band width (~100 um). This suggests that the shear bands

observed in this work are indeed adiabatic in nature.

Figure 3.8: Post-loading SEM images of the W/Fe/W sample at strain rate of ~8 x 10° s
(a-d). The edges of the left shear band are highlighted by two dashed lines in (b). A close
view of the Fe layer tip inside the left band (c). Shear band on the right with localized
delamination (d). Loading direction is indicated by arrows in image (a).

The underlying morphology of the shear bands was revealed by polishing and
Murakami’s etching on the loaded sample (~8 x 10° s%) and is shown in Figure 3.9. Figure

3.9 (a) provides an overview optical micrograph of the ASB. The bright thin layer is the
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Fe foil in-between two W sheets. The superficial crack and localized delamination of the
as deformed surface were removed by mechanical polishing with two symmetric shear
bands now being clearly seen. Figure 3.9 (b) and (c) are close-up views of the left and right
shear bands, respectively. The Fe foil is sheared and thinned severely inside the band. The
thickness of Fe foil within the band is ~4 um while the thickness outside the band is ~14
pum, compared to the original thickness which is 25 um. In other words, the thickness
reduction of Fe foil inside and outside the shear band is 84 % and 44 %, respectively. Flow
lines in Figure 3.9 (b) and (c) suggest a canonical structure which describes the ASB of W,
where the flow lines bend down through the boundary into the band and then curve away

on the other side forming an antisymmetric pattern [26].

100 um I 100 um

Figure 3.9: Optical micrographs of the ASB (~8 x 10%) revealed by Murakami solution (a-
C).

The morphology of ASB at higher magnifications is shown in SEM images in Figure
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3.10. The interfaces between W and Fe are tightly joined around the shear band areas and
even within the ASB. These shear bands with canonical structure do not show a very well-
defined edge because the temperature rise would not have been sufficient to cause

extensive recrystallization in W at the center of the ASB. However, recrystallization in Fe

layer may be expected to see which is confirmed by TEM images.

Figure 3.10: SEM images of ASB (~8 x 10° s%) revealed by Murakami solution (a-c).
The reason for triggering ASB at high strain rate is that the thermal softening overcomes
the strain hardening and strain rate hardening. As such, it is necessary to evaluate the
adiabatic temperature rise within the shear bands. As discussed in previous context, the
temperature rise of the whole sample was calculated to be about 113 K when the

compressive strain was 0.1 and flow stress was 3250 MPa. While within the shear band,
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the angle between the Fe layer or the flow lines outside and inside the shear band is
measured to be about 40°, i.e. the shear strain within the band is calculated to be 0.84. From
Eq. (1.4), when the shear stress is about 1600 MPa, the temperature rise inside the shear
band was calculated to be ~467 K. However, this calculation could still underestimate the
temperature rise inside the shear band, which will be discussed in the next subchapter.
3.1.5.2 Transmission electron microscopy observations

With the intention of further studying the microstructure of the sandwiched W/Fe/W
sample before and after high strain rate loading, TEM examinations were performed on the
bonded sample and the high strain rate tested sample. Figure 3.11 (a) is a BF TEM image
at the bonding interface before high strain rate loading. The top light part with three grains
inside is the Fe layer, whereas the bottom darker region is the W layer with multiple
elongated grains. There is a gap at the W/Fe interface which could be attributed to a
localized area of insufficient bonding pressure. However, this localized gap should not
affect the stress wave propagation or the strength of the bonding according to the results in
the context of the previous discussion.

From Figure 3.11 (a), the Fe grain size is larger than 2 um at minimum because of the
grain growth during bonding. The elongated W grain structure introduced by rolling is also
shown in the image. The interior of the W grains is clean with few dislocations being
observed. The reason could be explained that during the diffusion bonding process at 1073
K, the bonding temperature annihilates the dislocations that were introduced by the SPD
and the one hour bonding contributes to the possible Fe grain growth. Figure 3.11 (b) is the
EDX map which shows that Fe (red) and W (green) atom cross the interface during bonding.

An overlapped region formed at the interface is zoomed-in in Figure 3.11 (c). The
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overlapped region at the interface further demonstrates the inter-diffusion at the interface.

2.0 m ———— 05 pm

Figure 3.11: TEM BF image of the W/Fe/W sample as bonded (a). EDX mapping shows
that Fe (red) and W (green) atoms across the interface during bonding (b). An overlapped
region formed at the interface in the zoomed-in image (c)

Another TEM observation from the bonded sample is revealed in Figure 3.12. A strip
of suspected intermetallic phase at the interface with a width of ~100 nm was observed and
displayed in the BF image in Figure 3.12 (a). From the corresponding DP in Figure 3.12
(b), the Fe,W phase was identified and marked in red. The DF image from the selected spot
in Figure 3.12 (d) indicates the formation of Fe,W phase. One can say that under this
bonding condition, Fe,W intermetallic phase forms, but it does not continuously exist along
the W/Fe interface. The width of the Feo;W phase is ~100 nm. The existing small amount
of intermetallic compound would have a positive effect on strength the bonding face.

However, excessive intermetallic phase formation could lead to a brittleness at the interface

and impede the stress wave propagation.
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Figure 3.12: TEM BF image of the W/Fe/W interface (a) and corresponding diffraction
pattern (b). DF image (c) from the selected spot in (d) indicates the formation of FeoW
intermetallic compound.

Figures 3.13 (a-f) are the TEM results from the specimen tested at 8 x 10%s™. The TEM
sample is from the location away from ASB. A BF image and SADP of the bonding face
are shown in Figures 3.13 (a) and (b) with the dark bottom part being W and the bright top
part being Fe in Figure 3.13 (a). A few gaps at the interface are visible between the W and
the Fe asperities with a gap width of ~150 nm, which were probably introduced by
mechanical polishing. The gaps between the W and the Fe asperities could have been
closed by the bonding pressure. The corresponding SADP is displayed in Figure 3.13 (b)

with an identifiable Fe DP. W and possible intermetallic phase are not identified in the DP.

The TEM BF image and SADP of W and Fe regions of the sample tested at 8 x 10% s
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are shown in Figures 3.13 (c, d) and (e, f), respectively. From Figure 3.13 (c), the W grains
outside the shear bands also display the characteristic elongated morphology. Moreover, a
large number of dislocations are trapped inside the W grains as well as accumulated near
the W grain boundaries upon a compressive strain of ~0.43. The corresponding SADP of
the W region and its identified DP is shown in Figure 3.13 (d). The BF image of Fe at 8 x
10° s is presented in Figure 3.13 (e) showing a totally different grain morphology
compared to those after bonding in Figure 3.11 (a). Due to the SPD at high strain rates, an
excessive number of dislocation cells appears inside the Fe grains in Figure 3.13 (e).

The microstructure inside the ASB should display different features compared to those
after bonding and outside the ASB if the shear strain and temperature rise are considered.
The shear strain inside the ASB was ~0.84 and temperature rise within the band was
calculated to be ~467 K for the W/Fe/W sample at 8 x 10% s%. Since the temporal scale of
the shear deformation is much shorter than that of heat conduction, 90 % of the heat
converted from plastic deformation was confined within the band. Because of the extreme
small loading duration which was ~52 s, the Fe grains inside ASB could undergo
recrystallization if the temperature rise is high enough and then is suddenly quenched by
the surroundings as the global temperature rise was only ~113 K.

Figure 3.14 provides the TEM BF images and SADPs of the W/Fe/W sample at ~8 x
10% st but inside ASB. The W/Fe interface inside the ASB and its SADP are shown in
Figures 3.14 (a) and (b). At the interface region, no asperity or gap can be observed and it
is possible that the severe shear stress forces the gap to close. From the SADP in Figure
3.14 (b), both of the W and Fe DPs can be identified. However, no intermetallic phase DP

is identified in Figure 3.14 (b). This could be explained that the amount of intermetallic
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compound (Fe2W or FeW) is too small to appear in the DP or does not exist in the selected

area in Figure 3.14 (a).

Figure 3.13: TEM BF image (a) and SADP (b) of the W/Fe/W sample interface. TEM BF
image (c) and SADP (d) of W part. TEM BF image (¢) and SADP (f) of Fe part. The strain
rate was~8 x 10° s and the TEM sample is from the location that outside ASB.
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Figure 3.14: TEM BF image (a) and SADP (b) of the W/Fe/W sample interface. TEM BF
image (c) and SADP (d) of W part. TEM BF image (e) and SADP (f) of Fe part. The strain
rate was~8 x 103 s-1 and the TEM sample is from the location that inside ASB.

