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Deformation Mechanisms of (100) and (110)
Single-Crystal BCC Gum Metal Studied
by Nanoindentation and Micropillar Compression

DARIUSZ M. JARZĄBEK, MATEUSZ WŁOCZEWSKI, MICHAŁ MILCZAREK,
PIOTR JENCZYK, NAOHISA TAKESUE, KAROL M. GOLASIŃSKI,
and EL _ZBIETA A. PIECZYSKA

In this paper, small-scale testing techniques—nanoindentation and micropillar compression—
were used to investigate the deformation mechanisms, size effects, and strain rate sensitivity of
(100) and (110) single-crystal Gum Metal at the micro/nanoscale. It was observed that the (100)
orientation exhibits a significant size effect, resulting in hardness values ranging from 1 to 5
GPa. Conversely, for the (110) orientation, this effect was weaker. Furthermore, the yield
strength obtained from the micropillar compression tests was approximately 740 MPa for the
(100) orientation and 650 MPa for the (110) orientation. The observed deformations were
consistent with the established features of the deformation behavior of body-centered cubic
(bcc) alloys: significant strain rate sensitivity with no depth dependence, pile-up patterns
comparable to those reported in the literature, and shear along the {112}<111> slip directions.
However, the investigated material also exhibited GumMetal-like high ductility, a relatively low
modulus of elasticity, and high yield strength, which distinguishes it from classic bcc alloys.
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I. INTRODUCTION

ONE of the driving forces in engineering is enhancing
the mechanical performance of materials. This pursuit is
especially crucial for newly developed materials, as there
is a critical need to comprehend their underlying
phenomena. Investigating the fundamental aspects of
deformation can significantly accelerate advancements
in both industrial and everyday life applications. Mate-
rials exhibiting superelasticity and a low elastic modu-
lus, yet with high strength, are especially sought after for
various applications, such as prostheses in biomedicine
or storage tanks in the fuel industry. These materials can

withstand mechanical stress without experiencing fail-
ure. In prostheses, their importance lies in establishing a
reliable connection between bones and bioimplants.[1] In
the storage of hazardous liquids, their presence is crucial
for maintaining the integrity of the tank and preventing
leakage.[2]

A new class of materials, widely referred to as Gum
Metal, was introduced in 2003 by Saito et al.[3] as a
promising solution for meeting the above-mentioned
requirements. Gum Metals are body-centered cubic
(bcc) Ti-based with alloying elements, such as Nb, Ta,
V, Zr, Hf, and O. According to Reference 3, the defining
characteristics of Gum Metals are as follows: (1) a
compositional average valence electron number [elec-
tron/atom (e/a) ratio] of about 4.24; (2) a bond order
(Bo value) of about 2.87; and (3) an electronegativity Md

of about 2.45 eV. Additionally, Reference 4 imposes a
fourth requirement: (4) an equivalent b stabilizer con-
tent Moeq � 10 (10.0 to 10.9) wt pct. Although the first
study reported polycrystalline bcc structures, further
studies found bcc lattices combined with nanosized
hexagonal and orthorhombic phases.[4] These charac-
teristics result in high elasticity, ductility, and yield
strength of this alloy. However, its extraordinary
properties are due not only to its composition but also
its microstructure. If the alloy is tested after severe cold
working, its shear strength seems to approach the ideal
value.[5] Recent research on Gum Metal has revealed
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complex behavior—ordinary dislocation flow, deforma-
tion twinning, and transformation-induced plasticity.[6,7]

Hence, to understand Gum Metal’s unusual behavior, it
is vital to first investigate deformation in a simpler
system, such as in a single crystal. It has been already
revealed that, contrary to the previously proposed
non-dislocation deformation at the ideal shear strength,
single crystals of Gum Metal at the macroscale behave
quite consistent with the established features of defor-
mation behavior of other bcc alloys.[7] It was observed
that it has strongly temperature-dependent yield stress
below room temperature by the Peierls mechanism,
weak temperature-dependent yield stress above the
room temperature by the alloy hardening mechanism,
and {112} slip asymmetry when it deforms.[8] Takesue
et al.[8] observed significant nonlinearity and hysteresis
during tensile tests along the<110> direction. More-
over, according to Morris et al.[9] and Takesue et al.,[8]

