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Using in situ electron microscopy-based nanomechanical testing, we show that
sub-micron-scale ZrC(100) and ZrC(111) single crystals exhibit size- and ori-
entation-dependent room-temperature plasticity under compression. We identify
{110}(110) and {001}(110) as the active slip systems operating in ZrC
(100) and ZrC(111) crystals, respectively. For both the orientations, yield
strengths increase with decreasing crystal size. ZrC(111) is found to be up to
10x softer than ZrC(100). Using density functional theory calculations, we
attribute the observed anisotropy to surprisingly facile shear along {00
1:(110) compared to {110}(110). Based upon our results, which provide
important insights into plastic deformation modes operating in ZrC, we expect
that slip systems other than {110}(110) can be softer and operate at low tem-
peratures in NaCl-structured refractory transition-metal carbides and nitrides.

Keywords: carbides; plasticity; microscopy

1. Introduction

Advanced structural ceramics such as refractory transition-metal borides, carbides
(TMCs), and nitrides (TMNs) [1-3], owing to a combination of strong ionic, covalent,
and metallic bonds, exhibit superior thermomechanical properties, excellent wear, abla-
tion, oxidation, and corrosion resistance, and are used as hard protective coatings and in
aerospace structural components [4]. Among this class of materials, rocksalt (B1)-struc-
tured TMCs of group IV and V elements are hard (>20 GPa), stiff (Young’s
moduli > 350 GPa), and high-melting (7, ® 3000 K) solids with good electrical and
thermal conductivities [5,6]. While TMCs subjected to indentation are known to slip at
room-temperature [7,8] and ductile at elevated temperatures (* 0.37,,) [9-12], they are
generally considered to be brittle under uniaxial loading or bending at low temperatures
[10,13,14].

Room-temperature plasticity has been observed as early as the 1950s in B1-structured
bulk ionic crystals [15], more recently, in single-crystals of SrTiO; [16] and, at smaller
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length scales, in covalently bonded group IV and group III-V semiconductors
[17-23]. However, there is no such data for B1-structured TMCs. Realization of similar
plasticity in TMCs and other refractory ceramics would lead to greater improvements in
life-time performance of these structural materials and could potentially open up new
lower temperature applications. For B1-structured TMCs, indentation hardness is found
to be highly anisotropic, and the operating slip systems varied with temperature and the
transition-metal atoms [7,8]. Uniaxial compression of TiC(001) single-crystals revealed
that {110}(110) is the most favourable slip system at temperatures below 600 °C, while
{111}(110) was found to be active at higher temperatures [24,25]; in case of ZrC sin-
gle-crystals, the critical-resolved shear stresses for slip along {110} and {111} were
nearly the same over a range of temperatures between 1100 and 2000 °C. This behaviour
is in distinct contrast with NaCl-structured ionic crystals such as MgO, which exhibit
strongly anisotropic mechanical deformation behaviour [26]. While most existing studies
focused on high-temperature deformation behaviour of TMCs, relatively little is known
concerning the mechanisms leading to plasticity at low temperatures. Motivated by the
existing literature on uniaxial compression of ZrC single-crystals at elevated temperatures
[11], we chose ZrC as a model TMC and focused on understanding the room-temperature
mechanical behaviour of single-crystals as a function of size and orientation.

In this study, we report in situ transmission electron microscopy (TEM) observations
of size- and orientation-dependent plastic deformation of single-crystalline ZrC(100)
and ZrC(111) pillars subjected to uniaxial compression at room-temperature. By simul-
taneously measuring structural changes and mechanical deformation occurring in the
material in response to the applied load, we identify {1 10}(110) and {00 1}(110) as
the active slip systems in ZrC(100) and ZrC(111), respectively. We find that yield
strength o, of the pillars increases with decreasing pillar diameter D. ZrC(111) pillars
exhibit lower o, and a stronger size dependence than ZrC(100) pillars. These results are
opposite to that observed in Bl-structured ionic solids such as MgO and LiF [27,28].
Using density functional theory (DFT) calculations, we attribute the origin of this
anisotropy to surprisingly easy shear along {00 1}(110).

