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ARTICLE INFO ABSTRACT

Keywords: The MAX phases comprise of a group of layered ternary carbides that exhibit unique mechanical properties
MAX phase which bridge the gap between their metal and ceramic constituents. To study the effects of the global grain
Compression

orientation, Ti, Si and TiC powders were hot pressed to synthesize highly oriented bulk Ti3SiC,. X-ray diffraction
(XRD) was used to verify the grain orientation and a Lotgering factor of 0.87 with respect to the c-axis was
obtained. Prepared Ti3SiC, samples have been compressed in two orientations, loading along the c-axis (||c-axis)
and perpendicular to the c-axis (_Lc-axis) at 103 s~! using a standard load frame and at 102 s—! using a Kolsky
(split-Hopkinson) bar. The average compressive strength along the | c-axis orientation was 761 MPa under quasi-
static conditions and 987 MPa under dynamic loading, exhibiting a 30% increase on average. The ||c-axis
orientation exhibited no rate dependence in compressive strength; however both orientations exhibited an in-
crease of strain at failure under dynamic conditions by over 0.5%, on average. The orientation-dependent failure
behavior at different strain rates were examined using high-speed imaging and 2D digital image correlation (DIC)
during loading and via scanning electron microscopy (SEM) post-mortem. Results indicate that the Lc-axis
fracture surface exhibited a mixture of transgranular and intergranular cracks, kink bands and delaminations,
whereas ||c-axis was limited to a combination of intergranular and transgranular cracks. Such fracture distinc-
tions due to the availability (or lack thereof) for kink band formation appear to be responsible for the anisotropic
compressive behavior.

Titanium silicon carbide
Highly oriented
Rate sensitivity

1. Introduction

MAX phases are 3D layered solids comprising of early transition
metals (M), A group elements (A), and carbides and nitrides (X). They
have plate-like grains with unit structures of M4AX3, M3AX5 and MyAX
compositions [1,2]. This type of material combines some of the desirable
proprieties of metals and ceramics such as machinability, resistance to
thermal shock, high stiffness and an advantageous strength and tough-
ness combination [3-6]. The weaker metallic bonding between A
element atoms and other (M and X) atoms in the complex hexagonal
structure allows only limited basal slip at ambient temperatures.

It has long been assumed that the deformation mechanisms of MAX
phases were predominantly formation, slip and multiplication of basal
plane dislocations that can be arranged into pileups or walls [7-12].
Recent studies made the case that ripplocations, which represent atomic
scale buckling, are the operative deformation mechanisms in layered,
crystalline solids, including MAX phases [13-17]. Kink bands, resulting
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from irrecoverable buckling upon further loading of ripplocations, were
observed, especially when the basal planes were loaded edge-on [11].
Consequently, ripplocations explain the micromechanism in the elastic
region prior to the formation of kink bands and eventual permanent
failure in the material under load. In addition to kink bands, MAX phases
can also deform by delaminations (or splits between layers), void for-
mation and grain boundary sliding [4,8,18,19]. Under quasi-static
conditions, the strain-stress hysteresis response of MAX phases has
been shown to be reproducible, and essentially fully recoverable after
the first loading cycle [8,20,21]. As such, ripplocation formations
demonstrate a quasi-plastic, pseudo-ductile behavior under global
compression (and local compression-shear) that results in potentially
improved damage accommodation [8,20,22-25]. The hexagonal crystal
structure and nanolayered microstructure contributes to the anisotropic
properties; however, most prior studies have focused on randomly ori-
ented bulk MAX phases due to the difficulty of texturing ceramics [26].

