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Quasi-Static and Dynamic Compressive Behavior
of Gum Metal: Experiment and Constitutive Model

KAROL MAREK’GOLASINSKI, JACEK JANISZEWSKI, JUDYTA SIENKIEWICZ,
TOMASZ PLOCINSKI, MACIEJ ZUBKO, PAWEL SWIEC,
and ELZBIETA ALICJA PIECZYSKA

The quasi-static and high strain rate compressive behavior of Gum Metal with composition
Ti-36Nb-2Ta-3Zr-0.30 (wt pct) has been investigated using an electromechanical testing
machine and a split Hopkinson pressure bar, respectively. The stress—strain curves obtained for
Gum Metal tested under monotonic and dynamic loadings revealed a strain-softening effect
which intensified with increasing strain rate. Moreover, the plastic flow stress was observed to
increase for both static and dynamic loading conditions with increasing strain rate. The
microstructural characterization of the tested Gum Metal specimens showed particular
deformation mechanisms regulating the phenomena of strain hardening and strain softening,
namely an adiabatic shear band formed at ~ 45 deg with respect to the loading direction as well
as widely spaced deformation bands (kink bands). Dislocations within the channels intersecting
with twins may cause strain hardening while recrystallized grains and kink bands with crystal
rotation inside the grains may lead to strain softening. A constitutive description of the
compressive behavior of Gum Metal was proposed using a modified Johnson—Cook model.
Good agreement between the experimental and the numerical data obtained in the work was
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I. INTRODUCTION

HIGH-STRENGTH construction materials, avail-
able on the market, usually do not possess good elastic
properties. In turn, elastic materials usually have low
strength parameters. However, at the turn of the
century, unique Ti-based alloys that combine high
strength with excellent elasticity, named Gum Metals,
were designed. The name Gum Metal stands for a group
of multifunctional -Ti alloys, which were developed by
the Toyota Central Research and Development
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Laboratories at the beginning of the twenty-first cen-
tury."! The typical composition of Gum Metal is
Ti-36Nb-2Ta-3Zr-0.30 (in wt pct). The fabrication
process including cold working and the role of oxygen
in the composition are critical for the unique mechanical
performance of the alloy, ie. low Young’s modulus,
relatively large nonlinear recoverable deformation, good
ductility and high strength.”3) The mechanical proper-
ties combined with the nontoxic and nonallergic chem-
ical composition of Gum Metal make it a promising
candidate for orthopedic and dental implants.*"® Con-
ventional Ti-based materials used in the medical indus-
try, such as pure titanium or Ti-6Al-4V, are
characterized by a relatively high Young’s modulus
(> 100 GPa) which is over five times higher compared to
that of a human bone. Moreover, aluminum is
considered a factor causing Alzheimer’s disease, and
the content of vanadium can be toxic.”** Initially, the
mechanism of the superelastic-like behavior of Gum
Metal was not fully understood. The oxygen content in
the alloy after the process of cold working was said to
hinder the martensitic transformation.”’  In,”!
microstructures of oxygen-added cold worked f-Ti-Nb
alloys were studied using in situ X-ray diffraction
measurements and in situ TEM observations. It was
found that nanosized modulated domains (nan-
odomains) of the «” phase in the f phase act as local
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barriers to martensitic transformation, thereby sup-
pressing long-range martensitic transformation in this
class of allo?/s The nanodomain structure was also
studied in.!"*"" This unconventional deformation mech-
anism was also investigated by analyzing the mean
thermal response of Gum Metal under loading using
infrared thermography.l"> ¥ In,'¥ it was shown that a
drop in temperature during loading, related to the
thermoelastic effect, is also followed by a temperature
rise within the recoverable strain of the alloy. In other
words, it was demonstrated that the large nonlinear
recoverable deformation of Gum Metal is a dissipative
process. This means that the underlying deformation
mechanism is different from the classical elastic stretches
of atomic bonding. The findings were confirmed and
broadened by a comprehensive investigation realized
using infrared thermography in. 14