2. Experimental details

All of our in situ compression experiments are carried out using cylindrical ZrC pillars
prepared via focused ion beam (FIB) milling of single-crystalline ZrC(100) and ZrC
(111) wafers (2-mm-thick and 2-mm-diameter circular discs, from Applied Physics
Technologies). First, the wafer is cut into two halves and one half of the crystal is
mechanically polished to sub-100-um thickness. Then the sample is mounted on a TEM
stub and transferred to a FEI 235 FIB system. Pillars of diameters D between 0.1 and
0.55 pm with aspect ratios of 1.5-3.3, chosen to minimize buckling, are prepared using
30 kV Ga" beams in two steps. Initial coarse milling is carried out at an ion beam cur-
rent of 20 nA followed by fine milling with 30 pA current. This milling procedure
yielded pillars with a slightly tapered (<3°) geometry.

In situ compression tests are carried out using a flat 3-pm-wide diamond punch using
a Hysitron TEM Picolndenter 95 in a JEOL 3010 TEM operated at 300 kV. Hysitron
TEM Picolndenter 95 employs a piezoelectric actuator for fine-scale positioning and a
miniature transducer to measure applied load and displacement. Each of the ZrC(100)
and ZrC(111) pillars is uniaxially compressed along [1 00] and [11 1], respectively, in
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displacement-control mode at a constant loading rate of 10 nm/s. During each test, load-
displacement data, video-rate (30 frames/s) TEM images, and seclected area electron
diffraction (SAED) patterns are acquired.

TEM image magnifications and acquisition times are varied to check for any elec-
tron beam-induced changes in our samples. We do not observe any such effects in our
measurements. In order to determine slip systems, SAED patterns, along with
bright- and dark-field TEM images of ZrC(111) and ZrC(100) pillars are obtained post-
compression using a Titan 80-300 kV TEM after thinning and cleaning the pillars in a
Fischione 1040 Nanomill. In the TEM, imaging conditions are chosen such that the
contrast due to dislocations and slip traces are enhanced.

3. DFT calculations

In order to understand the origin of the anomalous orientation-dependent plasticity in
ZrC, we used DFT and calculated uniaxial stresses required to deform stoichiometric
ZrC single-crystals and energy barriers associated with slip and shear along the primary
slip systems. All of our DFT calculations are performed with the FHI-AIMS code [29]
using supercells with periodic boundary conditions and GGA-PBE for the exchange—
correlation functional [30]. The slab consists of at least 12 layers that are periodic in
the x and y directions and separated by at least 30 A of vacuum along the z direction.
We have carefully tested convergence of our results with respect to the slab and vacuum
layer thicknesses, basis set, and the density of the (numerical) integration mesh. We
have used parameters as they are implemented in FHI-AIMS in the default setting
“light”. The results are essentially the same as those obtained with the default setting
“tight”.

Ideal strengths of ZrC during uniaxial compression and tension as a function of crystal
orientation are calculated following Ref. [31] as follows. The slab is incrementally
strained in tension or in compression along the z direction and the total energy E,,, of the
system is determined with DFT at each strain. (In these calculations, the lattice is not
relaxed along x and y directions.) Normal tensile and compressive stresses are then calcu-
lated as g;; = lV(aE,m / Bs[j), where V'is the volume of the supercell and ¢ is the 3 x 3 strain
tensor. We use both analytical as well as numerical evaluation of the stress as imple-
mented in FHI-AIMS and get essentially the same results. The data presented here are
obtained from the analytical evaluation.