Texture-engineered ceramics have attracted recent attention due to
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Fig. 1. Schematic of grain orientations. (a) A single crystal MAX grain and a stack of MAX phase grains aligned along the c-axis during hot pressing. (b) Simplified
schematic of ||c-axis loading orientation. (c) Simplified schematic of L c-axis edge-on orientation.

their ability to produce property enhancements through crystallo-
graphic tailoring [27,28]. By altering the intrinsic crystallographic and
extrinsic microstructural characteristics, textured ceramics can exhibit
anisotropic properties like single crystals, as well as the robust me-
chanical ability to tailor a wide range of compositions like their bulk
ceramic variants [27]. The term texture describes the global
non-random crystallographic orientation of the grains. The simplest
indicator for texture that can be calculated is the Lotgering factor
ranging from O to 1, where 0 is random orientation and 1 is perfect
orientation. The factor, f(ooy, is calculated from the intensities of the
X-ray diffraction (XRD) peaks under 26 scan mode [29,30].

In MAX phases, grains prefer to grow along the basal plane to form a
platelet shape [27]. Oriented MAX phase grains have a globally aligned
texture axis, the c-axis, but are randomly aligned perpendicular to the
c-axis. Fig. 1(a) illustrates a simplified single crystal MAX grain and how
hot pressing aligns the grains. Recent studies on textured MAX phases
include: texturing CryAlC by spark plasma sintering [31], NbsAlC3 by
slip casting under a strong magnetic field [32-34], Ti;AlC by hot
pressing [35] and spark plasma sintering [36], TiAIN by spark plasma
sintering [37], Ti3AlC, by spark plasma sintering [38,39] and slip
casting under a strong magnetic field [40], and Ti3SiCy by slip casting
under a strong magnetic field [41,42], electrophoretic deposition [43]
and spark plasma sintering [36]. The textured Ti3SiCy, Ti>AlC and
Ti3AlC; reported the Lotgering factor f(oo between 0.51 and 0.69 and a
moderate improvement of mechanical properties including fracture
toughness, electrical and thermal conductivities [36,38]. Texturing
processed by slip casting under a magnetic field with the Lotgering
factor f(go) between 0.95 and 1 exhibited the most significant property
improvements [34,41,42]. In the case of Ti3AlCy, both flexural strength
and fracture toughness in the perpendicular and parallel to the orien-
tation direction were improved relative to randomly oriented samples.
The reported flexural strength for randomly orientated, perpendicular to
the orientation direction and parallel to the orientation direction of
Ti3AlC, samples were 320 MPa, 1005 MPa, and 1261 MPa, respectively.
The fracture toughness values of the aforementioned orientations were
reported as 6.9 MPa /m, 14.6 MPa,/m, and 13.1 MPa+/m, respectively
[40]. Note that these studies were under quasi-static loading.

There is relatively little research focused on the dynamic behavior of
the MAX phases [44-49], and the dynamic compressive response of

highly-oriented MAX phases, to the author’s knowledge, has not been
previously reported. At the same time, the unique combination of the
properties in MAX phases and their noted damage tolerance make them
potential candidates for applications involving impact and complex
loading scenarios. Specifically, Ti3SiCy exhibits relatively high stability
and fracture toughness at high temperatures, high electrical and thermal
conductivities, as well as a moderate resistance to oxidation, making this
particular MAX phase a promising candidate for aircraft and diesel en-
gine applications [1,4], to name a few.

Herein we define two experimental orientations: ||c-axis means
loading along the texture orientation c-axis as shown in Fig. 1(b), and
_ c-axis means loading perpendicular to the c-axis as shown in Fig. 1(c).
In this investigation, we characterize the compressive response of fully
dense, hot pressed, highly-oriented Ti3SiC, with ||c-axis and Lc-axis
orientations at quasi-static and dynamic strain rates. In addition, a
Vickers hardness test and microscopy is performed to complement the
rate and orientation-dependent compressive strength assessment.

2. Method
2.1. Material fabrication and characterization

Dense textured polycrystalline TigSiCy bulk samples were prepared
by ball milling a 1:1:1.05 stoichiometric mixture of TiC (325 mesh, 99%,
Alfa Aesar), Si (325 mesh, 99.5%, Alfa Aesar), and Ti (325 mesh, 99%,
Alfa Aesar) powders for 12 h in a polyethylene jar using zirconia milling
balls. The mixed powders were loaded into a 1.5 in circular graphite die,
coated with boron nitride and densified in a hot press, with graphite
heating elements and a vacuum of < 10 Pa. The initial sintering con-
ditions were as follows: a peak temperature of 1250°C, heating rate of
400°C/h, uniaxial pressure of about 10 MPa and a dwell time of 2 h.
After cooling, the obtained samples were 73% dense. This porous pre-
form was then loaded into a larger 2.5 in circular graphite die for further
densification. The die was then heated at a rate of 400°C/h, to a
maximum temperature of 1450°C. After reaching the maximum tem-
perature, a uniaxial load corresponding to a stress of 40 MPa was applied
and maintained for 4 h before cooling.