As for the W region in Figure 3.14 (c), the W grains with the ASB are totally developed
into a layered structure with a width of each layer of ~200-300 nm. Thick dislocation walls
establish upon loading which is consistent with previous research [153]. The SADP of the
W region in Figure 3.14 (d) displays an approximate diffraction halo which confirms a

smaller grains of W inside the ASB. Moreover, a significant change is observed in Figure
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3.14 (e) where the Fe grains are refined into NC regime. The Fe grain size is ~100-200 nm
compared to its ~4 um CG counterpart before loading. The DP of Fe part in Figure 3.14 (f)
shows the shape of rings which further confirms its NC grain structure inside the ASB. It
is the temperature rise within the band recrystallized the Fe grains during a short loading
time frame and then the grains were quenched by the surroundings. The temperature rise
inside the ASB was calculated to be ~467 K while the Fe recrystallization temperature
should be ~888 K for its melting temperature is 1811 K. One could say that the calculation
underestimates the temperature rise within the ASB in this scenario.
3.2 Three-layer structure (V interlayer)
3.2.1 Microstructural analysis

In the W/Fe/W system, ASB was demonstrated to propagate through the
heterogeneously layered structure upon high rate loading. The Fe foil, as the interlayer in
between W sheets, plays a role of bonding the rolled W sheets together into an integral
structure. It is encouraging that the Fe interlayer facilitates the formation of intact bonding
faces and the W/Fe/W structure also survived the high rate loading with ASB being
observed. This heterogeneous structure that has ASL under high rate loading could be
optimized in terms of different interlayer materials as well as bonding conditions. A
W/V/W structure with a V foil sandwiched between two adjacent W layers was fabricated
and studied in this section to evaluate if the ASB/ASL propagation is universal in the
heterogeneous layered structure. Moreover, there should be no intermetallic phase
formation in the W/V/W layered system according to the isomorphous phase diagram in
Figure 1.6, which is favorable to form an intimate contact and wave prorogation upon high

strain rate loading.
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Two tight junctions between the W and V contact surfaces were formed during diffusion
bonding and one of the interfaces is displaced in Figure 3.15 (a). Ten point elemental
concentration analyses were conducted across the W/V bonding face from the left end
(point A) to the right end (point B). Figure 3.15 (b) shows the concentration profile with
the horizontal axis being the distance and the vertical axis being the chemical composition.
The gradual concentration decreases or increases at the interface region for either W or V
indicating that a mutual atomic diffusion occurred at the interface region. Table 3.3
displays the elemental concentration from point A to B in weight %. From Table 3.3, the
V concentration at point A (within W) is 0.62 % and increases to 1.44 % when it is ~1.5
pm away from the interface. However, the concentration of W atoms in the V matrix is
much higher than V atoms in W matrix. Similar to that observed in the W/Fe/W system,

W atoms are easier to diffuse into V than V into W.
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Figure 3.15: SEM micrograph of an Fe/V interface with a yellow line indicating the
positions of ten point EDX analyses (a). Point A (spectrum 1 in Table 3.3) is at the left end
of the yellow line while point B (spectrum 10 in Table 3.3) is the tenth point at the right
end. The distance between each point is ~1 um. Elemental concentration profile of W and
V along the interface (b). Darker area on the right in image (a) is the V part while lighter
part on the left is W part.
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Table 3.3: Element concentration from A to B in weight % in Figure 3.15 (a).

Spectrum \ W Total
Spectrum 1 0.62 99.38 100.00
Spectrum 2 0.51 99.49 100.00
Spectrum 3 0.7 99.3 100.00
Spectrum 4 1.44 98.56 100.00
Spectrum 5 22.01 77.99 100.00
Spectrum 6 93.39 6.61 100.00
Spectrum 7 96.16 3.84 100.00
Spectrum 8 93.73 6.27 100.00
Spectrum 9 95.04 4.96 100.00
Spectrum 10 94.44 5.56 100.00

3.2.2 High strain rate compressive mechanical properties

The uniaxial high strain rate true stress-strain curves of the W/V/W structure at various
strain rates (~6 x 10% s to 7 x 10° s1) are shown in Figure 3.16. The peak flow stress has
reached ~3500 MPa at a strain rate of ~7 x 10° s, One should note that the samples
indicated by black and blue traces were tested by a shorter 76 mm striker bar and samples
indicated by green and red traces were tested by a longer 127 mm striker bar. Since the
length of the sticker bar is linearly proportional to the deformation of the sample, there will
be a strain variation at the same strain rate. Significant flow softening has been observed
in the stress-strain curves, which was also observed in the W/Fe/W system results. Hence,
the flow softening phenomenon that proceeds ASB is not unique to the W/Fe/W system
only, but also universal for any heterogeneous layered structure of W/M/W, M being the
interlayer metal. Due to adiabatic heating, the global temperature rise in the sample could
be calculated using Eq. (1.4) and the global temperature rise is calculated to be ~181 K

when the plastic strain is 0.1.
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Figure 3. 16: High strain rate true stress-strain curves under compressive load of

sandwiched W/V/W structure at strain rate of ~4 x 103 s-1 to 7 x 103 s-1. The last stress
drops were caused by unloading.

3.2.3 Post-loading examinations

Post-loading SEM examinations of the W/V/W sample at the strain rate of ~6 x 103 st
are displayed in Figure 3.17 (b-f). Figure 3.17 (a) is a SEM image the W/V/W structure
before DY loading where a 75 um thick V layer is in between two rolled W sheets. From
Figure 3.17 (b), a primary shear band developed on the left of the sample at an angle of
~45° with respect to the loading direction which is displayed at the top right of the image.
A deep crack with a width of ~10 um runs through the left shear band as a consequence of
the severe shear strain gradient that accumulated inside the band and outside the band. The
occurrence of the shear band and subsequent crack cross these heterogeneous layers
demonstrate the propagation of the stress wave through the inhomogeneous structure
without impediment. From the zoomed-in image in Figure 3.17 (c), it can be seen that the
V foil is completely sheared into two inside the band. The flow lines of the ASB are clearly

observed in Figures 3.17 (d-f) demonstrating the typical canonical structure.
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Figure 3.17: SEM image of the W/V/W sample after bonding (a). Post-loading SEM
images of the sample at the strain rate of ~6 x 10® s (c-f). Images (c-f) are the zoomed-in
images of image (b). Loading direction is indicated by arrows in image (b).

Figures 3.18 (a-d) depict the morphology of ASB under SEM after mechanical polishing
and etching. The superficial crack was removed during polishing and the primary ASB is

shown in Figure 3.18 (a). The V interlayer is sheared within the band but still intact upon
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high rate loading. From a close-up view of the interface region in Figure 3.18 (b), the V
layer is sheared heavily within the band with a thickness reduction of about 86 % compared
to its original thickness of 75 um. The bonding faces remain integral and no obvious
delamination between W and V is observed at the interfaces. The width of the shear band
is ~100 um and the band is adiabatic in nature if considering the characteristic heat

conduction length which is ~ 40 um. The typical canonical structure is also clearly revealed

in Figure 3.18 (c, d).

Figure 3.18: SEM images of an ASB morphology in W-V-W system tested under strain
rate of about 6 x 10% s (a-d). The sample was revealed by standard Murakami solution.

3.3 Conclusions
Three-layer inhomogeneous structures, W/Fe/W and W/V/W, were fabricated using

rolling and diffusion bonding, which were then investigated comprehensively in the aspects
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of microstructure examination and mechanical properties analysis. The observed flow
softening as well as the occurrence of ASB demonstrate that these structures are ASB
susceptible materials. Moreover, the bonding interfaces, W/Fe and W/V, remain intact
upon high rate loading with localized delamination being observed only at the interface.

Low homologous temperature rolling and diffusion bonding were used to create the
three-layer structures of, W/Fe/W and W/V/W. The bonding interfaces of W/Fe and W/VV
were examined under OM, SEM and TEM. No void or delamination was observed after
bonding. The W grains in the W/Fe/W structure display an elongated microstructure with
a width of 5-10 um which was introduced by low homologous rolling. During diffusion
bonding, dislocations that were introduced by rolling were annihilated and the interior of
W and Fe grains were clean after bonding.

Inter-diffusion between W and Fe (V) across the bonding interfaces occurred during
diffusion bonding. This inter-diffusion is a prerequisite for developing a tightly bonded and
strong interfaces. W atoms have a higher ability to diffuse into the interlayer materials in
the three-layer structure because W belongs to refractory metal category and it has a stable
atomic bonding at 1073 K. According to the nanoindentaion results, no significant hardness
increase has been observed at the interface, which indicates that no excessive amount of
intermetallic compound has formed during diffusion bonding.

Upon DY compressive loading, the stress-strain curves of the W/Fe/W and W/V/W
samples display significant flow softening. The peak flow stress of the W/Fe/W sample
reached ~4000 MPa at a strain rate of ~ 8 x 10° s, The peak flow stress of the W/V/W
sample reached ~3500 MPa at a strain rate of ~7 x 10° s’*. ASBs as well as cracks have

been seen on the cross-sectional surface of the W/Fe/W and W/V/W samples upon high
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rate loading. The width of the ASB was identified as ~100 um. At a plastic strain of 0.1,
the global temperature rise of the W/Fe/W sample at 8 x 10° s was calculated to be ~113
K while the temperature rise inside the band was conservatively calculated to be ~467 K.

After bonding, the W grains in the W/Fe/W system show an elongated structure with
few dislocations being observed inside the grains. However, an excessive numbers of
dislocations accumulated within the grains after high rate compression. Inside the ASB,
thick dislocation walls formed in the W layer, leading to a laminar structure.

