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Abstract An experimental investigation was performed to
analyze the effects of grain size on the quasi-static and dynam-
ic behavior of Ti2AlC. High-density Ti2AlC samples of three
different grain sizes were densified using Spark Plasma
Sintering and Pressureless sintering. A servo-hydraulic testing
machine equipped with a vertical split furnace, and SiC
pushrods, was used for the quasi-static experiments. Also, a
Split Hopkinson Pressure Bar (SHPB) apparatus and an in-
duction coil heating system were used for the dynamic exper-
iments. A series of experiments were conducted at tempera-
tures ranging from 25 °C to 1100 °C for strain rates of 10−4 s−1

and 400 s−1. The results show that under quasi-static loading
the specimens experience a brittle failure for temperatures
below Brittle to Plastic Transition Temperature (BPTT) of
900–1000 °C and large deformation at temperatures above
the BPTT. During dynamic experiments, the specimens exhib-
ited brittle failure, with the failure transitioning from cata-
strophic failure at lower temperatures to graceful failure (soft-
ening while bearing load) at higher temperatures, and with the
propensity for graceful failure increasing with increasing grain
size. The compressive strengths of different grain sizes at a
given temperature can be related to the grain length by a Hall-
Petch type relation.

Keywords MAXphases .SHPB .Hall-Petcheffect .Brittle to
plastic transition . Kink bands

Introduction

Ti2AlC belongs to a family of ternary carbides and nitrides
with hexagonal close packed crystal structure called MAX
phases. MAX phases, with the general chemical formula
Mn+1AXn, are a class of nanolayered, machinable, ternary
compounds, where M is an early transition metal, A is a group
13–16 element, X is a carbon and/or nitrogen, and Mn+1Xn

layers are interleaved with pure A-group element layers [1–3].
MAX phases exhibit a unique combination of properties, in-
cluding ceramic-like properties such as high-temperature
strength, high elastic modulus, and excellent corrosion/
oxidation resistance, and metallic-like properties such
as good thermal and electrical conductivity, good ma-
chinability, thermal shock resistance, and damage toler-
ance [1–6]. Ti2AlC has superior oxidation resistance
which is attributed to the formation of a well-adhered
self-healing Al2O3 protective layer [7–12] and has low
density (4.11 g/cm3) [3] making it a prospective candi-
date for some high-temperature applications.

Studies to date on the quasi-static behavior of MAX phases
report that mechanical response changes from brittle-like at
room temperatures to pseudo-plastic (large deformations with
damage accumulation) at elevated temperatures from 900 to
1100 °C [1, 2, 5, 13–15]. MAX phases’ stress-strain response
in quasi-static cyclic loading is non-linear elastic and hyster-
etic, with all but the first stress-strain hysteresis loops being
closed, reversible and reproducible [16–19]. It is well
established by now that dislocation plays an important role
in the mechanical behavior of Ti2AlC and other MAX phases
as they are numerous but confined in the basal plane. Basal
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plane dislocations can also easily move, multiply, and arrange
either in pileups or walls/arrays, even at room temperature.
This makes plastic deformation of MAX phases grains highly
anisotropic [20–23]. Under applied stress, this plastic anisot-
ropy leads to large internal stresses in the grains unfavorably
oriented for deformation by dislocation glide in polycrystal-
line MAX phase; favorably oriented grains deform easily by
basal dislocation glide. In addition to basal plane slip, MAX
phase can also deform by kinking, kink band formations, de-
laminations, microcracks and cavities formations, and grain
boundary sliding [1, 2, 5, 24, 25]. Studies have also been
conducted to analyze the effect of grain size on the mechanical
properties of Ti3SiC2 [13, 14, 26] in quasi-static loading con-
ditions. These studies indicate that fine-grained materials ex-
hibit higher compressive strength compared to coarse-grained
materials, but at the same time lead to the more brittle and less
graceful failure of MAX phases, with smaller hysteresis loops
[27].