both the mechanical response and the dominant defor-
mation behavior change with the sign and orientation of
the applied stress. Kimimura et al.[8] pointed out that the
basic deformation mechanism via the Peierls mechanism
in compression may be the same for mono- and
polycrystals.[7] Contrary to this, a single crystal under
tension was proved to exhibit GumMetal properties due
to reversible stress-induced transformations both of the
bcc matrix and B2 nanoclusters.[3] This was observed in
other Ti-based alloys.[10] It was shown that microstruc-
tural condition may influence these phase transforma-
tions.[11] Moreover, the deformation mechanism may be
changed by introducing pre-deformation[12] or internal
stresses.[13] Nonetheless, for those mechanisms, strain
rate sensitivity (SRS) may be relatively high.[3,7] While
SRS has been investigated comprehensively in HCP
Ti-based alloys,[14–16] the changes in deformation mech-
anisms due to strain rate changes are not well-investi-
gated bcc Ti-based gum metals. Those changes may
depend on single-crystal orientation as sounding aniso-
tropy was reported.[17] While E100<E110<E111,
non-linear elasticity and hysteresis were observed only
in the<110> direction.[8] The phase transformation
dependence of the size effect was studied;[18] however,
strain rate and its influence on deformation mechanism
in single crystal are yet to be understood.[19] In poly-
crystalline Gum Metal, deformation is influenced by the
strain rate: a lower strain rates lead to uniform
deformation, while higher strain rates cause relatively
soon strain localization.[20] Hence, in tensile tests, strain
hardening was observed at lower strain rates in contrast
to strain softening at higher strain rates.[21]

Few researchers have addressed the problem of the
behavior of the Gum Metal at the micro/nanos-
cale.[22–25] Of particular note is Withey’s et al. work,
which investigated nanoindentation and nanopillars
compression of the cold-worked and next annealed
Gum Metal.[23–25] They have observed unusual defor-
mation patterns, i.e., the cold-worked alloy deformation
occurred with no evidence of dislocation, twin, or fault
propagation into the bulk. Hence, understanding the
influence of confined volumes and high surface ratios
can be very useful for predicting and improving the
Gum Metal performance. In particular,

nanoindentation is uniquely suited for studying failure
at the ideal strength in shear, which, to-date, has been
observed in severely cold-worked Gum Metal and can
occur even in the as-produced single crystals.[22] There-
fore, in this study, small-scale testing techniques, i.e.,
nanoindentation and micropillars compression, were
used to investigate deformation mechanism and strain
rate sensitivity of single-crystal Gum Metal at the
micro/nanoscale.

II. EXPERIMENTAL

A. Samples Preparation and Characterization

Single-crystal ingots with two orientations (100) and
(110) were grown from the master alloys Ti–36Nb–2-
Ta–3Zr–0.3O (wt pct) using an optical floating zone
apparatus (four mirror type, FZ-T-4000-H, Crystal
Systems Inc.) at a crystal growth rate of 6.0 mm h�1

under a high-purity argon gas flow.[8] Next, the samples
were cut using an electric discharge machine and
precisely polished with the use of a vibropolisher so
that their surfaces were free of the internal stresses
usually introduced by classical polishing techniques.
Finally, FESEM-FIB ZEISS Crossbeam 350 was used
for sample characterization. It was equipped with an
EDAX EDS detector, which allows for elemental
composition determination, and an EDAX EBSD cam-
era for microstructure investigation and the precise
determination of the crystallographic orientations.