The compositions and grain orientation of the top (||c-axis) and cross-
section (Lc-axis) surfaces of the sintered sample (see Fig. 1(b and c))
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Fig. 2. Experimental setups for (a) quasi-static and (b) dynamic compression experiments.

were examined using a diffractometer (Rigaku SmartLab, Tokyo, Japan)
with a 10 mm slit and a Cu tube. The scans were performed over the
range of 5°~70° 26, with a step size of 0.02° and a dwell time of 0.5 s per
step. Once the orientation was confirmed, the Lotgering orientation
factor, fi=(P-P)/(1-Py), was calculated from the XRD patterns. For the
a b-axis orientation of the hexagonal structure, P and Py were obtained
from the ratio of ) Itxo)/ D I(n), and for the c-axis orientation, P and Py
were calculated from the ratio of ) I oo/ > Ity Here 3 Iipkays D Iitko)
and )" Ijooy are the sum of peak intensities of the corresponding (hkl),
(hk0), and (00I) planes on the 26 diffractogram.

For microstructure analysis, the sample was mounted, ground, pol-
ished and etched for 2-3 s by a 1:1:1 part solution of hydrofluoric acid
(48%, Sigma Aldrich, St. Louis, MO), nitric acid (68%, Alfa Aesar, Ward
Hill, MA) and water. The samples were analyzed using a scanning
electron microscope, SEM (XL30, FEI, Hillsboro, OR). The SEM images
were processed using ImageJ software to obtain the average grain size
[50]. Additional pre- and post-failure secondary and,/ or backscattered
electron SEM micrographs were taken with a Zeiss Supra 50VP and a FEI
XL30 SEM to observe the microstructure and deformation mechanisms.
Vickers hardness (Riehle Hardness machine) was tested at 20 N with a
dwell time of 10 s.

2.2. Experimental methods

Specimens sized 5 x 5 x 5 mm? were cut from the same billet using
electrical discharge machining (EDM) method for both quasi-static and
dynamic experiments. EDM helped achieve parallelism of sample sides
and the surfaces parallel to the base of billet were carefully marked and
tracked during the sample preparation and experiments. Additionally,
XRD was used to verify the orientation of samples. The orientations
regarding the loading are illustrated in Fig. 1(b) for ||c-axis and (c) for
1 c-axis. Note that Ti3SiCy grains are oriented around the c-axis, but are
randomly oriented perpendicular to it. Prior to the experiments, all
specimens were polished to a 3 pm surface finish on the loading surfaces
and to a 15 pm surface finish on all other surfaces using an Allied
TechPrep Polishing machine. A subset of the specimens were painted
with a black and white speckle pattern using an airbrush in order to
utilize 2D digital image correlation (DIC) measurements. Another subset
of specimens were kept polished (and unpainted) in order to better
observe the surface crack nucleation and propagation once damage is
initiated during loading.

DIC is a non-contact, in-situ full-field optical technique that measures
surface displacement and deformation where a series of images is taken
of specimens with random and high contrast patterns during loading
[51,52]. Tracking features of the pattern between the image from an
undeformed specimen and comparing it with images taken during
deformation allows for the strain field on the specimen surface to be
obtained. The position of a small group of pixels (subset) is compared

with the reference still-image for every deformed image and a local
displacement is determined. Such determination is repeated in the field
of view once every step size for a good sampling of data to map the
full-field displacement. The strain measured using DIC method is only
reliable before reaching catastrophic failure due to the one-to-one cor-
respondence correlation requirement (which does not traditionally ac-
count for a free surface). It should be noted that the surface pattern
quality (contrast, size, randomness, etc.) affects the accuracy of the
strain measurement, particularly during high strain-rate loading where
ultra high-speed imaging devices lack high pixel resolution [53]. For this
study, commercially available DIC software, MatchID, was utilized for
the strain mapping and the subset and step size were determined by
conducting a performance analysis. Relevant DIC parameters are listed
in Table 3.