Generalized stacking fault energy, defined as the energy per unit area required to
shift one half of the supercell with respect to the other half, is calculated for each of
the three planes (100), (110) and (11 1) along the three low-index directions (100),
(110) and (111). In all the calculations, the top half of the slab is moved uniformly
along the desired direction, until we reach a saddle point. All the atoms are constrained
along the slip direction, but are fully relaxed in all other directions. The maximum
energy change in these calculations is referred to as the unstable stacking fault energy,
a measure of dislocation nucleation, and the results of these calculations are presented
in the manuscript.

Ideal shear stresses and the total energies per unit volume required to induce shear
strain are also calculated along the three primary slip systems. In these calculations, the
entire slab is sheared. That is, we move the first layer a certain distance dx, until it
reaches a saddle point. During shear, we then move the second layer by 2dx, the third
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layer by 3dx, etc. This is in contrast to the above described stacking fault energy calcu-
lations, where the entire upper half of the slab is moved by dx.

4. In situ uniaxial compression test results

Figures 1(a)-(g) show representative TEM images, SAED pattern, and engineering
stress ¢ vs. displacement data acquired in situ during compression of an ~1-pum-long
ZrC(100) pillar with D =0.30 um. Figures 1(a)—(e) are bright-field TEM images
extracted from a TEM video (see “ZrC(100)-Movie 1” in the Online Supplemental
Data). In the images, the pillar is supported by the ZrC(100) substrate at the bottom
and the diamond punch is in contact with the pillar at the top. Upon compression of the
pillar, yielding occurred via slip. In this experiment, we observe localized deformation
and the formation of shear bands near the top of the pillar that is in contact with the
diamond punch. The first occurrence of shear, labelled 1 in Figure 1(b), at 60 nm is
followed by the formation of a surface step (indicated by an arrow in Figure 1(c)) and
formation of a second shear plane, labelled 2 in Figure 1(d) at ~80 nm. Figure 1(e)
shows the post-compression morphology of the pillar. The observed phenomenon is
characteristic of plastic deformation, typically observed in metals [32]. The localized
deformation behaviour (see Figure 1(e)) is typical of all of our pillars and has also been
observed in ionic crystals [27]. SAED pattern (Figure 1(f)) acquired from the
compressed pillar indicates that the pillar retains its single-crystalline structure; that is,
ZrC pillars do not undergo phase transformation and/or twinning due to compression.
Although in situ TEM movies suggest dislocation activity, we were unable to detect
any dislocations in these pillars after the compression tests. We speculate that, due to
the confined volume of the pillars, dislocations may have moved out of the pillars.
From the analyses of SAED patterns and the shear traces observed in TEM images (see

o (GPa)
(B] = N o o

AL L L L

0 40 80 120
Displacement (nm)

Figure 1. (a)—(d) Bright-field TEM images acquired in situ during displacement-controlled uniax-
ial compression of a ZrC(100) pillar with diameter D = 0.30 m. In this experiment, the pillar was
loaded up to 100 nm. Arrows show the initiation and propagation of shear planes labelled 1 and
2 at ~60 and ~80 nm, respectively. (e) Bright-field TEM image of the pillar after the compression
test. (f) Selected area electron diffraction (SAED) pattern acquired along [00 1] zone axis from
the pillar in Figure 1(e). The arrows in (e) and (f) highlight the {110} slip planes. (g) Typical
plot of engineering stress vs. displacement measured during compression of the pillar shown in
Figures 1(a)—(e). Labels 1 and 2 correspond to displacement bursts resulting from shearing of the
planes highlighted in Figures 1(c) and (d). (Extracted from “ZrC(100)-Movie 17).
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Figure 2 upper panel), we find that the normal to the shear plane traces passes through
the (220) planes, indicating that the slip plane orientation is along {1 10}. It is likely
that (1 10), the direction with the shortest repeat distance in Bl lattice, is also the slip
direction in our experiments. Based upon similar observations in all of the ZrC(100)
pillars (see, for example, the lower panel in Figure 2), we suggest that the primary slip
systems operating during uniaxial compression of ZrC(100) pillars are {110}(110).
This is plausible since the resolved shear stress during compression along [100] is
highest for the {110}(110) slip systems and consistent with previous high-temperature
uniaxial compression of ZrC(100) [11] and low-temperature indentation tests conducted
on bulk group IV (100)-oriented TMCs [7,8].