There have been only a few high strain rate studies [28–30]
on MAX phases. Bhattacharya et al. [28] conducted experi-
ments on coarse-grained Ti2AlC containing many secondary
phases (mostly TiAlx intermetallic) in the 2600–4700 s−1

strain rate range, and showed that kinking was an active de-
formation mechanism, even at high strain rates. Naik Parrikar
et al. [30] studied fine-grained Ti2AlC under quasi-static and
dynamic conditions and showed that under dynamic testing
conditions, the failure remains predominately brittle even at
temperatures as high as 1200 °C. Fracture experiments in that
study also revealed that strength and fracture toughness in
dynamic conditions are greater than the corresponding
quasi-static values by approximately 35% at room tempera-
ture and both strength and fracture toughness decrease with
increasing temperature. The high temperature and low strain
rates were found to promote plastic behavior of fine-grained
Ti2AlC [30]. Most recently, Bhattacharya and Goulbourne
[29] characterized strain field evolution in coarse-grained
Ti2AlC during compressive dynamic loading and showed that
macro-scale inhomogeneities begin to appear in the strain
fields with stresses above 200 MPa; with some regions even
experiencing tension. The latter suggests highly non-uniform
stress distribution in the Ti2AlC polycrystalline microstructure
in dynamic loading conditions due to the plastic anisotropy of
the individual grains.

There is a need to understand the dependence of the me-
chanical response on grain size under different temperatures
and loading rates to better design and develop Ti2AlC struc-
tures. The grain size affects the inhomogeneous stress distri-
bution in the microstructure and different deformation mech-
anisms such as dislocation glide, kinking, delamination, and
grain boundary sliding. The purpose of this study is to address
this critical gap in knowledge by investigating the quasi-static
and dynamic constitutive behavior of Ti2AlC with different
grain sizes at temperatures ranging from 25 °C to 1100 °C.

Material Fabrication

Description of Sintering Process

A two-step process was used to produce high purity Ti2AlC
for the experiments in this study: Ti2AlC powders were first
synthesized in-house by pressureless sintering, then formed
into bulk compact material via Spark Plasma Sintering. Ti
(99.5%, −325 mesh), Al (99.5%, −325 mesh) and TiC
(99.5%, 2 μm) powders for the synthesis of Ti2AlC powder
were purchased from Alpha Aesar, USA. The powder mix-
ture, with a molar ratio of Ti:Al:TiC =1.00:1.05:0.95, was
mixed homogeneously by ball milling for 24 h and then
placed in alumina boats and sintered in a high vacuum tube
furnace (GSL1600X, MTI Corporation, USA) for 4 h at
1400 °C under Ultra High Purity (UHP) argon flow. After
drill-milling and sieving the sintered compact of reacted pow-
der, a 170 mesh Ti2AlC powder was achieved. It was then
densified using Spark Plasma Sintering (SPS)1 (SPS25–10,
Thermal Technology LLC, USA) to produce high-density
samples, by sintering for 45 min at 1300 °C. These specimens
are referred to as fine-grained, or FG. To create the larger grain
size samples while maintaining an invariant amount of impu-
rities, FG samples were further exposed to heat treatment
through a high vacuum tube furnace for periods of 8 and
24 h, in UHP argon flow. These samples are designated as
medium-grained, MG, and coarse-grained, CG, respectively.
Through XRD and SEM analysis, it was found that there was
only 3–5% TiAlx impurity by volume, without any TiC and
Ti3AlC2 ancillary phases formed.

Micrographs of Grain Sizes

The samples were prepared for microstructural analysis by
sectioning on a diamond saw and mounting on a castable
mounting material. The samples were then ground and
polished with wet SiC abrasive disks from 80 grit SiC to
800 grit followed by fine polishing with polishing cloths and
polycrystalline diamond suspensions to 0.1 μm. Etching was
performed with a mixture of water, HF and HNO3 1:1:1: for 5
to 20 s to reveal grain boundaries [6]. A back-scattered elec-
tron detector was used to obtain the microstructure of the
prepared specimens during Scanning Electron Microscopy
(SEM). Typical SEM micrographs of the polished and etched
surfaces are shown in Fig. 1, illustrating the different grain
sizes and morphologies in as-processed samples. The length
and thickness of more than 100 grains of each sample were
measured using ImageJ (an open source image processing
software). The results of the average grain sizes and standard
deviation are presented in Table 1. Also, the aspect ratio in

1 Less common but more appropriately referred to as Electric Current Assisted
Sintering (ECAS) or Pulse Eclectic Current Sintering (PECS).
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those samples increased monotonically with increasing grain
size, as is expected in MAX phases due to their faster growth
in the direction of basal planes.