The Fe grains after bonding grew into a CG structure with dislocation annihilation
during this process. The Fe grains outside of the shear band after loading were severely
deformed with dislocation walls and sub-grains being seen due to the SPD. However, the
Fe grains inside the ASB were recrystallized and refined to the NC regime with an average
grain size of ~100-200 nm, which is attributed to the sudden temperature rise and drop

inside the band.
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CHAPTER 4: W/FE/W BULK SAMPLES AND BALLISTIC PERFORMANCE.

4.1 Multi-interlayer structure

The three-layer sandwiched structures (W/Fe/W and W/V/W) were comprehensively
investigated to study aspects of their microstructure and mechanical properties,
demonstrating the university of ASB in such heterogeneously stacked structures. This
phenomenon indicates that the heterogeneously stacked structure favors stress wave
propagation under high rate loading conditions. Therefore, the three-layer sandwiched
structures meet one of the prerequisites of being a KE penetrator materials-occurrence of
ASB under high rate loading. However, the three-layer structure after diffusion bonding is
a two-dimensional material with a thickness of only ~1-2 mm, which could not be used to
fabricate a three-dimensional subscale or prototype KE penetrator. Based on the positive
experimental results from the three-layer structures, a thicker four Fe interlayers sample
and a much thicker multi-interlayer bulk material were studied under high rate loading
conditions and a ballistic experiment, respectively, to investigate the effect of thickness
scaling on ASB.
4.1.1 Microstructure and atomic diffusion

A sample including four Fe foils and five W layers was prepared by diffusion bonding
and then EDM machined into cubes with dimensions of ~2.5 mm x 2.5 mm x 2 mm for the
following high rate testing. One of the high rate testing samples is shown in Figure 4.1.
The five thick layers are W layers with a thickness of ~400 um. The four thinner Fe layers
are in between the W layers with an individual thickness of ~25 um. After bonding, the
interfaces are intact with no obvious void or delamination being observed under an optical

microscope.
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Figure 4.1: Montage of the optical micrographs of four-interlayer (Fe) sample before high
rate testing.

Figures 4.2 (a-d) are the bonding face investigation results using EDX line scan along
the W/Fe interfaces. The scanning path is shown in each image as a yellow line with a
length of ~12 um. At the four bonding interface locations, the interfaces are intact with
closed asperity gaps between the W layer and Fe foil. A few voids that are observed inside
the Fe foil could have been introduced during the manufacturing process. At each of the
bonding faces, the concentration gradients from W atoms and Fe atoms are displayed in
Figure 4.2. This concentration gradient is consistent with the analysis result from the three-
layer structure. The concentration gradient at each interface indicates the occurrence of
coupled diffusion taking place between W and Fe at the interfaces, which facilitated the
formation of tightly bond interfaces. In other words, this scale-up experiment proves that

diffusion bonding can also be used to fabricate a much larger multi-interlayer sample.
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Figure 4.2: EDX line scan of a four-interlayer (Fe) sample at the W/Fe bonding faces.
Yellow line in each image indicates the line scan path across the interface. W and Fe atom
counts are displayed in red and blue in (a, b) while vice versa in (c, d). The wide black strip
in the middle of each image is the Fe foil.
4.1.2 High strain rate mechanical properties

High strain rate uniaxial true stress-strain curves of the four-interlayer structure under
various strain rates are displayed in Figure 4.3. The sample cubes after EDM cutting were
loaded at strain rates from ~3 x 10% s to 4.5 x 10° s’. The peak flow stress has reached a
value near ~2750 MPa at a strain rate of ~4.5 x 10% 1. Due to the limitations of the applied
strain rate, the loading strain rate could not reach closer to those of the earlier sandwiched

structures. In order to observe the flow lines clearly, a sample was loaded twice and is

shown in green and blue in Figure 4.3. From the high strain rate stress-strain curves of the
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multi-interlayer samples, a profound flow softening is also observed as a prerequisite of
occurrence for ASB. The adiabatic temperature rising in the multi-interlayer sample at 4.5

x 10% st was calculated to be ~84 K at the strain of 0.1.
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Figure 4.3: High strain rate true stress-strain curves under compressive load of four-
interlayer samples at strain rate of ~3 x 103 s to 4.5 x 10* s,

4.1.3 Post-loading examinations

Figure 4.4 and 4.5 reveal the post-loading SEM images of the sample at ~4.5 x 10° st
(first loading) and ~ 3.5 x 10° s (second loading). The four black thin layers in image (a)
are the Fe foils. The top and bottom W layers are thinner than the other three W layers
which was due to the more severe mechanical polishing. Under the first loading, the sample
was loaded to a strain of ~0.24 with multiple light shear bands appearing in Figure 4.4 (a).
Those shear bands propagate through the four Fe interlays and the five W layers along the
sample diagonal upon high rate loading, demonstrating the possibility of ASB development
not only in a sandwiched structure, but also in this thicker multi-interlayer sample or even

bulk materials.
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Close up views of areas A, B and C in Figure 4.4 (a) are shown in Figures 4.4 (b), (¢)
and (d), respectively. In Figure 4.4 (b), a shear band propagates through W and Fe and
shears the Fe foils in a way of necking. The bonding faces inside and near the band are still
intact upon loading. From Figure 4.4 (c), a crack at the W/Fe interface develops within the
band and propagates into the W layer. Typical shear band flow lines are clearly observed
in Figure 4.4 (d) with a width of ~100 um and the morphology of shear band is similar to
those developed in the three-layer structure. However, after the first loading, the shear
bands are not as confined and defined as the ones in the sandwiched structure at 8 x 10% s
1 This could be attributed to the lamination in the applied strain rates that were determined

by the sample gauge length and the geometry of the SHPB.
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Figure 4 4: Post-loading SEM image of a four-interlayer sample at the strain rate of ~4.5 x
10® s (a). Zoomed-in SEM observations (b-d) of positions A, B and C in image (a).
Loading direction is shown by arrows in image (a).

One way that could introduce better defined shear bands for further investigations is to
load the sample again under same strain rate. The second high strain rate loading was
implemented on the same sample after the first loading and the loading conditions were
unchanged. However, the new strain rate being less, i.e., ~3.5 x 10% s, was due to a change
of the sample geometry. In other words, the sample expanded under the first compressive
load with a Poisson’s Ratio of 0.27. The contact area between the deformed sample and
the impute bar surface was larger than that before loading, which lead to a lower strain rate.
Upon the second high rate loading, the four-interlayer sample was deformed to a total strain

of ~0.4.
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Figure 4.5 (a) displays the post-loading SEM image of the sample after the second
loading at the strain rate of ~3.5 x 10° 1. From the overview observation in Figure 4.5 (a),
the four-interlayer sample loaded to a larger strain has more diffusive shear bands on the
cross-sectional surface. The Fe foil is also compressed to a larger extent. The diffusive
morphology of the shear bands may be attributed to the non-flat surface introduced by the
first loading. Shear bands are observed propagating though the W layers, Fe foils and
bonding areas. Even after the second loading, the sample is still intact and no delamination
is observed at the interfaces.

A close up image from area A in Figure 4.5 (a) is presented in Figure 4.5 (b) where the
typical canonical structure with curved flow lines is clearly revealed. Figure 4.5 (c) and (d)
are other two SEM images from the W/Fe interfaces. From those two images, the Fe foils
have sheared to a large extent with cracks being observed inside the shear band. Localized
delamination between W and Fe has been observed inside the shear band where the shear

strain is the largest.
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Figure 4.5: Post-loading SEM image of the four-interlayer sample after the second loading
at the strain rate of ~3.5 x 10% s (a). Zoomed-in images (b-d) of areas A, B and C in image
(a). Loading direction is indicated by arrows in image (a).

In general, the four-interlayer sample displays ASL upon high rate loading and only
localized delamination was observed at the interfaces which indicates that the bonding
strength is strong enough to survive the wave propagation in a multi-interlayer structure.
In other words, the occurrence of ASB is universal in heterogeneously stacked structures
and the number of interlayer does not have an effect on the wave propagation or the
formation of ASB.

4.2 Ballistic performance

4.2.1 Ballistic sample and performance justifications

High strain rate mechanical behavior investigations on the three-layer structure or four-
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interlayer structure demonstrated that the heterogeneously layered structure not only has a
propensity to adiabatic shear failure, but also could be used to fabricate bulk samples or
projectiles to overcome the geometrical limitations of rolled W. The high strain rate
mechanical tests in the previous context were conducted on SHPB system at strain rates
from 10% s to 10* s at most. However, the loading rates for a KE penetrator launched
from a high velocity tank gun can reach up to ~10° s, Under these circumstances, bonding
strength and the occurrence of ASBs should be investigated at an extremely high strain rate
to simulate the real gun lunching and penetration performance. Therefore, a bulk
heterogeneously layered material that has a larger thickness is needed for a ballistic
performance study. In this chapter, a bulk material with a total thickness of ~12 mm (25 Fe
foils and 26 W layers) was fabricated through diffusion bonding and then EDM cut into
cylinders with a diameter of 4 mm for the ballistic tests.