The points 1 and 2 in the Figure 1(g) plot correspond to the times at which macro-
scopic shear events 1 and 2 occurred in the pillar (see Figures 1(b) and (d)). At smaller
loads, displacement increases linearly with applied load, indicative of elastic deformation.
At higher loads, we observe a non-linear increase in the displacement with increasing

ZA=[013]

Figure 2. (colour online) (Upper panel) Bright-field TEM image and SAED pattern of the com-
pressed ZrC(100) pillar shown in Figures 1(¢) and (f), respectively. The solid red and dashed
white lines in the TEM image are along the pillar axis [100] and normal to the slip traces,
respectively. The blue line passing through the central (00 0) spot in the SAED is drawn perpen-
dicular to the red line and hence the diffraction spots lying on this line correspond to the {200}
planes. The white dashed line superposed on the SAED pattern is parallel to the line in TEM
image and intersects, within the experimental uncertainties of ~4°, the (22 0) spot highlighted by
a yellow cross. Based upon these results, the slip plane orientation is identified as {1 10}. (Lower
panel) (a) Bright- and (b) dark-field TEM images obtained from a ZrC(100) pillar with D = 0.28
m after shear deformation. The dark-field image in (b) is obtained using [13 1] reflection. Slip
traces (highlighted by the arrows) indicate that the slip plane orientation is {110} determined
following the approach presented in the upper panel. (c) SAED pattern of the pillar along [0 1 3]
zone axis, indicating that the pillar retains its single-crystalline structure post-compression.
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stress as the pillar begins to deform plastically. In this experiment, the deviation from line-
arity in the stress-displacement data occurred at an engineering stress of ~6.7 GPa. This
value, corresponding to the point of transition from elastic to plastic deformation, is the
yield strength, o,. As we show later, o, increases with decreasing size D. All of these
results are representative of 9 different ZrC(100) pillars prepared and tested using similar
procedure.

In contrast to ZrC(100), ZrC(111) pillars do not exhibit shear bands. Figures 3(a)—(d)
are representative bright-field TEM images extracted from a video (see “ZrC(111)-Movie
2-Part II”) recorded during the compression of ~0.55-um-long ZrC(111) pillar with
D =0.18 um. We note that the TEM images show contrast near the tip of the pillar,
some of which was also observed in the as-prepared sample acquired prior to loading
(please see Online Supplemental Data). In this particular experiment, the sample was
first uniaxially compressed up to a displacement of 50 nm after which the applied load
was removed. The same sample was then loaded up to 100 nm, and this portion of the
data is shown in Figure 3. The complete set of data and the corresponding movies (“ZrC
(111)-Movie 2-Part I” and “ZrC(111)-Movie 2-Part 1I”) are presented in the Online
Supplemental Data. While there are some noticeable changes to the microstructure of the
sample due to initial loading, we do not have sufficient data to relate these changes to
the mechanical behaviour of the sample at this time. /n situ TEM videos reveal nucle-
ation, motion, and tangling of dislocations within the pillars. Here, we do not observe
any slip traces. Figure 3(e) is a post-compression image of the same pillar, which shows
that its length decreased by ~60 nm while the diameter increased by ~20 nm. The SAED
pattern in Figure 3(f), acquired from the ZrC(111) pillar after the test, indicates that
neither the crystal structure nor the crystallinity of the pillar are affected by the compres-
sion. Figure 3(g) is a plot of ¢ vs. displacement data acquired during compression of the
pillar. The smooth, non-linear variation in displacement with applied load and the
absence of any abrupt changes (“pop-ins”), associated with slip, are consistent with