The peculiarities of the plastic behavior of Gum Metal
were initially attributed to the hypothesis of disloca-
tion-free plastic deformation,"! since the ideal strength
of Gum Metal calculated based on density functional
theory in!'* was in the order of the allo ?/ tensile strength
measured experimentally as shown in.[”) Microstructure
characterization of Gum Metal found distinct surface
steps called “‘giant faults,” plastic flow localization and
“nanodisturbances” ' Observations performed by
high-resolution  transmission electron microscopy
revealed nano7pr601p1tates of the hexagonal w phase in
Gum Metal.l'” % The deformation mechanisms of Gum
Metal plasticity, including the activity of dislocations,*"!
dislocation channeling and stress-induced w—f§ transfor—
mation,?? as well as the mechanism of twinning,"** were
investigated. A more detailed study demonstrated that
the effective trapping of dislocations in Gum Metal is
related to the average s;oacing of the nanometer-sized o
phase (around 6 nm).['"!

Understanding of the mechanical characteristics of
Gum Metal subjected to loading under various condi-
tions is critical for its application in a variety of
engineering solutions. In particular, a good material
for implant applications must posses reliable character-
istics under quasi-static and dynamic loadings. The
strain rate sensitivity of Gum Metal under quasi-static
tension usmg dl]gltdl image correlation was already
investigated in”** and modeled in.! Anisotropy of
Gum Metal was experimentally studied in.*® In general,
the mechanical behavior of many materials during
dynamic loading differs significantly from that under
quasi-static conditions. Recently, investigation of the
mechanical performance of advanced materials, in
particular Ti-based alloys, at high strain rates has
attracted increasing attention due to high reliability
industrial applications, e.g., in biomedical components,
crash-absorbing components, high-speed machining,
military equipment, efc. The experimental investigation
of the high strain rate mechanical response of g-titanium
complete with modeling was given in.*”! The mechanical
performance of an ultrafine-grained Ti-6Al-4V alloy
under compresswn at quasi-static and high strain rates
was discussed in.*®! Adiabatic shear localization in a
metastable beta titanium alloy deformed at high strain
rates and elevated temperatures was characterized in.[*”!

The mechanical behavior of Gum Metal at a high strain
rate is of special interest in view of its unconventional
deformation mechanisms and the related outstanding
characteristics, which make it suitable for implant
applications. So far, this issue has been seldom reported
in the literature. Both experimental and numerical
investigations are scarce. In,*® the mechanical behavior
of the extruded Gum Metal and the alloy processed by
equal channel angular pressing (ECAP) was investigated
under compression at various strain rates.

However, the goal of this work is to examine the
compressive behavior of Gum Metal under quasi-static
and dynamic loadings including analysis of microstruc-
tural changes and constitutive modeling.

II. EXPERIMENTAL METHOD

A Gum Metal rod of 700 mm length and 10 mm
diameter with nominal composition Ti-36Nb-2-
Ta-3Zr-0.30 (in wt pct) was obtained using a powder
metallurgical method that consisted of cold isostatic
pressmg, sintering at 1300 °C for 16 hours in a vacuum
of 10~* Pa, hot forging and solution treatment at 900 °C
for 30 minutes with final quenching in iced water. The
bar was cold worked with a rotary swaging machine to
obtain a 90 pct reduction in area. Cylindrical samples of
Smm length and 5 mm diameter for compression
loadings were made from the Gum Metal rod using
electrical discharge machining.

An MTS Criterion C45 electromechanical universal
testing machine was used to measure the quasi-static
behavior under uniaxial compression at strain rates
0.001 s~' and 1s'. Grip platens made of tungsten
carbide with polished contact surfaces were used.
Additionally, a lubricant composed of mineral oil,
lithium soap and molybdenum disulfide (MoS,) was
applied between the contact surfaces of the specimen
platens to mitigate the barreling effect during the plastic
deformation process.