Quasi-static compressive experiments were performed to obtain the
low strain rate compression baseline at 0.5 mm/min to a nominal strain
rate of 1.67 x10~3 s~1. Specimens were tested using a Shimadzu AG-IS
load frame, placed in between two tungsten carbide platens attached to
the load cell using a small amount of vacuum grease. A small amount of
molybdenum disulfide powder was applied to the specimen surfaces to
minimize the friction between the sample and the platens. The load
frame had a 50 kN load cell with an Epsilon LVDT deflectometer. A
Stingray F-504 camera (2452 x 2056 pixel) with a Nikon 105 mm lens
and 8 W LED lights were used for imaging. The quasi-static experimental
configuration is shown in Fig. 2(a).

A Kolsky (or split-Hopkinson pressure) bar was used to determine
material properties at high strain rates based on the stress-wave prop-
agation within the system [54]. The experimental setup included a 3 m
long incident bar, a 3 m long transmission bar, and a 129 mm striker bar.
All bars were made of C-350 maraging steel, with a diameter of 12.7 mm
and an ultimate tensile strength of 2 GPa. A pneumatic pressure system
propeled the striker into the incident bar at a known velocity to generate
and propagate a compressive stress wave pulse. Specimens were sand-
wiched in between the two long bars with Ti jacketed WC platens of the
same diameter as the Kolsky bars. The platens were approximately 3 mm
thick, placed in alignment with the Kolsky bar using a small amount of
vacuum grease. The platens were polished to a 15 pm surface finish on
the side in contact with the Kolsky bar and to a 3 pm surface finish on the
side in contact with the specimen.

When the stress wave traveling at the elastic wave speed reaches the
specimen-bar interface, a portion of the incident pulse passes through
the specimen and gets transmitted to the transmission bar while a small
portion of the incident pulse is reflected back to the incident bar. The
strain gauges located on the incident bar measure the incident strain
pulse (¢) and reflected strain pulse (er), and the strain gauge on the
transmission bar records the transmitted strain pulse (e7). To extend the
loading pulse, a 3 mm diameter, 1.2 mm thick copper pulse shaper was
placed on the striker contact face at the incident bar [55]. Once the
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Fig. 3. XRD scans of (a) cross-section (_Lc-axis), and (b) top (||c-axis) surfaces.

Table 1
Material Properties of highly-oriented Ti3SiCs.
Density Grain Size Porosity Orientation
g/ cm® pm %
45+ 2647 <1 Ffioon) =087, fisko)=0.31
0.1

one-dimensional elastic stress state is achieved in the specimen, the
strain rate, strain, and stress are given by:

anz—z%&@ )}
e(t) = / t é(r)dr (2)
o()=2Eve () ©)

AS

where &(t) is the strain rate, ¢g(t) is obtained from the reflected wave-
pulse measured by the strain gauge on the incident bar, c;, is the bar
longitudinal wave speed, Ay is the bar area, Ej, is the bar elastic modulus,
A; is the specimen impact area and L is the specimen length. More
details on these experiments can be found in Ref. [56]. For this study,
103 kPa (or 15 psi) gas pressure was used to attain a striker velocity of
approximately 18 m/s, resulting in strain rates between 600 s~ to 900
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s~1. A Shimadzu HPV-X ultra-high speed camera (400 x 250 pixel) at 2 M
frames per second with a 150 mm Nikon lens and150 W GS Vitec Mul-
tiLED QT lights were used for imaging. The Kolsky setup is shown in
Fig. 2(b).