B. Nanoindentation

1. Hardness measurement
The nanoindentation of the samples was performed

on the ALEMNIS Nanoindentation Tester placed in the
chamber of the FESEM-FIB ZEISS Crossbeam 350.
The measurements were performed in a high vacuum.
Nanoindentation was performed by the nanoindenta-
tion tester equipped with a three-sided pyramidal
diamond Berkovich’s indenter. Indentations with five
different loading rates were performed, namely 0.1, 1,
10, and 100 mN/min. The sampling rate was 200 Hz.
The size effects were studied by application of maximum
indentation loads in the range from 1 up to 30 mN. The
value of hardness and Young’s modulus was determined
by the Oliver–Pharr method, a standard procedure for
determining these properties from the nanoindentation
load–displacement curves.[26]

The equipment in the test setup benefits from the
SEM vacuum chamber and precise temperature control
within the lab, resulting in minimal drift of the dis-
placement and load. Nonetheless, additional data cor-
rection is necessary to ensure the highest quality of the
hardness and indentation modulus determination.
Alemnis Materials Mechanics Data Analyzer, software
provided by the nanoindenter manufacturer, was used
for data correction and analysis. The analyzer works as
follows. First, displacement thermal drift value is
measured using a special ‘‘hold’’ section during an
experiment. The section is added during unloading at a
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load level of 10 pct of the maximum load before
complete unloading. The software then measures dis-
placement thermal drift during the hold segment and
subtracts it proportionally from the whole measured
curve. The procedure is shown in Figure 1(a) where I is
the measured load–displacement curve before correction
with visible correction hold segment and II is the actual
load–displacement curve after correction. It should be
emphasized that the hardness is then determined using
part of the unloading curve above the holding segment.

Next, the load drift correction was performed. To
subtract the load drift from the results, a line was fitted
to the points at the beginning and end of the load–time
graph, assuming a linear time dependence of the load
drift. Subsequently, this fitted line was subtracted from
the measured displacement to obtain the actual dis-
placement. The procedure is shown in Figure 1(b),
where I is the fitted line, II is the actual displacement
after correction, and III is the measured displacement
before correction. Sections marked on graph are as
follows: 1—approach; 2—loading; 3—unloading with
tip still in contact with sample; and 4—retracting with
tip no longer in contact with the sample. Finally, the
overall procedure of indentation is presented in
Figure 1(c). In the graph, section 1 is the approach. It
comprises subsegment 1a when the tip is not in contact
with the sample (displacement control) and subsegment

1b when the tip is in contact with the sample (load
control). Section 2 is a short hold (1 second) with
maximum load for ensuring lack of significant creep
during unloading. Section 3, which is the unloading
stage is divided into 3a—partial unloading, 3b—correc-
tion hold, and 3c—complete unloading.
Finally, it should be noted that the yielding due to the

holding segment contributes to the displacement, the
final shape of the imprints, the pile-up pattern, and the
strain field under the imprints. Therefore, for the lowest
strain rates (0.001 and 0.0001 s�1), a minimum of three
imprints without the holding segment were prepared for
investigation with the atomic force microscope (AFM)
and transmission Kikuchi diffraction (TKD).

2. Nanoindentation strain rate sensitivity
Strain rate sensitivity (SRS) provides information

about the influence of the strain rate on material
properties, such as hardness. From the nanoindentation
experiments, SRSind can be determined with the follow-
ing equation:

SRSind ¼ @ lnH

@ ln _eind
; ½1�

where H is the hardness and _eind is the indentation
strain rate. According to Reference 1, _eind is defined as

_eind ¼
_P

2P
; ½2�

where P is the maximum applied load and _P is the load
rate. In order to determine SRSind, we have plotted ln H
vs ln _eind and performed the linear fit. SRSind is then
equal to the slope of the fitted straight line (Figure 2).

3. Pile-up pattern investigation
The imprints created during nanoindentation were

later imaged with the use of an atomic force microscope
(AFM) in order to thoroughly analyze details, such as
pile-up and sink-in. The deformation of the material
around the contact area, i.e., sinking -in (deformation
downward with respect to the indented surface plane)
and piling up (deformation upward), are correlated with

Fig. 1—Indentation experiments. (a) Thermal drift correction; (b)
load drift correction; and (c) indentation procedure.

Fig. 2—An example of determination of SRSind obtained by
indentation of (110) Gum Metal single crystal with 30-mN maximum
load.
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the material properties.[27] In this study, the imprints
were scanned with the use of Nanosurf FlexAFM in the
contact mode. The normal load was equal to a few tens
of nanonewtons, and the scanning speed was 10 lm/s.
The obtained data were analyzed using the Gwyddion
open-source software.[28] Raw images were leveled by
mean plane subtraction, and rows were aligned using the
median method. Afterward, four profiles were extracted:
one on the surface and three going through the center of
the imprint and one of the vertices (Figure 3). The height
of the pile-up patterns is the average height of the
highest pile-up determined from difference in height
between the surface (profile 4) and profiles 1 to 3.