Normally, the observed flow lines and failure behaviors of the penetrator materials can
be divided into three general categories: stable plastic flow, plastic flow with “late” plastic
localization and rapid localization after small plastic strains, correspond to different levels
of penetration performance [3]. Stable plastic flow could indicate no ASB formation during
the penetration process which leads to a big mushroom head. This is not favorable at all
for the penetration process. Plastic flow with a “late” plastic localization means that
adiabatic shear happens at a late stage and the shear bands are usually found at the rear of
the projectile, instead at the head of the projectile. The most favorable situation is a rapid
localization after small plastic strains. ASB could be identified at the head of the projectile
residual or at the edge of the projectile-target interface which shows an earlier shear

localization event demonstrating the desired behavior.
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4.2.2 Projectile-target interface observations

Figures 4.6 (a) and (b) are the top and cross-sectional views of the bulk heterogeneously
layered sample after bonding. 26 W layers and 25 Fe foils were bonded together under
applied pressure and temperature. This cuboid was then EDM cut into two cylinders with
a diameter of 4 and length of 12 for ballistic testing. Figure 4.6 () is one of the steel targets
after ballistic test with the penetration direction into the paper. The steel target was then
sectioned into halves, as displayed in Figure 4.6 (d) for microstructural investigations of
the projectile residual. The material inside the penetration tunnel is the Bi-Sn filler which
was used as a fill-in material to secure the loose projectile residuals inside the cavity for

metallographic examination.

Figure 4.6: Top view (a) and cross-sectional view (b) of a bulk heterogeneously layered
sample after bonding with RD being shown in each image. The steel target (shot 1 in Table
2.3) after ballistic test (c). The steel target was sectioned into halves with projectile
shooting velocity being shown (d).
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In Figures 4.7 (a) and (b), matching halves of the projectile near the projectile-target
interface are recognized and highlighted with the red box after mechanical polishing. The
center of the tunnel cavity was not included in the image mosaic because it is the place
where the Bi-Sn filler is located, and no residual is expected to be observed in that area.
SEM observations and EDX analysis will be discussed during the microstructural

examination and elemental identification.

Figure 4.7: Montage of optical images of two halves of the mild steel target (a, b) which
was shot at the velocity of ~1 x 10% m-s™. The fill-in material in the cavities is the Bi-Sn
filler that was used to seal the projectile residuals. The areas highlighted with red boxes are
where the projectile residuals are located, which was confirmed by EDX.

A close-up montage of SEM images of the projectile residal in Figure 4.7 is revealed in
Figure 4.8. Two continuous dark thin strips in the SEM image are the Fe foils that
functioned as the interlayers in between the W layers. Upon the ballistic test, the thickness
of the Fe foil is ~2-5 um compared to the 25 um original thickness. The thickness of the
W layer in the residual is ~100-150 um in average while the original thickness was ~465

pm. In other words, the thickness reduction of Fe foil is ~80 % and ~ 60 % for W at least

in terms of their original thicknesses. Another observation from Figure 4.8 is that Fe foils
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are sheared heavily at some regions and possible shear bands are existing at which the Fe

foils have sheared.

Figure 4.8: Montage of SEM images of the projectile residual in Figure 4.7 (a). The dark
thin strips indicate the Fe foils in between W layers.

Figure 4.9 (a) is a montage of optical micrographs of the projectile residual that was
shown in Figure 4.7 (a) after etching with Murakami solution. From the overview image
in Figure 4.9 (a), the Fe interlayers are visible in some areas but not as clearly as in the
SEM images. However, flow lines and shear bands are evidently observed from the optical
micrographs. Close ups of areas A-D in Figure 4.9 (a) are shown in Figure 4.8 (b-e),
respectively. Figures 4.9 (b), (c) and (e) are the close-up views of areas A, B and D where
the edges of the projectile residual are revealed with shear localization, demonstrating the
adiabatic shear failure mechanism of the stacked multi-layered material during penetration
process. The flow lines bend down through the boundary into the band and yet stop on the
other side of the band because of fracture. From Figure 4.9 (d), a complete canonical
structure is shown in the image with an Fe foil sheared together with W layers. Moreover,
the W/Fe bonding faces are intact in the projectile residual.

The other side of the projectile residual in Figure 4.7 (b) was investigated under SEM
and OM for the purpose of revealing and understanding the existence and morphology of
ASB on the other half of target. Figure 4.10 (a-c) are the SEM images of the residual after

mechanical polishing. Figure 4.10 (a) is the montage of SEM images where W layers and
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Fe foils are clearly discerned and distinguished from the target and the Bi-Sn filler. Two
Fe interlayers and three W layers are visible in the residual with an Fe foil thickness of ~2-
5 um and W layer thickness of ~100-150 um. In other words, the thickness reduction of
the Fe foil and W layer embedded in the other half of the target are ~80 % and 60 %,
respectively. Figure 4.10 (b) and (c) are the close-up images of areas A and B in Figure
4.10 (a). In each image, the Fe foil thickness in some areas is thinner than in other places
and this could be caused by severe shear or the existing of ASB in some regions. Besides,
the bonding faces in the projectile residual also stay intact in most of the region with only

localized delamination being observed.
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Figure 4.9: Montage of the optical micrographs of projectile residuals in Figure 4.7 (a) after
etching with Murakami solution (a). Zoomed-in images (b-€) of areas A-D in (a).

Optical observations after etching were performed on the same projectile residual which
is described in Figure 4.7 (b) for flow lines and shear band investigations. Figure 4.11 (a)

is a montage of optical images of the projectile residual after etching. From this optical
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image, flow lines that are introduced by the ballistic performance are clearly shown inside
and at the edge of the residual. Areas A-D in Figure 4.11 (a) are enlarged at high
magnifications and displayed in Figures 4.11 (b-e), respectively. From those images, the
elongated W grains are attributed to the low homologous temperature rolling are revealed.
In Figures 4.11 (b, c), the edges of the projectile residual display features of shear failure
due to the formation of shear bands upon the extremely high rate loading. Additionally, W
is observed suffering from severe stretching before failure. Shear bands are also witnessed
to exist in W layers in Figures 4.11 (d) and (e). A crack that developed at the W/Fe interface
is seen in Figure 4.11 (e) as a consequence of severe adiabatic shear with a shear strain

being calculated to be as high as 0.7.
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Figure 4.10 Montage SEM images (a) of projectile residual described in Figure 4.7 (b).
Close views (b, ¢) of areas A and B in image (a). The dark lines indicate the Fe foils which
are in between W layers.
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Figure 4.11: Montage the optical micrographs of projectile residual described in Figure 4.7
(b) after etching with Murakami solution. Close-up images (b-e) of areas A-D in (a),
respectively.

4.2.3 Observations of the projectile rear

The microstructural analyses using OM and SEM evidently display and reveal the
existence of ASB in the projectile residuals at the projectile-target interface. Those
observations deliver the information that rapid localizations happened after small plastic

strains, and corresponded to an “earlier” shear event during the penetration process. The
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target of the ballistic test 2 (Table 2.3) was also sectioned into halves for microstructural
investigations. Two pieces of residuals were identified at the rear of the projectile and are
shown in Figures 4.12 (a, b). Compared with the shot 2 cavity circumference in Figures
4.12 (a, b), the shot 1 cavity in Figure 4.7 (a, b) is smoother than the one in Figure 4.12 (a,
b). The rough tunnel wall in Figures 4.12 (a, b) can be treated as another way to characterize
the existing of adiabatic shear failure during penetration.

Close-up views of the residual in Figures 4.12 (a) and (b) are shown in Figures 4.12 (c)
and (d), respectively. In Figure 4.12 (c), the residual edge that is embedded in the steel
target only displays a massive plastic deformation. However, the residual edge exposed in
the air can be identified as the adiabatic shear failure. More adiabatic shear failure
evidences are displayed in Figure 4.12 (d). The layered structure is indisputably revealed
after polishing and etching with Fe foils and W layers being able to be distinguished. One
can say that it is the ASB that shears the projectile when penetrating through the steel target.
From the residuals, most of the W/Fe bonding faces remained intact with only localized
delamination being observed. In general, the strength of bonding faces survived the
extremely high rate loading during ballistic test and the bulk heterogeneously stacked

structure delivered the adiabatic shear failure as expected.
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Figure 4.12: Montage of optical images of two halves of the mild steel target (a, b)
described as shot 2 in Table 2.3. The fill in material in the cavities is the Bi-Sn filler
material that was used to seal projectile residuals in small scale projectiles. The areas
highlighted in red boxes are the projectile residuals confirmed by EDX. Optical images (c,
d) of the highlighted projectile residuals in image (a) and (b). Two areas in image (d) with
a yellow tone are identified as contaminations.
4.3 Conclusions

The geometry of the heterogeneously layered structure was successfully extended to the
multi-interlayer structure using diffusion bonding. A high strain rate test was conducted on
a multi-interlayer sample with four Fe interlayers from a strain rate of ~3 x 10° s to ~4.5
x 10° s, The subscale ballistic test was performed on the bulk heterogeneously stacked
sample to investigate and more realistically simulate a projectile firing event and thus study

and understand the penetration process.

Under OM and SEM observations, the bonding interfaces of the four-interlayer samples
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were found to be intact upon high rate loading with no large voids or delaminations being
observed. Inter-diffusion between W and Fe atoms was studied by EDX at the interface,
which facilitates the formation of the atomic bonding and the strength of the bonding faces.