High strain rate compression tests were performed
using the cldss1cal split Hopkinson pressure bar (SHPB)
technlque I The basic parameters of the bar system
shown in Figure 1 are as follows: input and output bar
1200 mm long; striker bar 250 mm long; all bars 12 mm
in diameter. The bars were made of maraging steel (yield
strength—2300 MPa; elastic wave speed—4960 ms™").
The striker bar was also made of the maraging steel and
was driven by a compressed air system with a barrel
length and inner diameter of 1200 mm and 12.1 mm,
respectively. The impact striker bar velocities applied
during the experiments were in the range of between 10
and 24 ms™!, which ensure strain rates between 870 and
2270 s~ for the specified size of specimens used.

The plastic flow stress and strain and strain rates of
the specimen were determined according to the classical
Kolsky theory®! using the one-wave analysis method,
which assumes stress equilibrium for the specimen under
the given test conditions. To minimize the wave disper-
sion by damping the Pochhammer-Chree
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Fig. 1.—Scheme of the SHPB setup.

high-frequency oscillations and to facilitate stress equi-
librium, the pulse shaping technique was used.? The
pulse shaper size was chosen for the given striker impact
velocity and mechanical response of the tested material.
It was found that for a given SHPB test condition, a
copper pulse shaper with a 3-mm diameter and thick-
nesses ranging from 0.1 to 0.4 mm (depending on the
veolocity of the impact striker) guarantees damping of
the high-frequency oscillations and achieving dynamic
stress equilibrium in the specimen. Similarly to the
quasi-static test, a grease based on MoS, was applied to
the interfaces between the specimen and the bars to
minimize the interfacial friction.

Microscopic evaluation was realized using both a
Phenom ProX/CeBy scanning electron microscope
(SEM) with an acceleration voltage of 15kV and a
KEYENCE VHX-6000 digital microscope equipped
with a polarization filter allowing identification of the
optically anisotropic materials. Before microscopic
observations of the Gum Metal, samples were sectioned,
mounted in epoxy resin and metallographically
grounded and polished using silicon carbide abrasive
paper and a diamond suspension (9.3 and 1 um). Final
polishing was carried out using a silica suspension of
0.1 um. To reveal the microstructure, the samples were
etched using Kroll’s reagent (20 mL H,O + 4 mL
NHO; + 1 mL HF).

SEM observations were also performed on a Hitachi
SUS000 instrument (made in Naka, Japan). This micro-
scope is equipped with a cold field emission gun
(C-FEG) and can offer a greater beam current at a
voltage of 5 kV. The orientation contrast images were
taken by using a photo diode backscattered electron
(PDBSE) detector. The images with a special orientation
contrast were obtained on a stress-free surface of the
sample. A cross section of the sample was prepared with
a broad argon ion beam on a Hitachi IM4000 instru-
ment (made in Naka, Japan). The EBSD analysis was
performed on a Hitachi SU 70 SEM (made in Naka,
Japan) at an accelerating voltage of 30 kV. This
microscope was equipped with a Shottky emitter, which
can provide a probe current suitable for analytical
purposes. The orientation analysis was done by using an
EBSD system made by HKLTechnology (made in
Denmark).

The X-ray powder diffraction (XRD) measurements
were carried out using a Malvern Panalytical (Malvern
Instruments, Malvern, UK) Empyrean diffractometer
with a Cu anode with a wavelength of 1.54056 A
working at an electric current of 30 mA and a voltage of
40 kV and equipped with a PIXcell*” solid-state hybrid
pixel detector. The XRD patterns were collected in the
angular range of 20 = 10 deg to 145 deg in 0.02° steps.
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III. RESULTS AND DISCUSSION

A. Quasi-Static and Dynamic Stress—Strain Response

The true stress—strain curves of Gum Metal at
quasi-static strain rates and high strain rates ranges
are shown in Figures 2(a) and (b), respectively. During
quasi-static loading, the tested alloy exhibits a slight
difference in mechanical properties depending on the
applied strain rate. At a strain rate of 0.001 s~', the
stress—strain curve shows a low slope for the plastic
deformation range, which indicates a low strain hard-
ening of Gum Metal, whereas it reveals slightly negative
strain-hardening ratio at a strain rate of 1s~'. Such
mechanical behavior, which in the literature is often
called strain softening, has been already reported for
both Gum Metal quasi-static tensile and compression
loading test conditions.[?#3%-33]