2001]1]} —— L] A T o L ™
F e 12'g d
. c

G| )

b4- p

0 30 60 90
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Figure 3. (a)-(d) Bright-field TEM images extracted from a video recorded during uniaxial com-
pression of a 0.18-pm-diameter ZrC(111) pillar up to 100 nm. This particular sample was first
loaded up to 50 nm and unloaded prior to acquiring the data shown here. For complete set of
data, please see Online Supplemental Data and the movie “ZrC(111)-Movie 2-Part I”. The con-
trast changes visible in the images, highlighted by the arrows, are due to the nucleation and
motion of dislocations. (¢) Post-compression TEM image of the pillar. (f) SAED pattern of the
compressed pillar in Figure 2(e) along [0 1 1] zone axis. (g) Associated plot of ¢ vs. displacement
data for the pillar. (Extracted from “ZrC(111)-Movie 2-Part I1I”).
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plastic deformation via dislocation motion. This behaviour is typical of all the 9 different
ZrC(111) pillars that we have tested. Since the resolved shear stress on {110}(110) slip
systems is zero during loading along [1 1 1], the observed plastic deformation must be
due to the operation of other slip systems such as {00 1}(110) and/or {111}(110),
with Schmid factors of 0.47 and 0.27, respectively.

Analysis of TEM images shown in Figures 4(a)—(c) indicates that {00 1}(1 10) slip
systems are active during compression of the ZrC(111) pillars. For ZrC(111) pillars,
based on g.b invisibility criterion and imaging using two known reflections [111] and
[111], we determine the slip direction as [1 0 1]. From the images of slip traces, we
identify one of the slip planes as (0 1 0). That is, the family of slip systems {00 1}(110)
is operative in ZrC(111) pillars. While the activation of {00 1}(110) slip systems at
room-temperature during uniaxial compression of TMCs or other NaCl-structured
compounds has never been reported, slip along {001}(110) has been observed at
higher temperatures during the compression of MgO(111) [26] and ZrC(111) crystals
[11]. Interestingly, the critical stresses required to uniaxially compress ZrC(111) crystals
were found to be higher than those required for the compression of ZrC(001) or
ZrC(110) crystals [11].

Our in situ observations (see Movies 1 and 2) provide direct evidence for plastic
deformation of ZrC crystals under uniaxial loading at room-temperature, generally not
expected in refractory TMCs. The observed behaviour in ZrC, which is commonly con-
sidered to be brittle, can be attributed to the small sizes of the crystals. Studies have
shown that the compressive stress required to fracture increases with decreasing size of
a brittle material and that there exists a threshold size below which yielding, rather than
brittle fracture, is favored [22,33,34]. Moreover, the pillars are single-crystals, which at
sub-micron-scale compared to bulk are likely to have a lower density of surface and
bulk defects that could act as stress risers and induce fracture. Hence, the pillars can
withstand higher stresses that enable nucleation and motion of dislocations leading to
the observed plastic deformation. While FIB milling can introduce structural defects
and hence affect the mechanical behaviour of the pillars, we argue, based upon the
size-dependent yielding discussed below, that FIB milling has little effect on the
observed plasticity in ZrC pillars.

50 nm ZA=[011]

e’
..
'I

Figure 4. (a) Bright- and (b) dark-field TEM images of a ZrC(111) pillar with D =0.26 pm
acquired after the compression test. The dark-field image is obtained using [111] reflection.
Arrows highlight the dislocation lines. The darker contrast bands visible in Figure 4(a) are ori-
ented along ~55° with respect to [111] and are due to dislocations in {00 1}. (c) SAED pattern
of the pillar along [011] zone axis. We find that the pillar retains single-crystallinity after
compression.
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To gain better insights into the plastic deformation behaviour in ZrC, we now focus
on the effect of ZrC crystal size on the mechanical behaviour. Figures 5(a) and (b)
show typical plots of engineering stress vs. strain measured during uniaxial compression
of ZrC(100) and ZrC(111) pillars, respectively, of different D. This data is a subset of
the measurements collected from 9 ZrC(100) and 9 ZrC(111) pillars of D between 0.10
and 0.55 pm. For a given crystallographic orientation, all the pillars exhibit similar
deformation behaviour. And, for both orientations, the maximum stresses withstood by
the pillars before failure increase with decreasing D (see Figure 5).