Upon high rate loading at 4.5 x 10® s, four-interlayer sample developed light shear
bands and the shear bands propagated through the inhomogeneous layers without
impedance. Fe foils were sheared to a little extent due to the lower loading rate and
deformation strain.

Projectile residuals at the projectile-target interface and the rear of the projectile were
revealed and examined under OM and SEM. Massive ASB and significant shear failure
features were discovered under microscopic studies, demonstrating the dominant role of
adiabatic shear failure in the heterogeneously stacked structure. The W/Fe interfaces inside
the projectile residuals were intact upon the ballistic loading at the velocity of ~ 1 x 103
m-s™.

The residuals found at the project-target interface exhibited an “early” plastic
localization which is the desired outcome during the ballistic test. This discovery
demonstrates that the heterogeneously stacked structure developed a rapid localization
after small plastic strains and, as it emulates self-sharpening behavior, it helps to create a

smaller ballistic cavity and deliver a superior ballistic preformation.
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CHAPTER 5: TWIP STEEL (FCC)-MECHANICAL PROPERTIES UNDER STATIC
AND DYNAMIC LOADS

5.1 Microstructural characterization

The optical images of the as-received TWIP steel which has not undergone plastic
deformation are shown in Figures 5.1 (a) and (b) at different magnifications. From the
images, the grain and grain boundaries are not clearly revealed by etching under the optical
microscope. The probable reason could be that the as-received steel has experienced heavy
plastic deformation during the belt-casting manufacturing process. As is seen in the images,

a quite uniform microstructure can be observed and the grain size is roughly ~5-10 pm.
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Figure 5.1: Optical micrographs of the as-received TWIP steel under a lower (a) and higher
(b) magnifications. The images were revealed by etching with 3 % Nital solution.

Since the microstructure was not well disclosed under OM, TEM was used to reveal the
microstructure from dislocation and SF aspects. Figure 5.2 (a) is a BF TEM image of the
as-received steel and the corresponding DP is shown in Figure 5.2 (b). The identified
diffraction spots show an FCC structure which confirms the lattice structure of the
austenitic phase. Dislocations usually emit from the edge of the defects [154, 155], such as
grain boundary, twin boundary or stacking faults which is consistent to the observations in

Figure 5.2 (c), where dislocations emit from the grain boundaries and possible twin
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boundaries. SFs are also observed from the as-received TWIP steel, which are possibly
introduced during the manufacturing process. In general, the as-received TWIP steel grains
are in the magnitude of several micrometers with a number of twins or stacking faults being

observed.

B=[011]

Figure 5.2: TEM image of the as-received TWIP steel (a) and its diffraction pattern (b).
TEM image of the as-received TWIP steel showing dislocations (c) and stacking faults (d).

5.2 X-ray diffraction and texture analysis

TWIP steel as studied in the literature and introduced in chapter 1 is a type of steel that
has no phase transformation during plastic deformation. XRD is an accurate and widely
used characterization method to confirm if any new phase is introduced during straining.
Figure 5.3 provides the XRD profiles of the steel before and after tension and high strain
rate compression. It is evident that only austenitic phase (y, FCC structure) peaks were

detected in the XRD profiles of the invested steel before and after deformation, i.e. no
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phase transformation occurred during deformation. Compared with non-deformed sample,
(220) peak and (200) peak under tensile and compression are suppressed, respectively. The
reason may be attributed to that the orientations of the grains turn to the directions which
favor the formation of deformation twins. Due to the small dimensions of the high strain

rate sample, the X-ray signal is significantly lower than that of the other samples.
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Figure 5.3: XRD (a) of the TWIP steel before (as-received) and after tension and high strain
rate compression.

Texture analysis is conducted on the as-received TWIP steel to investigate and predict
the mechanical properties under tension, QS and high strain rate compressions. As is seen
in Figure 5.4, the pole figures of the as-received TWIP steel shows that the investigated
steel is isotropic with only mild {100}<001> and {001}<211> textures which are

consistent with other literature studies [105].
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o011

Figure 5.4: {111}, {200} and {311} pole figures of the as-received TWIP steel on the face
perpendicular to the rolling direction.

5.2 Tensile properties

As already known, TWIP steels are fully austenitic steels with an enhanced strain
hardening rate as well as high strength and good formability. The investigated steel was
EDM cut into tensile samples along RD and TD for the following tensile test, as is shown
in Figure 5.5. Due to the limitation of the original thickness of the as-received TWIP steel,
tensile test along the ND was not able to be performed. Three tests were conducted along
each direction for data consistence check.

Figures 5.5 (a) and (b) display the uniaxial engineering and true stress-strain curves
under tension along RD and TD with a strain rate of ~1 x 103 s, The investigated steel is
isotropic and exhibits bilinear true stress-strain curves as well as extraordinary strong strain
hardening with a yield strength of ~600 MPa and high ultimate tensile strength of ~1000

MPa. A uniform elongation of 0.5 (50%) can be observed from the stress-strain curves and
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the strain hardening exponent was determined to be ~0.33 along the RD and TD in Figure
5.5 (c). Another observation from Figure 5.5 (d) is that the investigated steel has a
negligible necking or plastic instability under tensile loading no matter the loading
direction and this stability should be attributed partly to its strong strain hardening. In
general, the investigated TWIP steel shows a great balance between tensile strength and

ductility with the partial help of the strong strain hardening.
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Figure 5.5: Engineering (a), true (b) stress strain curves and strain hardening exponent (c)
of the TWIP steel under QS tensile loading. Strain was measured by video extensometer at
a strain rate of ~1 x 1073 s’1. Image (d) of a comparison between the samples before and
after tension along RD (top) and TD (bottom).

5.3 Quasi-static and dynamic compressive properties

Besides tensile properties, the mechanical performance under compression, such as



97

under QS and high strain rate compressive loads, also draws a great attention. The
compressive mechanical property under both of the uniaxial QS and high strain rate loading
were summarized in Figure 5.6. The strain rate of QS compression was ~1 x 10 s while
high strain rates were from ~3.5 x 10° s to 6 x 10° s upon loading. The TWIP steel was
tested along RD, TD and ND for isotropic verification. QS compression test was stopped
manually at the strain of 0.2 because the sample would buckle or have barreling at a larger
strain.

Overall, the TWIP steel is highly isotropic and displays a strong strain hardening under
QS and high strain rate compressive loads. The strain hardening rate is high and constant
under QS load and yet continuously decreased to a small extent with increased strain at
strain rates of ~3.5 x 102 st and 6 x 107 s, which should be attributed to the thermal
softening at high strain rate. The adiabatic temperature rise describing the global
temperature change of the specimen at a strain of 0.1 and 0.4 was calculated to be ~28 K
and 160 K, respectively.

The significant strain rate hardening is observed in terms of the yield strength of ~600
MPa and ~900 MPa at the strain rate of ~1 x 102 s and ~6 x 10® s, respectively. As
discussed in previous content, ASB is a phenomenon of materials at high strain rate when
thermal softening overcomes the strain hardening and strain rate hardening. Hence, one
can draw an assumption that TWIP steel is strongly resistant to ASB at high strain rate
because of the outstanding strain hardening and strain rate hardening upon high rate loading,

which will be further demonstrated by the microstructural examination.
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Figure 5.6: QS (strain rate ~1 x 10~ s1) and high strain rates (strain rate ~3.5 x 10%s™ and
~ 6 x 10° s true stress-strain curves under compression. The sample was loaded to the
strain of about 0.2 under QS condition while the stress drop at high strain rate indicates
unloading.

In order to reveal the work hardening behavior of the investigated TWIP steel, the work
hardening rate versus true strain under QS tension, QS compression and high strain rate
compression are shown in Figure 5.7. Strain hardening rates under tension and QS
compression are decreased with further strain, followed by a steep decrease in the
hardening rate caused by the transition from elastic deformation to plastic deformation.
According to Asgari et al. [156], no twinning takes place at this stage, and overlapping of
SFs are usually observed which is considered as an incubation stage where dislocation
interactions generate twin nuclei. Close inspection of strain hardening rate at high strain
rate shows that the initially very high strain hardening rate decreases rapidly after yielding,
followed by a steady linear decrease up to a strain of 0.3 and beyond. Under static load, the

decreasing of the strain hardening is attributed to a reduction in the rate of primary twin

formation while under high strain rate loading, the adiabatic heating also contributes to the
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decreasing of the strain hardening rate.

The strain hardening rates of the TWIP steel under QS tension and QS compression at
low strain rate show a wider serrated flow, compared to the one under high strain rate
loading. This phenomenon could be explained as that high strain rate suppresses the
dynamic strain aging [105] which usually displays in a way of serration in the stress-strain
curve. On the one hand, the strain hardening rate of the dynamically tested sample is ~1000
MPa lower than that of the samples tested at QS status. On the other hand, the strain
hardening rate under dynamic load reaches zero at the strain of ~0.4 which indicates that
the thermal softening caused by the adiabatic heating overcomes the strain hardening,

displaying as a portion of close flat flow stress in Figure 5.8.
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Figure 5.7: Strain hardening rates of the investigated TWIP steel under QS tension, QS
compression and high strain rate compression. Loading directions are parallel to RD.