3. Results and discussion
3.1. Orientation and material properties

Fig. 3 shows the XRD patterns of the textured bulk Ti3SiC; billet in
two orientations: the cross-section of puck-shape billet (_Lc-axis orien-
tation) and the top surface of the same billet (||c-axis orientation). The
oriented sample was relatively phase pure with only 4.1 wt% of TiC as a
minor secondary phase impurity. The density was 4.5+0.1 g/cm3, and
was considered fully dense with a porosity of <1% (undetectable with
Archimedes methods) as listed in Table 1. By comparing the XRD pat-
terns of the scanned surfaces (_Lc-axis vs. ||c-axis), a strong change in the
intensities can be observed due to preferred crystallographic orienta-
tions. After analyzing the difference between the relative intensities of
the various diffracting peaks, it was found that all strong reflections
belong to 00l planes in the top surface, meaning that the c-axis of the
grains is perpendicular to the top surface. On the other hand, for the
cross-section surface, most of the non-basal diffraction peaks Okl have
much higher intensities than the basal peaks 00l The XRD results
indicate that the Ti3SiCy grains are oriented and have a global texture
orientation c-axis, similar to the texture orientation found in previous
work on MAX phases. The calculated Lotgering orientation factors
confirm the oriented structure of the Ti3SiCy sample: for the oriented top
surface, foo was determined to be 0.87, and for the oriented cross-
section surface, fino) was determined to be 0.31.

The SEM images revealed the plate-shape elongated cross-section of
TizSiCy basal planes in the cross-section (Lc-axis) in Fig. 4(a), and
relatively equiaxed grains with only basal planes observed, that are
perpendicular to the c-axis (||c-axis) in Fig. 4(b). The average grain size,
determined from the SEM images, was found to be approximately 26+7
pm (Fig. 4). The Vickers hardness of L c-axis and ||c-axis have a value of
3.7+0.1 and 4.4+0.3 GPa, respectively. The indentation impression in
Fig. 5(a) show an isotropic square shape for |c-axis orientation with
delaminations, intergranular cracks and transgranular cracks around the
edges. In Fig. 5(b), the |c-axis has a more elongated rhombus indenta-
tion shape with cracks only parallel to the basal planes spreading in one
direction on the surface. Similar ||c-axis crack propagation can be found
in Refs. [32,38], but the observed lc-axis deformation was not as
anisotropic as [31,32,37-39]. The ||c-axis hardness value is 19% higher
than the value of | c-axis. It is clear that under quasi-static compression
conditions, delaminating the basal planes is easier than penetrating into
them parallel to the c-axis. Such anisotropic indentation fracture
behavior was also previously reported in other textured MAX phases
[32,37,38,40,41]1, with similar higher hardness value on |c-axis

Fig. 4. SEM micrographs of (a) cross-section (_Lc-axis), and (b) top surface (||c-axis).
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Fig. 5. SEM micrographs of Vickers hardness indentations into (a) cross-section (_Lc-axis), and (b) top surface (||c-axis).

1000
| | [ (a)
800 Loading
BC
§ 600 |- .
g 400 A c-axis -
wn
£ 200} -
0 | | |
0 1 2 3 4
True Strain (%)

True Stress (MPa)

x10*

1000 ! T T

T

[— Transmission

800

600

Strain
N WA OO N

400

200

AL
$

0 1 1 1
16
Time (us)

0%

£ = 0.69

0,
ip +0.1%
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orientation [32,37,40,41], except for [38] which reported a higher
hardness value on 1 c-axis orientation.

3.2. Quasi-static and dynamic behavior

A characteristic result of Ti3SiCy under dynamic compression ||c-axis
is shown in Fig. 6. For this study, failure is defined as the peak
compressive stress the specimen sustained. The stress-strain curve in
Fig. 6(a) indicates that this specimen reached a peak stress of 814 MPa at
a strain value of approximately 1.51%. The stress-time curve is shown in
Fig. 6(b). The equilibrium of the strain reading on the transmission and
incident gauges, as well as the average of those two readings are plotted
against time in Fig. 6(c). The DIC surface axial strain analysis at three
points during loading is shown in Fig. 6(d). On average, the DIC mea-
surements were in agreement with the strain values obtained from the
strain gauges shown in Fig. 6(a). The full-field strain spectrum illustrates
that larger deformation took place in the diagonal direction across the
specimen where at point C, right before the specimen failed, a 45° crack
appeared. Correlation was lost there due to the appearance of the crack
interrupting the one-to-one correspondence of surface pattern.