Yield points and hence o, values are extracted from such stress-displacement curves
as follows. First, a fraction of the stress-displacement data corresponding to the transi-
tion from elastic to plastic deformation is plotted on log-log scale as shown in
Figure 6(a). In such log-log plots, the elastic and plastic portions of the stress-displacement
data can be fit with straight lines of different slopes. The point of intersection of these
two lines is identified as the yield point and the corresponding stress value is o,.
Figure 6(a) shows a typical log-log plot along with least-squares fits to the data. Using
a similar procedure, we determined o, for all the 18 ZrC pillars. Figure 6(b) is a plot of
o, vs. D, which shows that ¢, varies between ~0.5 and 9 GPa. We note that the accu-
racy of the o, values extracted from our tests depends on the pillar-punch geometry.
While the measurement uncertainties associated with pillar-punch misalignment are not
known, based upon the compression tests carried out on 6 sets of pillars of similar
sizes, we find that the maximum variation in o, is ~ 1 GPa. For ZrC, the only available
o, data are obtained from uniaxial compression of bulk ZrC single-crystals at high-T,
which indicates that o, decreases from ~100s of MPa at T' ~ 1100 °C to ~10s of MPa
at T ~ 2000 °C [11]. We cannot directly extrapolate this high-T data to compare with
our room-T results, since the loading rates are ~10x higher than those used in our
experiments and crystal composition may be different from that of our samples. How-
ever, the o, values (1-10 GPa) obtained in our experiments are plausible and within the
range of the ideal yield strength, which is expected to be a fraction (1/10 or 1/20) of
the Young’s modulus [35] and 1/3 of the hardness [36].

@ 18f ' " peotopm] @ 12f D=0.18um |
_— D=0.18 pm D=0.21pm
= D=0.30 pm D=0.24pm
O 12F D=035pmd Sk D=033 pmd
o S D=0.50 pm D=045pm
v
w
= 4
wn 6

0 60 120 180 240 0 60 120 180
Displacement (nm) Displacement (nm)

Figure 5. (colour online) Plots of engineering stress vs. strain for (a) ZrC(100) and (b) ZrC(111)
pillars with D between 0.10 and 0.50 um. All the data are acquired during compression of the
pillars in displacement-controlled mode up to 100 nm of displacement and hence the maximum
strains in the plots do not correspond to fracture.
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Figure 6. (colour online) (a) Log—log plot of a portion of the engineering stress vs. displacement
data presented in Figure 1(g). For clarity, only the data around the transition from elastic to plas-
tic deformation are shown. The red and green lines are least-squares fits to the data using which
the yield point and yield strength o, are determined. (b) Log—log plot of g, vs. D for all the ZrC
(111) (A) and ZrC(100) (O) pillars. The dashed lines are linear least-squares fits to the (1 00) and
(111) data, which serve as guides to the eye.