It is very interesting from a cognitive point of view
that a strain-softening effect intensifies with increasing
strain rate. The true stress—strain curves obtained from
the SHPB experiments collected in Figure 2(b) very
clearly indicate a strain-softening mechanism governing
the plastic deformation of the tested Gum Metal alloy.
At significantly higher strain rates, the phenomenon of
strain-softening is present for each of the dynamic strain
rates. Moreover, it can be seen that with the increase of
strain rate, the plastic flow stress increases for both
static and dynamic loading conditions. The peak flow
stresses are in the range between 1200 and 1400 MPa.
This evidences the relatively high strain rate sensitivity
of Gum Metal; however, the flow stress at the strain
rates range of the SHPB experiments is mildly sensitive
to the strain rate. It is also observed that the relationship
between flow stress and logarithmic strain rate is not
linear, and flow stress tends to increase with a strain rate
> 10° s7!, as shown in Figure 3(a). In turn, according to
Figure 3(b), the strain rate sensitivity m distinctly
decreases with increasing strain. The strain rate sensi-
tivity m for the tested Gum Metal was expressed by the
commonly used formula Eq. [1]:

m = log(cz — o1)/log(&2/¢1) (1]

where stresses o; and o, are obtained from experi-
ments performed at average strain rates of & and &,
respectively.

The oscillations visible in the curve for the highest
strain rate applied (¢ =2270s7!) are not the real
mechanical response of the material, but result from
the technical limitations of the SHPB technique. How-
ever, stress—strain curve oscillations were significantly
reduced by applying a pulse shaper technique, and in the
case of the SHPB experiments with lower strain rates,
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the obtained stress—strain curves are smooth, almost
without oscillation. In addition, none of the tested
specimens were damaged under dynamic loading; hence,
the ends of the stress—strain curves represent the
unloading stage of the specimen. An exception here is
the test conducted at a strain rate of 2270 s~'. Admit-
tedly, there was no characteristic peak on the reflected
wave profile indicating a crack in the specimen, but
postmortem observations of the specimen revealed a
crack that probably occurred at the end of the unloading
stage. The results of the metallographic study on this
experimental case will be presented in the next section.

B. Microstructural Characterization of Gum Metal After
Compression at Selected Strain Rates

The optical micrographs, shown in Figures 4(a) and
(b), reveal that Gum Metal in its initial state is
composed to some extent of equiaxed f grains with
sizes < 100 ym. Additionally, in the coarse grains,
a number of so-called ‘“kink bands” bands were
observed as presented in Figure 4(a). A few thick
distorted laths crossing the original f# grains were also
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3.—(a) Flow stress for a strain of 0.06 at different strain rates and (b) strain rate sensitivity for strain rates between 0.001 and 2270 s~ .

found, as shown in Figure 4(b). The literature analysis
indicated that similar features were noticed in a solu-
tion-treated Ti-22.4Nb-0.73Ta-2Zr-1.340 alloy.P* At
this point, it should be mentioned that in
metastable f-Ti alloys such thick laths are deformation
twins whereas thin lines are slip lines or stress-induced
o martensite. Furthermore, a so-called ‘“‘marble-like”
structure is observed. The literature reports that such a
characteristic structure is composed of assemblies of fine
filamentary structures developed by aggregation of the
giant planar faults during plastic deformation.!"**! The
abovementioned fractal, layered structure with a dis-
crete strain field and a crystal lattice curved to a
considerable extent results in unusual properties that are
entirely different from those of other metallic
materials.>¢!