At least four specimens were tested to obtain an average in the two
orientations and two strain rates examined and the results are summa-

Table 2
Hardness and compressive response of highly oriented Ti3SiCs.
Orientation Hardness Strain Rate Peak Stress Peak Strain
[GPa] s [MPa] %
Lc-axis 3.7 +0.1 1.7 x 1073 761 + 38 0.55 + 0.08
7.5 x 10% + 140 987 + 88 1.39 £ 0.28
||c-axis 44+03 1.7 x 1073 792 + 30 0.76 + 0.07
6.8 x 102+ 80 782 + 45 1.34 £ 0.32

rized in Table 2. The DIC parameters utilized in the full-field strain
analysis are listed in Table 3. The parameters were chosen for a robust,
least biased correlation result. The strain rate against the peak
compressive stress is plotted in Fig. 7. On average, the dynamic
compression achieved a strain rate of 750 + 140 s~! in the Lc-axis
orientation and 680 &80 s~! in the ||c-axis orientation. The Lc-axis
specimens failed at a peak average stress of 987 MPa under dynamic
conditions and only 761 MPa under quasi-static conditions, showing
clear rate sensitivity. Conversely, the ||c-axis orientation exhibited no
sensitivity in peak compressive stress.
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Table 3
DIC parameters used for the 2D deformation analysis of highly oriented Ti3SiCo
under compression.

DIC Parameters Quasi-static Dynamic
Pre-filtering Gaussian Gaussian
Subset 35 12
Step size 12 5
Correlation criterion ZNSSD [60] ZNSSD [60]
Shape Function Affine Affine
Interpolation function Bicubic Spline Bicubic Spline
Pixel to mm conversion 150 28
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Fig. 7. Plot of resulting compressive stress versus strain rate on highly ori-
ented Ti3SiC,.

Interestingly, both orientations exhibited an increase in strain at
failure under dynamic conditions, although the reasons for this increase
are not fully understood. In the structural ceramics community (e.g. AIN
and SiC), it has been suggested that the increase in strain at failure under
dynamic conditions exhibited is associated with potential activation of
dislocation motion, or essentially these materials may exhibit some flow
under high pressures [57,58]. Moreover, natural layered materials have
also been shown to increase strain at failure under dynamic conditions
compared to quasi-static. For example in nacre, the strain to failure shift
has been reasoned to coincide with fracture being dominantly inter-
granular propagation under quasi-static loading, shifting to trans-
granular under dynamic loading [59]. Thus a competition or essentially
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the zigzag fashion of the failure path (competing between trans- and
inter-) may cause the noted improvement, and a similar shifting of
fracture patterning could potentially play a role here.

Comparing results within the same strain rate, under quasi-static
conditions there was no obvious change in peak compressive stress be-
tween the two orientations with only 4% difference on average and
overlapped standard deviation. Under dynamic conditions, both orien-
tations failed at similar strains, but the |c-axis failed at a peak stress
26% higher than the ||c-axis. It should be noted that peak compressive
stress of randomly oriented Ti3SiCy has been shown to range from 560 to
935 MPa with similar grain sizes compared to this work [9,19,25] and
thus all the results on highly oriented variants (within their standard
deviation) fall within this range. Overall, these findings do highlight
some clear rate sensitivity, as well as the anisotropic behavior in Ti3SiCs.