5.4 Post-loading observations
5.4.1 Postmortem observations

Based on the experimental results in previous context, this TWIP steel has a strong strain
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hardening and strain rate hardening which suppresses the occurrence of instability, such as
necking and ASB at QS and high strain rates. From the tensile post-loading images in
Figure 5.5 (d), the loaded sample shows a uniformed elongation and negligible necking
near the fracture surfaces is observed, which is consistent to the tensile stress-strain curve
with strong strain hardening feature. As for the dynamically tested sample, no stress
collapse or flow softening has been observed from the stress-strain curve, which could be
used to rationalize the absence of the ASB. The strong strain hardening, strain rate
hardening as well as high strength and high ductility facilitate this TWIP steel to be a good
armor material. Hence, post-loading observation at high strain rate is indispensable in the
future analysis.

Figure 5. 8 (a) is an overview of the TWIP steel fracture surface upon tensile loading.
Nearly flat fracture surface with little localized plastic deformation is observed which
further demonstrates the strong stability during the plastic elongation. The area highlighted
by the white square is closely investigated in Figure 5.8 (b) where a lot of dimples with
different sizes are shown in the image. The diameter of the coarse dimples falls in the range
of 10 to 20 pm while fine dimples have a diameter less than 5 pm, which can be seen in
Figure 5.8 (c). Additionally, coarse dimples are usually deeper than small dimples. Dimples
in Figure 5.8 (c) have a circular shape demonstrating a uniaxial tensile load was applied on
that area while elliptical dimples indicate the shear failure. Xiong et al. [157] pointed out
that course dimples have only been identified in the heterogeneous structure with
embedded nanotwin bundles and equiaxed and fine dimples were prominently observed on
the fracture surfaces of homogeneous nanocrystalline and UFG materials. Therefore, the

coarse dimples could be the place where deformation twin bundles in micrometer or
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nanometer size were developed during tension.

Figure 5.8: SEM fractographic observations of the TWIP steel upon tensile loading (a-d).
Zoomed-in image (b) of the highlighted area in (a).

Per discussed in the dynamic mechanical behavior in this chapter, adiabatic shear failure
or ASB was not expected to be seen according to the dynamic stress-strain curves with
strong strain hardening and strain rate hardening. This assumption will be confirmed by
the post-loading SEM observations on the cross-sectional surface of the dynamically tested
sample. Figure 5.9 (a, b) and (c, d) are postmortem SEM images of the specimen loaded at
the strain rate of ~6 x 10° s along RD and TD, respectively. The samples after dynamic
loading along RD and TD show the uniform and bulk deformation without any type of

shear localization on the side surface even though the strain was reached as high as 0.5.
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Figure 5.9: Postmortem SEM images of the samples at strain rate of 6 x 10% s (a-d).
Images show macro (a) and microscale (b) observations of the specimen loaded along RD;
micro (c) and microscale (d) views of the specimen loaded along TD. Loading direction is
indicated in the images.

5.4.2 Transmission electron microscopy examinations

TEM images of the investigated steel after tension are displayed in Figure 5.10 (a, ¢)
with the SADP being shown in Figure 5.10 (b, d), respectively. Figure 5.10 (a) is a BF
TEM image of the TWIP steel after tension and a lot of defamation bands are observed
within the individual grains. The elongated diffraction spot in Figure 5.10 (b) demonstrates
the strip morphology in Figure5.10 (a). From another spot of the tensile tested sample as
shown in Figure 5.10 (c), deformation twins were identified from both the image and SADP

in Figure 5.10 (d).
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Figure 5.10: TEM image of investigated TWIP steel after tension test (a, b) and its SADP
(b, d), respectively.

The TWIP steel specimen loaded at the strain rate of ~6 x 10% s™* was examined under
TEM and the results are shown in Figures 5.11 and 5.12. A great density of SFs have been
observed upon high strain rate loading, as shown in Figure 5.11 (a) and (c). The
corresponding SADP in Figures 5.11 (b) and (d) from the circular area displays a feature
of streaking, which further demonstrates the existence of SFs. Compared with the twin
morphology under tesnion in Figure 5.10 (c), high rate loading refines the deforamtion

twins in Figure 5.11 (a). This large amount of SFs could be the source of twinning embyro.
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Figure 5.11: TEM images of stacking faults (a, ¢) and SADP (b, d), respectively, of the
dynamic tested sample at strain rate of about 6 x 10% s,

Figures 5.12 (a, c) are the TEM BF and DF images of the deformation twins developed
at the strain rate of ~6 x 10% s. The twin thickness is ~100 nm in Figure 5.12 (a) and is
much thinner compared with the ones progressed during tension. This phenomenon is
known that less time was given for twin embyro and twin growth under high strain rate
compressive load. Figure 5.12 (c) is the DF image of deformation twins and they were

identified at the grain boundaries as pointed out by the arrows.
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Figure 5.12: TEM images of deformation twining (a) and SADP (b) of the dynamic tested
sample at strain rate of about 6 x 10° s™. TEM dark field image of the deformation twinning
and its DP (d)

5.6 Conclusions

TWIP steel with a chemical composition of Fe-15Mn-2.5Si-2Si-0.6C has been
comprehensively studied in the aspects of metallography and mechanical properties under
tension, QS and high strain rate compression.

The as-received TWIP steel has a uniform and unidentified microstructure after
manufacturing and the grain size is roughly ~5 um to 10 um. Only austenitic phase was
observed before and after mechanical deformation. Mild {100}<001> and {001}<211>
textures existed in the as-received steel.

The investigated steel is isotropic and exhibits bilinear true stress-strain curves as well
as an extraordinary strong strain hardening behavior with a yield strength of ~600 MPa and

high ultimate tensile strength of ~1000 MPa. The strain hardening exponent was
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determined to be ~0.33 along the RD and TD under tension. Ductile feature evidenced by
the presence of dimples is revealed under SEM from the fracture surface. Course dimples
are believed to be caused by the heterogeneous structure with embedded nanotwin bundles.
Equiaxed and fine dimples are from the fracture surfaces of homogeneous nanocrystalline
and UFG materials.

TWIP steel exhibits a strong strain hardening under QS and DY compressive loads.
Significant strain rate hardening has been observed in terms of the yield strength of about
600 MPa and 900 MPa at the strain rate of ~1 x 102 s> and ~6 x 10° s, respectively. Upon
dynamic compressive loading, the sample deformed uniformly without any shear
localization being observed on the cross-sectional surface. The strain hardening rate at high
strain rate is lower than that QS status and has fewer serrations in the stress-strain curves.
This could be explained as that high strain rate suppressed the dynamic strain aging.

TEM observations from the samples upon high strain rate loading display an excessive
number of thin deformation twins and SFs. During high strain rate loading, less time was
given for the twin embyros to grow compared to the QS tension, which leads to the

formation of nanotwins.
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CHAPTER 6: THE UNDERLYING MECHANISMS FOR THE REMARKABLE
RESISTANCE TO ADIABATIC SHEAR BANDING

The investigated TWIP steel (Fe-15Mn-2.5Si-2Al-0.6C) shows an outstanding and
impressive strain and strain rate hardening upon high rate loading. However, the
extraordinary strain rate hardening has not been explained and understood
comprehensively yet. In this chapter, the theory underlying the strong strain rate hardening
will be studied in the context of deformation kinetics: high strain rate sensitivity (SRS) and
extremely small activation volume. Moreover, the underlying mechanism for the
remarkable plastic stability under tension and compression will be evaluated.
Nanoindentation tests that were conducted to examine the activation volume and size effect
will be also discussed. Lastly, the mechanical properties at elevated temperatures within
the context of the Zener-Hollomon parameter will be discussed at the end of this chapter.
6.1 Strain rate sensitivity and activation volume

Strain rate sensitivity and the presence of nanoscale twins have been widely studied to
improve the mechanical properties of nanostructured metals [158-160]. As for TWIP steel,
the strain rate jump test is one of the more common methods to determine the SRS value.
Figures 5.1 (a-c) displays the engineering stress-strain curves of the TWIP steel
corresponding to a strain rate jump test along the RD, ND and TD. The imposed jump rates
for each sample are indicated in the graphs. The logarithmic flow stress at each strain rate
is plotted against the logarithmic strain rate in Figure 5.1 (d). The SRS value, m, is shown
in Figure 5.1 (d) along each loading direction.

The SRS of this nearly isotropic TWIP steel along RD, ND and TD are 0.075, 0.076 and

0.076, respectively, which shows quite consistent results. The high SRS value is consistent
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with the strong strain rate hardening behavior that has been observed upon the high strain
rate compression test. In the literatures, the SRS for CG FCC metals, such as Cu, is found
to be ~0.004 while it is 0.015/0.019 for UFG/NC Cu [37]. However, the SRS of the CG
TWIP steel is more than an order of magnitude larger that of CG Cu, and even larger than
that of the SRS of UFG/NC Cu. In other words, this CG TWIP steel possesses a remarkably
high SRS value which is only found in UFG/NC FCC metals with relatively low melting
points. This is probably attributed to the excessive amount of twinning and twin boundaries
that developed during plastic deformation and, as such, those twin boundaries refine the
existing grains via the “dynamic Hall-Patch” effect [52, 115, 130, 159].