The microstructure of Gum Metal after quasi-static
loading at a strain rate 0.001 s™' is shown in
Figures 5(a) and (b). The deformed structures formed
during quasi-static testing are distributed between the
equiaxed grains that were observed in the microstructure
of Gum Metal in its initial state (see Figure 4). It has
been also established that the deformed grains are of a
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wide range of sizes from several microns to tens of
microns. It may be stated that the observed structure of
the quasi-statically tested Gum Metal is evidence of
further deformation from the initial state (after defor-
mation obtained by the rotation swaging machine), and
stress distribution becomes more inhomogeneous.”” In
particular, some grains were split into smaller ones with
a broad size distribution. Moreover, the number of
visible parallel thin lines is reduced compared to the
inig%l state, which is in line with the findings published
in.

The microstructure of Gum Metal after dynamic
loading at a strain rate of 2100 s~ ' is revealed in
Figures 6(a) and (b). This shows similar features to the
ones obtained after quasi-static loading. Apart from the
presence of fragmented grains, examination of the
morphology of the dynamic-loading surface shows the
occurrence of some pores (Figure 6(a)).

A selected region of Gum Metal after dynamic
compression at a strain rate of 2100 s~! and its EBSD
crystallographic orientation map are presented in
Figures 7(a) and (b). It is clearly seen that a green color
dominates in the areas of crushed grains, indicating that

Kink bands

high dislocation density leads to severe misorientation.
This was noticed in studies published in,”

EBSD pole figures of Gum Metal after dynamic
compression at a strain rate of 2100 s~ are shown in
Figure 8. The results show that the material exhibits a
strong texture, with the {110} crystallographic axes of
the grains aligned to the swaging direction.

SEM images of Gum Metal after a Hopkinson test at
a strain rate of 2270 s~' are presented in Figure 9 (in
these micrographs the loading direction is vertical).
Particular areas of the micrographs were selected for a
deeper analysis as presented in Figures 9(a) through (d).

It was noticed that equiaxed grains, observed in the
initial state, are deformed after dynamic testing and are
elongated in a direction perpendicular to the deformation
direction. A fully developed adiabatic shear band (ASB)
with a crack inside formed at roughly ~ 45 deg with
respect to the loading direction indicating the maximum
shear stress plane. The width of the shear band is about
~ 50 um. Within the ASB, a structure composed of
ultrafine equiaxed grains is observed. Such remarkable
grain refinement taking place suggests a significant
temperature rise occurred during dynamic loading.®” It

Fig. 4—Optical micrographs of the as-received Gum Metal taken in two zones indicating: (a) kink bands and (b) twins obtained using a

KEYENCE VHX-6000.

Fig. 5—SEM images of Gum Metal after quasi-static compression at a strain rate of 0.001 s~' taken at: (¢) low and (b) high magnification
(loading direction is vertical in these images) obtained using a Hitachi SU8000.
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Fig. 6.—SEM images of Gum Metal after dynamic testing at a strain rate of 2100 s™' taken at: (a) low and (b) high magnification (loading
direction is vertical in these images) obtained using a Hitachi SU8000.
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Fig. 7—(a) SEM image of Gum Metal after dynamic compression at a strain rate of 2100 s™' for a selected region and (b) its all-Euler angle

EBSD crystallographic orientation map obtained using a Hitachi SU70.
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Fig. 8.—EBSD pole figures of Gum Metal after dynamic compression at a strain rate of 2100 s' obtained using a Hitachi SU70.
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Fig. 9.—SEM images of Gum Metal after dynamic testing at a strain rate of 2270 s

Phenom ProX.

can also be noticed that there is a temperature gradient
athwart the ASB leading to a much more refined grain size
in the middle of the ASB compared to the ASB/matrix
boundaries ?!. The enlarged images in Figure 9 as well as
the SEM images in Figure 10 reveal the typical deforma-
tion-induced surface composed of widely displaced
deformation bands (kink bands), most of which are
straight, although some curved ones are also observed.
Most of the kink bands originate from the grain bound-
aries and propagate into the grain interiors. Twins are also
observed after compression testing but in a very limited
number; see Figure 10(c). In Figures 10(a) and (d)
numerous deformed lamellae along with ultrafine recrys-
tallized grains with the size of a few microns are present. It
should be mentioned that these features occur throughout
the ASBs and along the crack which occurred after the
Hopkinson test. However, it is not possible to accurately
evaluate the sizes of the recrystallized grains because of
the highly deformed structure and because the resolution
of the microscope used was too low. We believe that the
recrystallized grains are < 5 um in diameter. Recrystal-
lization in the ASBs may cause a reduction in the strength
properties of the tested material. Figure 10(b) reveals both
a recrystallized zone as well as, most likely, dislocation
channels. As Figure 10(b) shows, the channels might
traverse each other. Such interactions between channels
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~! with selected areas (@) through (d) obtained using a