To better understand the different failure behavior, we turn our
attention to the surface fracture patterns observed via imaging. In Fig. 8,
images of a Lc-axis and a ||c-axis experiment are shown in reference to
their corresponding position on the stress-strain curve. The ||c-axis (red
line) has a peak stress of 711 MPa and 0.93% strain at failure. As the
stress builds up, dominant cracks propagated along the diagonal direc-
tion of the sample (as shown in Fig. 8(b)). Shortly after the peak stress,
the specimen initially fractured at approximately 45° (macroscopically)
and splintered into smaller chunks and fragments. The _L c-axis shown in
Fig. 8(a) (black line) was imaged parallel to the c-axis, i.e. the imaging
surface was mainly comprised of basal planes. The characteristic result
showed a peak stress of 1073 MPa and 1.09% strain at failure. The
associated high-speed images in Fig. 8(c) captured a more graceful
fracture behavior than the ||c-axis, where the specimen comminuted on
itself. As a result, macroscopic cracks on the basal plane surface were
rarely visible in the high-speed images. Powderized Ti3SiCy clouds
coming from the specimens were also observed. For this orientation,
cracks predominantly existed along the basal planes, as evident in the
larger plate-shape like fragments post-mortem. Occasionally, out-of-
plane cracks were observed, but were not dominant like in the ||c-axis
orientation.

Characteristic results of quasi-static compression along the two ori-
entations are shown in Fig. 9. The majority of the specimens in both
orientations did not separate completely into individual fragments after
reaching peak stress suggesting quasi-brittle behavior. The |c-axis
specimen response increased linearly nearly until failure at 763 MPa and
0.70% strain. Images captured angled shear like crack formation as
shown in Fig. 9(b), and in this case the sample fractured into three
dominant fragments. While this angled fracture behavior was similar to
the dynamic || c-axis failure, the quasi-static cases resulted in far fewer
fragments. Similar approximate 45° (relative to the loading axis) crack
behavior has been observed in randomly oriented dynamic [46] and

(b) Il c-axis

Fig. 8. Characteristic results of a |c-axis and _Lc-axis loaded specimen under dynamic compression with representative ultra high-speed images on the right.
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Fig. 9. Characteristic results of a ||c-axis and _Lc-axis loaded specimen under quasi-static compression with representative ultra high-speed images on the right. The
plot presents strain starting from 0.1% (after the dashed lines) as a tow adjustment according to ASTM-E9 [61]. Representative average 2D DIC strain correlation
results at the corresponding instants are shown where the axial strain is in the y, or vertical loading direction.

”,

Fig. 10. SEM images of L c-axis (a to ¢) and ||c-axis (d) orientations after quasi-static loading in compression to failure. (a) Overall morphology of Lc-axis fracture
surface. (b and ¢) Lc-axis surface at a higher magnification showing kink bands (white arrow), delamination (white dashed circle), intergranular (black arrow) and
transgranular fracture/cleavage. (d) Overall morphology of a ||c-axis surface shows mainly transgranular and some intergranular fracture.

quasi-static [12,20,25] compression experiments on other Ti-based MAX
phases.

In comparison, the | c-axis specimen exhibited a peak stress of 783
MPa, comparable to the ||c-axis with only 2.5% difference, but the
failure occurred at an earlier strain of 0.58%. Fig. 9(c) illustrates the
representative images for three positions on the loading curve. This
specimen is loaded along the basal plane with imaging performed on the
non-basal plane, i.e. basal planes are stacked in-plane with each other.
Shortly after the peak stress, Fig. 9(c) shows crack formation along the
loading axis relatively parallel to the basal plane. Thus, the macroscopic
fracture patterns revealed distinct forms in the two orientations
examined.