In addition to the strain rate sensitivity, the activation volume for thermal activation is
another very important parameter that provides a better understanding for the deformation
mechanisms of metals [161]. From Eqg. (1.8) and (1.9), the activation volume is calculated
to be ~5.2b® with b being the magnitude of the Burgers vector of TWIP steel which is 2.5
x 10729 m [162]. In contrast, for CG undeformed Cu, the activation volume is ~1000b [37].
After SPD, such as ECAP and cold rolling, the activation volume of UFG/NC Cu was
significantly reduced to ~41b® to 48b* [37]. Through the comparison of the activation
volumes of CG and UFG/NC Cu with the investigated TWIP steel which is ~5.2b%, one can
see that the activation volume of the CG TWIP steel is three orders of magnitude smaller
than that of CG Cu and an order of magnitude smaller than that of UFG Cu. Additionally,
it is important to recognize that, in the past, such small activation volume was only found
in metals with grain size in the NC regime [52].

This type of CG TWIP steel has an unusually high strain rate sensitivity and extremely

low activation volume that only some UFG and NC FCC metal would have. This unique
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combination of properties could be ascribed to the extremely high density of mechanical
twins that are introduced during straining at high strain rates. Twin boundaries could work
as grain boundaries to refine the grain size. Meanwhile, the small distance between twins

leads to a very short mean free path for the dislocation movement.
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Figure 6.1: Engineering stress-strain curves corresponding to a strain rate jump test of the
TWIP steel along RD (a), ND (b) and TD (c). Stress versus strain rate is graphed on a
double logarithmic scale (d).
6.2 Size effect

Size effect is defined as changes in material properties such as mechanical, optical or
electrical due to changes in the overall physical dimensions or in the internal features of

the structure [163-165]. Therefore, a complete understanding of the relationship between

the external length scale effect and the internal structure, such dislocation nucleation,
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motion and storage and geometrically necessary dislocations (GND) that are required to
accommodate plastic strain gradients within the material is essential [164, 166-168].
Systematic investigations of the relationship between the external length scale and the
mechanical properties are widely studied because of the greater accessibility to laboratory
equipment, such as nanoindentation instruments and micro-compression apparatus.

Many observations of microscale plasticity phenomena display a size effect wherein the
smaller the size of the specimen the stronger the response. If explained in terms of using
indentation hardness testing in metals, the result is that the hardness value increases as the
size of the indenter decreases [169, 170]. For example, a single crystal silver (Ag)’s
hardness was found to be dependent on the size of the indentation for the sizes below ~10
um which is displayed in Figure 6.2. As seen in the figure, the hardness value increases as
the size of the indenter or the indent displacement decreases which delivers a strong size

effect.
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Figure 6.2: Hardness profile of a single crystal silver (Ag) as a function of displacement
using nanoindentation with a Berkovich indenter of the same size as a Vickers indenter.
[171].
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Besides nanoindentation testing, compression test on micro-pillars can also be
implemented to evaluate the size effect property. Compressive mechanical property of Ni
micropillars having a size range from 5 to 40 um in diameter is shown in Figure 6.3.
Different from the nanoindentation test where hardness value versus indent displacement
is displayed, the stress-strain curve is usually shown to illustrate and to study the size effect.
From Figure 6.3, the mechanical properties of micro-pillars which have a diameter of 20
um and 40 um are similar to those of the bulk Ni sample, displaying a smooth transition
from elastic to plastic flow. However, large strain bursts are observed from the samples
with 5 pm diameter. The distinct change or the discontinuity in mechanical properties is

another way to show the size effect phenomenon during the mechanical test.
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Figure 6.3: Mechanical behavior under compression at room temperature for pure Ni
micropillars having a <134> orientation. Bulk Ni single crystal sample having dimensions
of about 2.6 x 2.6 x 7.4 mm? is also displayed in the figure [163].
The size effect analysis for the TWIP steel was studied based on nanoindentation

hardness theory and the hardness versus indentation depth data is shown in Figure 6.4. The

distribution of hardness values does not show a noticeable size effect, i.e. hardness value
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increases with indentation depth decreases. Because of the extremely small activation
volume, the investigated TWIP steel is expected to have a marginal size effect at the best,
which is confirmed and demonstrated by the nanoindentation test results in Figure 6.4 with
error bars plotted as a function of displacement. From the data profile, the hardness values
remain constant at ~3 GPa, which is consistent with the extremely low activation volume

that was derived from the high strain rate sensitivity values.
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Figure 6.4: Hardness profile as a function of displacement from nanoindentation. The
maximum load at each loading was 500 mN.

6.3 Stability under tension and compression
The earliest and most authoritative criterion of plastic instability published by Considere
in 1885[172] is

0
% le=enc = 1 (6.1)

do(e)
d

where 0(¢g) is the strain hardening rate, 6(g) = - O is the flow stress at a given strain

rate ¢ and € = eNC is the strain at the onset of necking. The Considere criterion signifies
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the onset of necking at the point where the strain hardening rate drops below the value of
the flow stress at a given strain rate [173].

Figure 6.5 (a) displays the TWIP steel’s true stress-strain curve along RD and the strain
hardening rate versus true strain. The vertical axis has been rescaled for the strain hardening
rate versus true strain curve and is shown in Figure 6.5 (b) for comparison. From Figure
6.5 (b) and Eq. (6.1), the instability condition of TWIP steel occurs at the strain of ~0.44
where the strain hardening rate drops below the true stress. According to the Considére
criterion, the investigated TWIP steel has a strong stability under tension until the strain is
0.44 or larger. The necking and failure will happen if the strain passes 0.44, according to

the Considere for a rate-independent material.
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Figure 6. 5: True stress-strain curve (RD) and strain hardening rate vs. true strain (a, b).
In 1967, Hart [174] took the SRS (m) into consideration when discussing the stability

under tension and came up with a new criterion as

0(¢g)
?; lecenc + M < 1 (6.2)

In Hart’s theory, the plastic instability would occur under tension if the sum of the strain
hardening rate over the flow stress and the SRS is equal or smaller than 1. As discussed in

the previous context, the TWIP steel has a high SRS of 0.076. If considering the SRS in
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Eq. (6.2), the instability of the TWIP steel under tension is postponed to a very late stage.
This analysis is consistent with the experimental results that showed uniform elongation
and negligible necking was observed under the tensile load.

The investigated TWIP steel exhibited uniform deformation upon high rate loading and
no localization was observed from the post-loading images. The remarkable plastic
stability under compression can be justified qualitatively at first. From Jonas et al [175],

the propensity of flow localization is

a="C= (6.3)
where vy is the normalized strain hardening rate. From Eq. 6.3, via the combination of the
measured normalized strain hardening rate and the SRS value, the steel has a very low
propensity to exhibit plastic instability. The investigated TWIP steel has a strong strain

hardening rate and high SRS under compression which favors plastic stability.

Quantitative analysis on the plastic instability can be derived from Eq. (1.5) to be

do
1

Xse = ('p—i_ﬁﬁmin{l,m} (63)

m m

where a is a non-dimensional thermal softening parameter and a has been replaced by

do
- ;TT. One should note that the TWIP steel did not show any flow softening at high strain
P

rates which leads to a very small value of xsg for the propensity of plastic instability. In
other words, the possibility of having plastic instability in the steel is negative or impossible
under high strain rate loading.
6.3 Zener-Hollomon parameter

The deformation behavior of the TWIP steel can be interpreted by the deformation

temperature and strain rate, as described by the Zener-Hollomon equation. The Zener-
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Hollomon parameter (Z) is defined by [7]
Z = texp(=5) (6.4)

Where R is the gas constant (8.314 J/mol/K), Q is the related activation energy for
deformation. From the equation, it is known that an increase of the strain rate has an
equivalent effect to that of a decrease in deformation temperature and vice versa. Either
increasing the strain rate or decreasing the deformation temperature, i.e. achieving a high
Z value, would facilitate the formation of deformation twins during plastic deformation
[176, 177]. Moreover, a larger Z parameter would help to obtain finer twin layers, which
is consistent with our TEM observations after the high strain rate test. The effect of strain
rate was already discussed in the previous chapter, and the effect of temperature will be
examined by QS compression test at elevated temperatures.

The compressive QS stress-strain curves obtained at elevated temperatures are given in
Figure 6.5. The compression test was conducted from 223 K to 423 K with 50 K as the
increment. The testing temperatures were selected within a range that twinning, other than
phase transformation or deformation bands, would be the dominant deformation
mechanism during compression [94, 178-186]. The compression test was stopped when the
compressive strain reached 0.2 (20%). From the engineering and true stress-strain curves
in Figure 6.5 (a) and (b), the yield stress decreases gradually with increasing the testing
temperature. On the one hand, the strain hardening rate also decreases as the temperature
increases which is displayed in Figure 6.5 (c). On the other hand, the hardening is still
thought to be controlled by dislocation accumulation and austenite twining at these testing
temperatures [187]. Moreover, the strain hardening rate decreases continuously without

any serration up to the strain of about 0.2. Strain hardening exponent given by Figure 6.5
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(d) is 0.23 at 223 K and keeps at 0.25 when the testing temperature was 173 K to 373 K
then decreases to 0.18 when the testing temperature is 423 K.