with each other as well as with twin boundaries may lead
to strain hardening. It is worth mentioning that the
deformation mechanisms of f-Ti alloys vary depending
on the stability of the alloys and can include dislocation
slip, twinning and stress-induced martensitic transforma-
tion.*®* *% The present study exhibits the occurrence of
large deformations within the f grains (see Fig. 10(c)).
According to the literature, these large deformation
bands are probably twins®**"** or kink bands!***. It
was proved that the formation of kink bands leads not
only to enhancement of ductility and workability, but also
to strain softening.****! Furthermore,*” indicates that
with the increase in strain the misorientation within the
grains also increases leading to crystal rotation in the
grains causing strain softening, almost balancing the flow
stress. Generally, the structure observed after dynamic
loading is characterized by a crack and an adiabatic shear
band formed at ~ 45 deg with respect to the loading
direction as well as widely spaced deformation bands
(kink bands).

Three types of deformation mechanisms regulating
strain hardening and strain softening were found.
Dislocations within the channels intersecting with twins
may cause strain hardening while recrystallized grains
and kink bands with crystal rotation inside the grains
may lead to strain softening.
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Fig. 10.—SEM images of Gum Metal after dynamic testing at a strain rate of 2270 s~! taken for the selected areas («) through (d) chosen in

Fig. 9 obtained using a Phenom ProX.

EBSD was also used to characterize the deformation
products in Gum Metal after a Hopkinson test at a
strain rate of 2270 s™'; see Figure 11. The observations
were realized on a cross section that was parallel to the
direction of compression and about 1 to 2 mm from the
fracture inside the specimen. Crystallographic misorien-
tation (CMO) between the f matrix and formed
deformations were observed. It should be noted that
to simplify the analysis it has been assumed that all
formed crystal structures were body-centered cubic as
they were unknown until now. Figure 11(a) clearly
shows that the colors of the thick laths as well as thin
lines differ from the f matrix. This is the evidence of
differences in both the crystal structures and crystallo-
graphic orientations. Even though the directions and
sizes of the thick laths (~ 5 to 10 um) were irregular, the
crystallographic misorientation between them and the
matrix is quite uniform and is around 50 deg
(Figure 11(b)). It is known that around (110)f the
crystallographic misorientation of the matrix with
{332}(113) twins and {l112}(111)f twins is 50.5 and
70.3 deg, respectively®*** 32" Therefore, it can be

concluded that the thick laths in the dynamically
deformed alloy are {332} (113)f. A slight deviation from
the CMO angle of 50.5 deg (decrease of CMO up to
~ 38 deg; see Figure 11(c)) reveals that the crystal
rotation took place in more distorted {332} (113)f twins.
Figure 11(d) shows that structures with a CMO
< 30 deg were also detected. Quite similar structures
in a Ti-23Nb-0.7Ta-2Zr-1.20 alloy with 40 pct cold
swaging and in cold-compressed Ti-44.4Nb-0.73-
Ta-2Zr-1.340 were observed in.'®3¥ In 1% it is claimed
that such a type of deformed structures may be induced
by dislocation-free deformation. Nevertheless, the
authors believe that these are the kick bands.