3.3. Fractography

Fig. 10 shows the SEM micrographs of quasi-statically failed

specimens. The overall morphology of the |c-axis specimens exhibits
cleavage suggesting that the crack propagates along the weaker grain
boundaries. Fig. 10 (b) and (c) illustrate kink band formation (high-
lighted by the white arrows), delamination (highlighted by the white
dashed circle), intergranular cracks (highlighted by black arrows) and
transgranular cracks at higher magnification. These deformation
mechanisms are similar to previously reported fracture morphologies on
random oriented MAX phases [1,6,12]. The formation of kink bands
suggest that basal planes underwent loading edge-on, causing kink band
formation as previously reported in Refs. [8,11,22]. The evidence of
kink bands and delaminations may explain the change in slope on the
associated stress-strain curve near failure (point B on the black line of
Fig. 9). However, the dominating cleavage/transgranular fracture imply
an energy favorable crack path at a low strain rate, following intrinsic
flaws along basal planes. When at low strain rates, internal defects and
flaws nucleate cracks and enable the cracks to propagate along
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energetically-favorable path, leading to the cleavage of the grain par-
allel to the basal plane. Fig. 10 (d) shows the overall morphology of a
||c-axis fracture surface, where hardly any kink bands were observed,
but where transgranular cracks and some intergranular cracks
developed.

Fig. 11 shows the fracture behavior under dynamic conditions. The
terrace morphology of |c-axis in Fig. 11(a) indicates a layer by layer
fracture at lower magnification. The terrace and wave-like morphology
may help explain the prolonged strain at failure under dynamic loading
where the subcritical crack propagation is exhibited, and the propaga-
tion of the internal microflaws is hindered by the inertial effects
[62-64]. On higher magnification (as shown in Fig. 11 b and c), kink
bands, delamination, intergranular cracks and transgranular/ cleavage
cracks can be seen. Such observation indicates that kink band formation
is active under dynamic loading and reasonable considering the time
scale associated with dynamic deformation. Fig. 11(e) illustrates the
fracture behavior of the ||c-axis orientation. Fewer kinks are observed
and no clear evidence of kink band formation was found. The overall
morphology on the ||c-axis orientation exhibits a combination of inter-
granular cracks and transgranular cracks, clearly indicated by the frac-
tured grains and large crack path across the surface. These finding
suggest that the higher compressive stress in | c-axis could be due to a
combination of kink bands, delamination, intergranular and trans-
granular cracking. The difference in dominant deformation and fracture
mechanisms present in the fractographs between the two orientations
suggest that additional microstructural tailoring may be possible to
achieve even greater improvements in compressive strengths and strains
at failure.

4. Conclusion

Textured bulk Ti3SiCy was fabricated by sinter forging a 1:1:1.05

Materials Science & Engineering A 809 (2021) 140869

Fig. 11. SEM images of L c-axis (a to ¢) and ||c-
axis (d to e) orientations after dynamic loading
in compression to failure. (a) Overall
morphology of | c-axis fracture surface. (b and
c) Lc-axis surface at a higher magnification
with kink bands (white arrow), delaminations
(white dashed circle), intergranular (black
arrow) and transgranular fracture/cleavage
shown. (d)||c-axis fracture surface at higher
magnification with a combination of trans-
granular and intergranular cracks. (e) Overall
morphology of a ||c-axis fracture surface with a
clear running crack path.

it

20pum §

stoichiometric mixture of TiC, Si and Ti powders with a Lotgering factor
of 0.87 on the c-axis orientation. The quasi-static and dynamic
compressive responses, as well as hardness when loading parallel to the
texture orientation, ||c-axis, and perpendicular to the texture axis, Lc-
axis, were evaluated. The | c-axis orientation, where the basal planes are
loaded edge-on, exhibited an average dynamic compressive strength of
987 MPa, 30% higher than the quasi-static loading at 761 MPa. How-
ever, the ||c-axis orientation exhibited no discernible rate dependency on
peak compressive strength. Both orientations exhibited an increase in
strain at failure under dynamic loading on the order of 0.5%. Post-
mortem scanning electron microscopy revealed that the resulting frac-
ture mechanisms on the ||c-axis orientation appeared to be limited to
intergranular cracks and transgranular cracks, and the imaging per-
formed during loading showed macroscopic shear-like crack formation.
Similar to structural ceramics, quasi-static loading appeared to have
crack propagation more dominantly along the (potentially weaker)
grain boundaries, but at higher loading rate, cracks increasingly divert
to cleave the grain interior. The L c-axis exhibited cracks forming along
basal planes, creating delamination and kink bands even at the higher
rate loading, which may help explain the improved strengths and frac-
ture dissipation when compared with the ||c-axis orientation.
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