C. Simple and Cyclic Micropillars Compression

The mechanical behavior of materials at the nanoscale
exhibits sensitivity to not only microstructure and
specimen size but also the geometry and constraint of
the specimen and the volume undergoing deformation.
Hence, for a broader view of the mechanical properties
at the nanoscale nanoindentation is not sufficient, and
additional tests such as the micropillar compression test
should be performed. In this study, nine pillars, each
with an 800 nm diameter, were prepared by focus ion
beam (FIB) milling for both studied crystallographic
orientations. The typical process flow of the process
involved milling rings in the material, starting at the
outer diameter and progressing toward the center.
Milling was performed in three steps: coarse (30 kV, 3
nA), slow (30 kV, 200 pA), and precise (30 kV, 2 pA)
milling. Next, three strain rates, 0.1, 0.01, and 0.001 s�1,
were applied. Hence, three micropillars were compressed
for each set of parameters. Displacement control was
applied. To determine the compression strength, plots of
the engineering stress versus engineering strain were
made. In this case, the offset yield point (stress at 0.2 pct
deformation) was taken as the compression strength

[Figure 4(a)]. The pillars were also imaged before
[Figure 4(b)] and after the compression [Figure 4(c)] to
ensure that the experiment ran correctly. The images
‘‘after’’ were also used to investigate the deformation
mechanisms.
Additionally, three pillars, each with a diameter of

800 nm, were prepared for both orientations to perform
cyclic compression tests. In this case, the displacement
control was also applied; however, the displacement in
each cycle was precisely set to ensure the same condi-
tions for all the investigated pillars. First, the indenter
tip was carefully positioned over the pillar and then the
indenter gradually approached the sample in 5-nm steps
until contact was detected. In the first cycle, a displace-
ment of 50 nm was achieved. In subsequent cycles, the
displacements achieved were as follows: 100, 150, 200,
and 250 nm. The maximum displacement corresponds
to about 15 pct of the compression strain. The strain
rate in the cyclic compression was set to 0.01 s�1.

III. RESULTS

To elucidate the mechanical behavior of Gum Metal
at the nanoscale and its similarities and differences to
those of standard bcc single crystals, we investigated the
size effects and influence of the strain rate through
nanoindentation and micro-pillar compression tests.
Specifically, we studied the hardness and yield strength
for two Gum Metal monocrystals with crystallographic
orientations (100) and (110).
In Figure 5, the results of energy-dispersive X-ray

spectroscopy (EDS) and electron backscatter diffraction
(EBSD) performed on both samples are shown. From
the EDS maps, it is clear that the specimens were
fabricated without any precipitates or other imperfec-
tions. According to the pole figures, obtained with
EBSD, the crystallographic orientations of the samples

Fig. 3—Pile-up pattern investigation with the use of an AFM: (a) AFM image with the profiles indicated and (b) cross-sections through the
imprint for determination of the pile-up height (each profile is averaged over 10 pixels in width of a line).
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were very close (orientation accuracy £ 0.7 deg) to the
assumed and desired orientations (100) and (110).

The results of hardness measurements of both orien-
tations are shown in Figure 6. The exact hardness values
are provided in electronic supplementary Table 1 and

2SI. It is clearly visible that the hardness in the (100)
orientation is higher than in the (110) direction, espe-
cially in the case of smaller loads. It is between 4 and 5
GPa for the (100) orientation and between 3 and 3.5
GPa for the (110) orientation depending on the strain

Fig. 4—Micropillar compression. (a) The plot and methodology of the yield point determination; (b) a pillar before; (c) and after compression.

Fig. 5—Results of EDS and EBSD measurements.