Finally, in Figures 12(b) through (d) an inverse pole
figure (IPF), an all-Euler and band contrast maps from
EBSD are shown, respectively. From these maps, a
striking observation can be made regarding the
microstructure within the ASB, which formed in the
sample after dynamic testing at a strain rate of 2270 s~ .
Remarkable grain refinement took place within the ASB
suggesting a significant temperature rise during dynamic
loading. The observed ultrafine equiaxed microstructure
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Fig. 11.—(a) Inverse pole figure map of Gum Metal after dynamic compression at a strain rate of 2270 s~' obtained 1 mm below the observed
crack and (b) through (d) misorientation profiles obtained using a Hitachi SU70.

is composed of grains of size significantly below 1 um.
Similar findings were published in*”! where the canon-
ical ASB pattern was revealed together with the shear
flow of the grains within the ASB near the ASB/matrix
boundaries.

Phase compositions were detected for four samples:
(1) Gum Metal in its initial state; g2) after quasi-static
testing with a strain rate of 10° s~'; (3) after dynamic
testing with a strain rate of 870 s™'; g4) after dynamic
testing with a strain rate of 1100 s™; see Figure 13.
Additionally, Figure 13 shows enlargements of selected
parts of the graphs. The XRD profiles exhibit that all
the samples are composed mostly of f§ (bcc) phases with
the preferred orientation of (110). In the enlarged parts
of the graphs in Figure 13, the appearance of stress-in-
duced martensite o” (SIM o) has been detected. This
observation is consistent with the literature results about
both p-titanium alloys and Gum Metals with similar
chemical compositions where deformation induces
martensitic transformation."' ! It was noticed that
with the increase in the strain rate, the intensities of the
p (200) peaks slightly decrease. The result implies that
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the 8 (200) phase is consumed by the f — «” transfor-
mation during static and dynamic compression [*41.
The w phase is not easily detected by using XRD. The
weak peaks from the stress-induced w phase arise for the
sample after dynamic testing with a strain rate of
1100 s~' but they are very difficult to identify from the
background. However, the presence of the w phase in
Gum Metal has been confirmed in many studies.[*® >

IV. CONSTITUTIVE MODEL OF GUM METAL
UNDER COMPRESSION

Constitutive models are essential in any theoretical
modeling to predict material behavior under various
loading conditions.®® The Johnson—-Cook (J-C) model
is widely used in numerical consideration of material
structures subjected to dynamic loadings because of its
simple structure and the small number of material
parameters."> It is expressed by Eq. [2].

o= (A + B")(1 + Cln(i"))(1 — T 2]
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Fig. 12.—(a) SEM image of an ASB formed in Gum Metal after dynamic compression at a strain rate of 2270 s~

(¢) an all-Euler, (d) band contrast maps from EBSD obtained using a Hitachi SU70.
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where ¢ is the equivalent plastic strain; & = /&, is the
dimensionless plastic strain rate for &, = 1 s~ T is the
homologous temperature; 4, B, n, C and m are the
material constants.

However, the J-C model has many limitations, of
which the most problematic is the description of
work-hardening behavior. This problem has already
been pointed out in,'®” in which the authors state that
the J-C model is not appropriate for materials exhibit-
ing large changes in hardening behavior at different
strain rates. Moreover, according 0, in which con-
stitutive modeling for the Ti6554 alloy was considered,
the J-C model is inadequate for describing complex
strain-hardening behavior, especially that characterized
by a negative work-hardening ratio. Therefore, it was
decided to use a modified form of the J-C model, which
was proposed in,°” to improve the parameterization of
constitutive modeling for an A356 aluminum alloy that
exhibits the strain-softening mechanism. The model is
defined by Eq. [3]

0 = (AeB P (14 Ein(E))exp(FT')  [3]

where AgePstCse+D/e term describes the strain-softening
mechanism; Ay, By, Cis and D are the material
constants; E is a coefficient determining strain rate
sensitivity; F is the parameter reflecting the thermal
softening mechanism (the subscript ss, meaning “‘strain
softening,” was introduced to differentiate the constant
symbols used in the abovementioned J-C models).

In the present work, the experimental study of the
mechanical behavior of the Gum Metal alloy was
performed at room temperature. Therefore, a simplified
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Fig. 14—Fitting the model curve of g(¢) to experimental data of
Gum Metal under compression at the strain rate of 1 s™".

form of the constitutive Eq. [3], without any thermal
component, was used.