In summary, decreasing the deformation temperature should have an equivalent effect
on refining deformation twins and providing a strong strain hardening effect, which is
consistent with the QS compression test at elevated temperatures. In general, the
deformation behavior of the investigated TWIP steel could be explained and predicted by

the Zener-Hollomon parameter.
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Figure 6. 6: Engineering (a) and true (b) stress-strain curves of investigated TWIP steel
under QS compression at different temperatures. Strain hardening rates of the investigated
TWIP steel under QS compression at different temperatures (c). Strain hardening exponent
of the TWIP steel at different temperatures (d). Compression test was stopped at the strain
of about 0.2.
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6.4 Conclusions

The isotropic TWIP steel that was tested has an SRS value of ~0.076 along RD, TD and
ND, which is much higher than that of CG Cu published in the literature. The activation
volume was calculated to be ~5.2b* which is also much smaller than that of other CG, UFG
and even NC FCC metals. The comparatively high SRS value and extremely small
activation volume are the dominant factors why the investigated TWIP steel exhibits the
observed strong strain rate hardening property.

The small activation volume contributes to the marginal size effect, which was
demonstrated by nanoindentation testing. The hardness values were constant at ~3 GPa and
negligible hardness value change has been observed as a function of indentation depth.

The TWIP steel exhibits an outstanding plastic stability under tension and compression.
The extraordinary stability under tension attributes to the high strain hardening exponent
and high SRS. The stability under compression are characterized by the high strain
hardening exponent and high SRS.

The Zener-Hollomon parameter is used to justify the relationship between the
mechanical properties and the formation of deformation twins. Being consistent with the
Zener-Hollomon relationship, increasing the strain rate and decreasing the deformation
temperature, i.e., achieving a high Z value, would facilitate the formation of deformation

twins during plastic deformation and help to deliver a higher yield stress or flow stress.
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CHAPTER 7: SUMMARY AND FUTURE WORKS

Two materials, heterogeneously layered W based materials with BCC structure and Fe-
15Mn-2.5Si-2Si-0.6C TWIP steel with an FCC structure have been comprehensively
investigated for aspects of their microstructure and mechanical properties, especially the
occurrence of ASB or the lack thereof under high strain rate loading. In the heterogeneously
layered structure, the stress wave propagated through the inhomogeneous layers and
showed the propensity of ASB under high strain rate loading and ballistic testing conditions.
In contrast to the ASB favoring material, the TWIP steel is shown to exhibit extraordinary
strong strain hardening and strain rate hardening under QS and dynamic compressive loads.
The significantly strong strain hardening and the high SRS led to the remarkable plastic
stability under tension and compression. Moreover, the small activation volume also
resulted in a marginal size effect that is seldom found in CG FCC metals.
7.1 Adiabatic shear favoring BCC layered structure

Heterogeneous multi-layer structures W/Fe/W and W/V/W were produced using a low
homologous temperature rolling and diffusion bonding method to achieve a hierarchical
structure, whereby the dimensional limitation of rolling was overcome. Three-layer
sandwiched structures were firstly examined under OM and SEM, demonstrating no void
or absence of delamination after bonding. The W grains in W/Fe/W structure display an
elongated structure along the RD with a width of 5-10 um which was introduced by low
homologous temperature rolling.

The inter-diffusion between W and Fe atoms at the W/Fe interface was investigated by
SEM and nanoindentation. W atoms have a higher ability to diffuse into the interlayer

material which is Fe or V in the three-layer structure. The nanoindentation results revealed
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that no significant hardness increase was observed at the interface area, which could be
explained as that no excessive amount of intermetallic compounds formed during the
bonding process or that the intermetallic phase was too small to detect under
nanoindentation. However, solid solution was found inside the interlayer.

The high strain rate mechanical properties of W/Fe/W and W/V/W samples were studied
using the SHPB. Both of the W/Fe/W and W/V/W samples displayed strong flow softening
and the peak flow stress of W/Fe/W reached ~4000 MPa at a strain rate of ~8 x 10 s and
3500 MPa for W/V/W at a strain rate of ~7 x 10% s*. ASBs, as well as cracks as a
consequence of severe plastic deformation, were observed on the cross-sectional surface
of the W/Fe/W and W/V/W samples after the dynamic compression tests. The width of the
ASB was identified as ~100 um. In the W/Fe/W system, the temperature rise within the
band was calculated to be ~467 K at ~8 x 10° s! at the strain of 0.1 and the shear strain
reached to 0.84 within the band. The global temperature rise of W/Fe/W sample was ~113
K when the compressive strain was 0.1.

The microstructure underwent a significant change after the high strain rate test. After
bonding, the Fe grains had a CG structure and grew to 5-10 um with only a few dislocations
being observed under TEM. Upon high strain rate compression, shear bands propagated
through the heterogeneous layers and the bonding interface remained almost intact upon
high strain rate loading. However, the Fe grains outside the shear bands were severely
deformed and subgrains as well as dislocation cells were observed. Inside the ASB, Fe
grains were recrystallized and refined into the NC regime with an average grain size of
~100-200 nm due to the sudden temperature rise and subsequent quench within the band.

The W grains in the W/Fe/W system were observed with few dislocations being shown
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after bonding. Upon high rate loading, an excessive number of dislocations was introduced
in the W layer by the compressive strain. A laminar structure with thick dislocation walls
developed in the W layer inside the ASB due to the temperature rise as well as the severe
shear strain accumulated inside the bands.

Besides the three-layer sandwiched structure, a four-interlayer structure was also
fabricated using diffusion bonding. Inter-diffusion occurred between W and Fe atoms and
was examined by EDX at the interfaces. No large voids or delamination have been
observed after bonding. Upon high rate loading ranging from ~3 x 10% s to 4.5 x 10° s,
the W/Fe bonding faces remained intact with several light ASBs appearing on the cross-
sectional surface. The shear bands propagated through the inhomogeneous layers of the
multi-interlayer structure at high strain rate.

Subscale projectiles were fabricated from heterogeneous multi-layers and the ballistic
performance was evaluated. ASBs were identified at the head of the projectile residues and
hence, demonstrating an early onset of shear localization behavior. ASBs and significant
shear failure features were observed under microscopy, suggesting that the adiabatic shear
failure was the dominant failure mechanism of the heterogeneous layered structure during
the ballistic test. The W/Fe faces inside the residues were still intact after the test.

In general, W/Fe/W system has a strong bonding interface that survived the high strain
rate loading and ballistic test. Moreover, this heterogeneously layered structure not only
provided a way to extend the geometrical dimensions of rolled W, but also has a propensity
to have ASB under dynamic loading condition. This new type of layered material could be

used to make a novel W-based KE penetrator.
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7.2 Adiabatic shear resistant FCC steel

The as-received Fe-15Mn-2.5Si-2Si-0.6C TWIP steel exhibited a uniform
microstructure with only austenitic FCC phase being observed before and after the
mechanical tests. The grain size is ~5 um to 10 pm. Only mild {100}<001> and {001}<211>
textures existed in the as-received steel.

The TWIP steel was isotropic along the RD, TD and ND and exhibited bilinear true
stress-strain curves as well as extraordinary strong strain hardening with a yield strength
of ~600 MPa and high ultimate tensile strength of ~1000 MPa. The strain hardening
exponent was determined to be ~0.33 under tensile load. Coarse dimples observed under
SEM were believed to be caused by the heterogeneous structure with embedded nanotwin
bundles.

An outstanding strong strain hardening behavior was observed under QS and high strain
rate compressive loads. The yield strength was ~600 MPa under QS compression and the
flow stress was increased to 900 MPa at ~ 6 x 10° s, Postmortem examination revealed
that the TWIP steel had a uniform deformation at high strain rate without any localized
plastic deformation being observed. The strain hardening rate of the dynamically tested
sample is lower than that of the sample tested at QS status and has fewer serrations, which
could be explained as that high strain rate loading has suppressed the dynamic strain aging.

TEM observations of the dynamically loaded sample suggested an excessive number of
thin deformation twins and stacking faults. Upon high strain rate loading, less time was
available for twin embryos to grow compared to that available in QS tension, which could
lead to the formation of nanotwins.

The isotropic TWIP steel has an SRS value of ~0.076 along the RD, TD and ND, which
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is much higher than that of CG Cu or other CG FCC metals published in the literature. The
activation volume was calculated to be ~5.2b% which is also much smaller than that of other
FCC metals. This combination of strong strain hardening and strain rate hardening rendered
the TWIP steel to be strongly resistant to plastic instability under both tension and
compression. The very small activation volume, ~5b3, leads to a marginal size effect of the
TWIP steel. The nanohardness profile nearly remains constant at ~3 GPa.

The mechanical properties of the TWIP steel is consistent with the Zener-Hollomon
equation. The experimental results at high strain rate and elevated temperatures revealed
that increasing the strain rate and decreasing the deformation temperature facilitate the
formation of deformation twins during plastic deformation and assist in increasing the yield
stress or flow stress.

In summary, the mechanical properties of Fe-15Mn-2.5Si-2Si-0.6C TWIP steel have
been comprehensively studied and the reason behind the observed substantial plastic
stability was explained in the context of deformation kinetics. The extremely small
activation volume and its contribution to the marginal size effect on the CG TWIP steel

was first proposed and studied in the literatures.
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