Fig. 6—Results of hardness measurement with different loads and strain rates both orientations. The lines connecting the points are a ‘‘guide for
the eye’’.
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rate. For higher strain rates, the hardness is higher.
However, for higher maximum loads, hence deeper
indentation depths, this difference becomes less signif-
icant. It is then clear that the (100) orientation exhibits a
much stronger size effect. It should be also noted that
the creep observed during the holding of the maximum
force was insignificant, even for the imprints with the
highest strain rate it did not exceed 3 pct of the
displacement during loading.

The results of the SRSind determination are shown in
Figure 7(a). For the (110) orientation, SRSind is equal to
approximately 0.02 for all the applied maximal loads,
whereas for the (100) orientation, it is much lower. If we
look closely at the measurement errors, we can claim that
SRSind is close to 0 for the (100) orientation. SRSind also
does not depend on the maximum applied load; hence, it
does not depend on the depth. Additionally, the pile-up
height reported inFigures 7(b) and (c), both for the lowest
and the highest loads, is significant and equal to approx-
imately 10 pct of the indentation depth. TheAFM images
of the imprints (Figure 8 at the top) and pile-up patterns
(Figure 8 at the bottom) give us insight into the formation
of the pile-up. It should be noted that pile-ups tend to
exhibit similar heights for all three sides of the imprint for
higher rates (1 s�1). For lower strain rates, there is one
pile-up that is significantly higher than the rest.

According to the Oliver–Pharr method, one can also
determine the modulus of elasticity from the indentation
curve. In this study, we did not observe any dependence
on the applied load or strain rate. The modulus of
elasticity was equal to 93 ± 12 GPa for the (100)
orientation and was slightly lower (86 ± 11 GPa) for the
(110) orientation.

In Figure 9, the results of pillar compression are
shown. In Figure 9(a), representative results for pillars
compressed with a 0.01 strain rate are presented for both
orientations. The results obtained with different strain
rates are similar, and the differences are in the range of

the measurement error. In Figure 9(b), the average
compression strength is provided. It is higher for the
(100) orientation than for the (110) orientation, which is
consistent with the hardness measurement. On the other
hand, the (110) orientation exhibits strain hardening,
whereas a decrease in stress is observed for the (100)
direction. This decrease in stress is caused by intense
shear of the pillar, which is visible in the SEM images. In
Figure 9(c), the SEM images (on the left) and STEM
cross-sections (on the right) of the compressed pillars are
shown. The slip planes are clearly visible in the SEM
images. In the STEM images, the slip traces corre-
sponding to the theoretical slip directions of bcc crystals
are indicated. For (100) orientation, the slip occurred

only along (211)[111] direction. In almost all the
performed compression tests, the fracture occurred,
and a typical ‘‘hat’’ was created. In contrast, the (110)
orientation deformed plastically via double slip. This
was expected because the (110) orientation in bcc metals
has two high Schmid factor slip planes and two inactive
slip planes. The deformation mechanism was also
confirmed by transmission Kikuchi diffraction (TKD)
performed on the pillars cross-section. Crystallographic
orientations are uniform, without any sign of twinning.
Furthermore, both STEM and TKD have not provided
any evidence on dislocation activity.
The results of cyclic compression of the micropillars

are shown in Figure 10. The differences in pillar
behavior are again clearly evident. First, in the case of
the (100) orientation, the hysteresis during unload-
ing–loading is much smaller than that for the (110)
orientation. Second, when significant shear occurs in the
pillar with the (100) orientation, which can be seen in
both the stress–strain curve (sudden decrease in stress at
a strain of approximately 13 pct) and in the image of the

pillar after compression, slip along the (211) slip plane
can be observed. However, this effect is not observed for
the pillar with the (110) orientation. These pillars do not

Fig. 7—SRSind and pile-up height. (a) SRSind vs maximal load; (b) height of the highest pile-up vs strain rate for a 30-mN maximal load; (c)
height of the highest pile-up vs strain rate for a 1-mN maximal load.
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fracture until a strain of approximately 16 pct and exhibit
relatively higher strain hardening compared to those with
the (100) orientation. In the SEM image, one can again see
slips along the two {122}<111> slip systems; however,
none of them lead to fracture. For a better understanding,
we took photos of the pillars from two sides—the initial
side and rotated by 90 deg. Two slip planes can be
observed. From one side, the intersection of the planes is
visible, while from the other side, the intersection between
one slip plan and the pillar’s outer surface can be
observed. It should be indicated that similar results were
observed for all the investigated pillars.