The constants Ay, B, Css and D were determined
using regression analysis assuming reference conditions
(¢p = 1 s~ ', reference temperature 7, = 21 °C). Fitting
the J-C model curve to the experimental data and the
constitutive relationship with the values of the material
constants is presented in Figure 14. It can be concluded
that > 95 pct of the data points are very close to the
regression curve, which evidences excellent parameteri-
zation of the applied model. However, it should be
emphasized here that material constant values are very
sensitive to the initial (input) values declared during
regression analysis. The impact of the initial value of the
constant A is especially strong. In this model, the initial
value of constant Ay equal to the value of yield stress
(1026 MPa) determined under the reference experiment
condition was assumed.

The procedure of determination of E is more complex.
As Figure 3 shows, strain rate hardening of Gum Metal
is not linear and depends on the strain. Thus, the value
of E is not constant. The application of a classical
approach to determine it from the slope of the fitting
line of the plot TPt Lvs.In(¢%) is not appropri-
ate. Therefore, to achieve a high estimation accuracy of
the constitutive model, the parameter E is defined as a
second-degree polynomial with two variables ¢ and é&.
Thus, the function of E represents the surface, which can
be expressed by Eq. [4].

E(e, &) = Ey + Eye + E3é + Eqeé + Ese® + Eg>  [4]
The values of regression coefficients E; — Eq were

collected in Table I; in turn, a regression surface E(g, ¢)
is shown in Figure 15.
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Fig. 15.—Regression surface of parameter E(¢, &) of the tested Gum
Metal.

Table I. Regression Coefficients E; — Eg

E, E, Es

E, Es Es

0.027 —0.257 5.556 x 107°

— 4.624 x 1073 0.496 — 141 x1078
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Fig. 16.—Comparison of the experimental data and the modified J-C model for the tested Gum Metal under quasi-static compression at strain
rates of (a) 0.001 s™%; () 1 s™! and dynamic compression at strain rates of (¢) 870 s™; (d) 1000 s™'; (¢) 1470 s™%; () 2270 s™".
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To verify the modified J-C constitutive model formu-
lated using the identified material parameters, it was
compared with the experimental data for all monotonic
and high strain rates and plotted in Figures 16(a)
through (f). In general, a very good agreement between
the experimentally obtained data and the model can be
seen. The strain-softening behavior (decreasing of the
flow stress with increasing strain) of Gum Metal is
correctly described using the modified J-C model with
the term AgePs+C+#+P/2 Moreover, the polynomial form
of the parameter E, which determines the strain rate
sensitivity with the interaction between strain and strain
rate, improves the accuracy of the modified J-C model
for a wide range of strains and strain rates.

V. CONCLUSION

In this work, the original Gum Metal fabricated by
Toyota Central Research and Development Laborato-
ries was subjected to mechanical characterization under
quasi-static and dynamic compression using an elec-
tromechanical testing machine and a SHPB technique,
respectively. The microstructural features of the Gum
Metal samples after loading were evaluated using optical
microscopy, SEM and EBSD. Based on the experimen-
tal results, the mechanical responses of Gum Metal were
modeled.

The following conclusions can be drawn:

1. The mechanical behavior of Gum Metal presented
in the stress—strain curves obtained for the alloy
tested under monotonic and dynamic loadings
revealed a strain-softening effect which intensified
with increasing strain rate. Moreover, the plastic
flow stress was observed to increase both for static
and dynamic loading conditions with increasing
strain rate. In turn, the strain rate sensitivity m was
seen to decrease with increasing strain rate.

2. Microstructural deformation mechanisms regulat-
ing strain hardening and strain softening were
identified. A crack and an adiabatic shear band
formed at ~ 45 deg with respect to the loading
direction, and widely spaced deformation bands
(kink bands) were observed. Dislocations within the
channels intersecting with twins may cause strain
hardening while recrystallized grains and kink
bands with crystal rotation inside the grains may
lead to strain softening.

3. Good agreement between the experimental and
numerical data obtained using the modified John-
son—Cook model was achieved.
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