The data in Figure 6(b) indicate that yield strengths 0,109 and o,;; of both ZrC
(100) and ZrC(111) pillars increase with decreasing D. Similar size-dependences in
0,(D) have been observed in metal, covalent, and ionic crystals [27,32,37,38] and are
attributed to (1) dislocation starvation [39,40], a process where defect density decreases
with the crystal size, (2) dislocation truncation in small samples leading to increased
flow stress [41,42], and to (3) enhanced dislocation nucleation, mobility, shielding, and
limited dislocation multiplication rates at small length scales [37,38,43,44]. While we
cannot determine which of these mechanisms control the observed size-dependent yield-
ing, the differences between the size-effects observed in ZrC(100) and ZrC(111) pillars
offer some insight into their mechanical responses. We find that o,,1,,(D) varies steeply
from ~0.5 GPa to ~9 GPa with D. In comparison, o,,190(D) changes from ~5 GPa to ~9
GPa with D and o,,111(D) < 0,,100(D) for all D 2 0.20 pm. This finding is consistent
with the expectation that the effect of size on o, is more (less) pronounced in crystals
with smaller (higher) shear stress [27]. Both these results are opposite to what has been
reported for similar-structured ionic crystals such as LiF and MgO, where 6,109 exhibits
stronger size-dependence than oy, 11, and 6,,100(D) < 6;,111(D) [27,28]. Furthermore, both
strain-hardening exponents {n} and coefficients K, measures of dislocation multiplicity
and interactions, appear to scale with D for ZrC(111) but vary little for ZrC(100) pillars
as shown in Figure 7. To this purpose, true stress (o7) and true strain (e¢7) values are
first calculated from the stress-displacement data in the range between the yield point
and up to 20% engineering strain. Both » and K are then extracted by fitting o7 vs. er
data with the equation of the form o7 = K¢.. Based upon these results, we suggest that
the mechanical response of ZrC(111) is more sensitive than ZrC(100) to defects (e.g.
anion vacancies and dislocations). The observation of yielding in ZrC(111) at signifi-
cantly low stresses compared to ZrC(100) (0,111 ~ 0,100/10 at D> 0.5 um) is unex-
pected since {110}(110) slip systems are generally believed to be the softer slip
systems operating in group IV TMCs and TMNs [1]. While crystal stoichiometry could
influence the absolute values of o, [6,8,14], we show below that defect-free ZrC(111) is
expected to be softer than ZrC(100) under compression.
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Figure 7. (colour online) Semi-log plots of (a) Strain-hardening exponent » and (b) strain-harden-
ing coefficient K as a function of D for ZrC(111) (a) and ZrC(100) (O) pillars. The dotted and
dashed lines are guides to the eye. While there is considerable scatter in the data, values of both
n and K are smaller and vary markedly with D for ZrC(111) compared to ZrC(100) pillars.

5. DFT calculation results

Figures 8(a) and (b) are representative stress—strain plots obtained by applying compres-
sive and tensile stresses, respectively, on ZrC(100) and ZrC(111) crystals. Figure 8(a)
shows stress ¢ vs. strain ¢ data calculated for uniaxial compression of ZrC(100) and
ZrC(111) crystals. We find that uniaxial compression of ZrC along [1 1 1] is easier com-
pared to compression along [1 0 0]. For example, ideal stress required to compress ZrC
(111) by 10% is ~19 GPa. In comparison, ~80 GPa is required to compress ZrC(100)
by the same amount. That is, ZrC(111) is softer under uniaxial compression than ZrC
(100). (In contrast, ZrC(100) deforms easily under tension compared to ZrC(111) as
shown in Figure 8(b).) Although all our calculations are carried out using perfect, dislo-
cation-free crystals and the theoretical stresses are over 10x higher than the measured
values, the DFT results are in qualitative agreement with the experimental data. Calcu-
lated unstable stacking fault energies, measure of resistance to dislocation nucleation
[45], are found to be lowest (0.141 eV/A%) along {110}(110) followed by
{111}(110) (0.156 eV/A%) and {001}(110) (0.164 eV/A?). That is, {110}(110) is
energetically the most favourable slip system for dislocation nucleation in ZrC. How-
ever, the total energy per unit volume required to shear, a measure of ideal shear stress,

@ o " A Zrc(In | (d)75F : ; ) 5
—_— O ZrC(100)
£
- S50k 4
D -100 F i
p—
wv
b .
= 25k o
v 200 F 2
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Figure 8. (colour online) Calculated uniaxial (a) compressive and (b) tensile stresses plotted as a
function of lattice strain ¢ in ZrC(111) (a) and ZrC(100) (O) crystals.
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is found to be lowest (0.077 eV/A®) for {001}(110) compared to 0.331 eV/A* for
{110}(110) and 0.305eV/A® for {I11}(110). That is, {001}(110) and
{110}(110) are the soft and hard slip systems in ZrC, respectively, consistent with
our experimental results.