IV. DISCUSSION

Gum Metal is characterized by a low modulus of
elasticity and high strength. For the single crystals
investigated in this study, the modulus of elasticity was
equal to 93 ± 12 and 86 ± 11 GPa for the (100) and
(110) orientations, respectively. Similar values of
Young’s modulus for this material were obtained on
polycrystalline samples by Sankaran et al.[22] (86 GPa)
and Golasiński et al. (78 GPa).[29] Other papers in which
similar alloys were investigated reported that the (100)
orientation exhibits a significantly lower modulus of
elasticity than the (110) orientation.[8,17] The reason for
this difference may be differences in the methods used to
calculate the elastic modulus. Typically, the elastic
modulus is obtained from uniaxial tension/compression.
However, in this study, we determined the modulus of
elasticity from the nanoindentation unloading curve. In
this case, the stress state is considerably more complex
than that of the uniaxial tensile test, and it is widely
recognized that this approach can yield higher values of
the Young’s modulus in comparison to classical tensile
tests.[21]

The yield strength obtained from the micropillar
compression tests is equal to approximately 740 MPa
for the (100) orientation and 650 MPa for the (110)
orientation, which is significantly higher than that of pure
titanium and is comparable to data available in the
literature for macroscopic experiments with the sin-
gle-crystal Gum Metal. For example, Kamimura et al.[5]

reported yield strength in compression tests equal to
approximately 900 MPa for the (100) orientation and
approximately 700 MPa for the (110) orientation.[7]

Furthermore, one of the most important parameters of
the Gum Metal, the yield strength-to-modulus ratio,
which is shown in Figure 11(a), is between 7.5 9 10�3 and
8 9 10�3 (depending on the strain rate and crystallo-
graphic orientation) and is in linewith the results obtained
for other similar alloys. Kamimura et al.[5] reported yield
strength-to-modulus ratio results of approximately 11.5
for the (110) orientation in macroscopic experiments.
However, in the case of cold-swaged polycrystalline Gum
Metal, the values were much higher, 19.5, owing to the
much lower elasticmodulus of the lattermaterial.[7] Other
similar polycrystalline materials were also investigated,
and forTi–33Nb–5.1Ta–7.1ZandTi–29NB–13Ta–4.6Zr,
the ratios were approximately 10 and 6, respectively.[30]

The small differences between the results are most likely
due to different specificities of the different measurement
methods and scales. For example, as it was mentioned
previously, nanoindentation provides a higher elastic
modulus than macroscopic tensile tests. Another reason
may be differences in oxygen concentration between
different specimens, which is known to strongly affect the
strength of Gum Metal.[4]

Furthermore, one can then determine the hard-
ness-to-yield strength ratio. According to the empirical
results present in the literature, it is equal to 2.8 for many
metallic materials.[29,31] In Figure 11(b), theH

�
ry ratio is

shown. Here, H is the hardness determined for a 30-mN

Fig. 8—AFM images of the nanoindentation imprints (at the top) and pile-up patterns (at the bottom).
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maximal load, and ry is the compressive yield strength
determined from micropillars compression. For all strain
rates and for both orientations, this ratio is smaller than
2.8. The lowest values of H

�
ry are observed for the

0.001 s�1 strain rate for both studied orientations.[24]

For hardness, one can observe that the (100) orien-
tation exhibits a significant size effect, which is consid-
erably weaker for the (110) orientation. This result is
consistent with the literature data on bcc single crys-
tals[32] and is attributed to the higher amount of slip
planes intersections and interlocking under the indenter
for the (100) orientation.[33] The slip interlocking, which
hardens the surface can be seen clearly in Figure 12,
where the bright-field STEM images of the cross-sec-
tions of the imprints on the (100) orientation are shown.
The deformation bands parallel to the traces of {112}

planes intersect each other and interlock. Furthermore,
the maps of the misorientation angle with respect to the
initial orientation of the crystals [Euler angles (0,0,0)]
are shown below the STEM images. The distributions of
misorientation angles are slightly different for different
strain rates, but the maximal values are similar. For
lower strain rates, the misorientation spreads deeper
under the imprint, which is in line with the lower
hardness and higher pile-ups observed earlier.
According to Figure 7(a), there is no dependence of

SRSind on the applied load/indentation depth. This
result is again in line with the behavior of classical bcc
alloys in which strain rate sensitivity is caused by a high
lattice friction. This result demonstrates that, in this
particular Gum Metal, in small dimensions, the ther-
mally activated double kink mechanism is responsible

Fig. 9—Results of micropillar compression tests: (a) example of engineering stress vs engineering strain curves for both studied orientations; (b)
results of the yield strength determination; (c) SEM (left), STEM images of the compressed pillars with indication of the slip directions (middle)
and the same STEM image + crystallographic orientation of the pillars cross-section measured by TKD (right) (Color figure online).
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for the motion of screw dislocations and thus the
deformation of the single crystal.[32]

In the case of bcc metals, slip is a complex phe-
nomenon. Numerous experiments show that slip occurs
in the closest packed<111> direction and that the
Burgers vector is a/2<111>. The planes with the largest
interplanar spacing are {110} followed by {112} then
{123}.[34] According to Figure 9, where the results of
micropillars compression are shown, and images from
the top of the sample, in the studied Gum Metal, slip
occurs in the<111> direction, and the slip planes are
{112}, which is typical for bcc metals at the room
temperature.[34] The reported yield strength of 740 MPa
for the (100) orientation and 680 MPa for the (110)
orientation are consistent with the hardness measure-
ments that indicate that the (100) orientation is harder.

Furthermore, the single and cyclic compression tests
revealed an intriguing difference in behavior of the
pillars produced on different crystallographic orienta-
tions, which is not common for other bcc metals. For
higher strains, the pillar at the (100) orientation exhibit
sudden drop in the compression curve, which indicates a
region of highly localized plasticity that causes plasticity
induced shear failure, clearly visible in Figure 9 (or-
ange). On the other hand, the pillar at the (110)
orientation undergoes stable deformation without sud-
den failure and exhibit significant strain hardening.
Furthermore, the latter pillar exhibits significant hys-
teresis during unloading–loading. Similar hysteresis was
observed for single-crystal Gum Metal subjected to
macroscopic tensile test by Takesue et al.,[8] and it was
attributed to a martensitic transformation. However, it

Fig. 10—Results of cyclic compression of the micropillars and corresponding SEM images of the pillars before and after compression. On the
left—(100) pillar; on the right—(110) pillar.

Fig. 11—Elastic-plastic properties of the investigated material for different strain rates: (a) yield strength-to-modulus ratio; and (b)
hardness-to-yield strength ratio.
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should be noted that, in our case, the hysteresis loops
close at the point of total unloading, i.e., no elastic
recovery is observed, which is significantly different
from the results presented in Reference 8.

Finally, this paper presents observations of shear
along the {112}<111> slip directions and it is in line
with typical bcc single-crystal behavior. Similar results
at the macroscale have been previously reported.[7]

However, hysteresis loops during unloading–loading
cycles and significant ductility in the case of (110)
orientation points to more sophisticated deformation
mechanism. This will be the subject of further research.

V. CONCLUSION

The strain rate sensitivity, size effects, and different
mechanical behaviors at the micro/nanoscale of the
(100) and (110) crystallographic orientation were stud-
ied for a Gum Metal single crystal. Both nanoindenta-
tion and micropillars compression were used, and the
microstructure of the deformed samples was investi-
gated. The observed deformations were consistent with
the established features of the deformation behavior of
bcc alloys: strong size effect, especially for (100) orien-
tation; significant strain rate sensitivity with no depth
dependence, pile-up pattern comparable to those
reported in the literature, and shear along the
{112}<111> slip directions. However, the investigated
single crystals exhibited a high ductility, relatively low
modulus of elasticity, and high yield strength, which is
typical for Gum Metals. It should be noted that for the
(110) orientation, the ductility was significantly higher,

which was confirmed by pillar compression tests and an
investigation of the pile-up patterns around the nanoin-
dentation imprints.
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