6. Discussion

The observed orientation-dependence in ZrC with easy slip along {1 00}(110), the
close-packed slip system in Bl-structured compounds, is qualitatively comparable to the
operation of {111}(110) and {110}(111), the close-packed slip systems in face-
centred and body-centred cubic metals, respectively. That is, the mechanical response of
ZrC subjected to compressive stresses is similar to that of a cubic metal rather than a
B1-structured ionic compound, such as MgO and LiF. This is probably expected since
the electronic structures of Bl-structured ZrC and other TMCs and TMNSs are expected
to be different from that of ionically-bonded MgO or LiF [6,14]. Even among the
selected number of Bl-structured Group IV and V TMCs, the nature and relative
strengths of metal-metal and metal-carbon (or nitrogen in case of TMNs) bonds, vary
with the valence electron concentration in the lattice [46], covalent radii of the metal
cations, and crystal orientation. As a result, plastic deformation pathways [1] and over-
all ductility and hardness of these compounds [47] vary within the same Group (e.g.
from TiC vs. ZrC) and from Group IV to Group V (e.g. TiC vs. VC) [8,48-50]. While
DFT offers some insights into the mechanical response of ideal, defect-free, ZrC crys-
tals, the calculations are limited to small cell sizes. To fully understand the electronic
origins of plastic deformation in this class of materials, molecular dynamics simulations
and multi-scale modelling of dislocation dynamics and the effect of vacancies are neces-
sary. This, however, is a computationally challenging task and beyond the scope of this
study.

The observed phenomenon of room-temperature plasticity is not specific to ZrC, but
should also be expected in single-crystals of other NaCl-structured TMCs and TMNs.
Based upon the fact that multiple slip systems are active at room-temperature, we sug-
gest that carefully prepared polycrystalline TMC samples will also undergo plastic
deformation at low temperatures. Since the loading rate, which in our experiments is
10 nm/s, and crystal size could influence the observed phenomena, additional mechani-
cal tests conducted at different loading rates and using larger crystals are necessary to
better understand the ductile deformation characteristics in this class of materials.

7. Summary

In summary, we investigated the room-temperature mechanical behaviour of ZrC(100)
and ZrC(111) crystals using a combination of in situ electron microscopy-based mechani-
cal testing and DFT calculations. We find that ZrC crystals undergo plastic deformation
and exhibit size-dependent yield strengths, indicating that dislocations are mobile in this
class of compounds. The measurements of yield strengths as a function of crystal orienta-
tion reveal that at least two slip systems ({110}(110) and {00 1}(110)) are active
at room-temperature. DFT calculations support our finding that deformation along
{001}(110) is easier than along the commonly expected {110}(110) slip systems in
Bl-structured compounds. We suggest that DFT calculations of unstable stacking fault
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energies alone may not be sufficient to correctly identify the preferred slip systems in ZrC
and probably other transition-metal carbides. Additional calculations, such as energies
associated with shear and experimental investigation of the effect of sample microstruc-
ture (e.g. dislocation density) can help provide better insights into the deformation behav-
iours into this class of materials. We expect that other transition-metal carbides and
nitrides will also exhibit plasticity at low-temperatures. Insights gained from these studies
could open up the possibility of designing hard-yet-ductile ceramic nanocomposites, free-
standing thin films, and nanostructures for new micro- and nanomechanical applications.
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