Experimental Setup

Quasi-Static Characterization

Room and high temperature quasi-static uniaxial compression
tests were performed using a servohydraulic testing machine
(MTS-810, MTS, USA) equipped with a vertical split furnace
and SiC pushrods using the procedure detailed in [27].
Cylindrical specimens (5 mm in diameter by 8 mm in length)
for the experiments were prepared by wire electron discharge
machining (Wire-EDM). Experiments were carried out with
fixed crosshead displacement rate to get an initial strain rate of
10−4 s−1. A high-temperature axial extensometer (632.59E-77,
MTS, USA) was attached to SiC spacers to record displace-
ments, and a K-type thermocouple was placed close to
the specimen in direct contact with the spacers to mon-
itor the temperature. Heating rates were limited to less
than 600 °C hr.−1 and the testing temperature was main-
tained for 15 min before conducting the experiment.
The temperature of the setup was calibrated using a
NIST certified calibration thermocouple attached to the
sample, and its readings were compared to that of the thermo-
couple attached to the spacers. The difference in reading after
soaking at the target temperature for 15 min was always less
than 5 °C. The temperatures provided in this paper are
corrected for that difference.

Dynamic Characterization

Dynamic compression tests at room and high temperature were
performed using a modified Split Hopkinson Pressure Bar
(SHPB) apparatus (Fig. 2). The striker bar, incident bar and
transmission bar in the SHPB setup were all made out of
Maraging steel. The incident and transmission bars had a diam-
eter of 12.5 mm and lengths of 2133 mm and 1524 mm, respec-
tively. The Ti2AlC specimens had a diameter of 5 mm and a
thickness of 8 mm. The striker bar was propelled using an air-
operated gun. Copper pulse shapers of different thicknesses and
diameters were used to control the loading pulse. The pulse
shaper was placed at the impact end of the incident bar to gen-
erate a linear rising compressive pulse. Two tungsten-carbide
(WC) inserts were placed between the two bars and the specimen
was sandwiched between the inserts. The impedance of the in-
serts was matched to that of the bars, so that the inserts did not
disturb the stress wave profiles [31–33]. These inserts were used
to reduce stress concentration in the specimens and to prevent
indentation of the specimens into the bars. Molybdenum disul-
fide was used to lubricate the specimen-insert interface to mini-
mize the effects of friction. Single pulse loading of the specimen
was ensured by using a setup, proposed by Song and Chen [34],
that employs a flange attached to the impact end of the incident
bar and an associated rigid mass as a momentum trap. A con-
trolled preset gap was maintained between the flange and the
rigid mass, that allowed the incident loading pulse to travel but
arrested further motion of the incident bar towards the specimen
that was caused by the reflected pulse in the incident bar. A
Photron SA1 high-speed digital camera was used at a frame rate
of 300,000 fps to capture the deformation process. The camera
was triggered using an oscilloscope recording strain gage data,
resulting in synchronized strain and image measurements.

For high-temperature experiments, an induction coil heater
was usedwith the SHPB setup. Ti2AlC specimens are electrically
conductive and were heated by electromagnetic induction from
high current passing through coiled loops around the specimen.
The WC inserts prevented the development of a sharp tempera-
ture gradient in the bars and also protected the strain gages
mounted on the bars. The welding of thermocouples to the spec-
imens was observed to produce minor cracks in them. To avoid
this, a calibration procedure was developed wherein a specimen

(a) (b) (c)

Fig. 1 SEM images of samples
with different grain sizes (a) FG,
(b) MG and (c) CG

Table 1 Grain sizes of the three samples

Sample Grain Size

Length (μm) Thickness(μm) Aspect Ratio

FG 6.1 ± 2.8 4.6 ± 2.2 1.3

MG 13.9 ± 8 7.3 ± 2.4 1.9

CG 17.4 ± 9.7 8.2 ± 2.9 2.1
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with a thermocouple was used to evaluate the amount of power
to be supplied to the induction heating system to achieve the
desired steady state temperature in 30–60 s. Fig. 3 shows the
temperatures achieved by induction heating in the 1100 °C ex-
periment. The vertical red line indicates the time established to
conduct the particular experiment. Several trials were carried out
to verify the repeatability of the temperatures achieved and the
specimen was found to be within ±15 °C of the target tempera-
ture during the trials. This calibrated power was used to heat the
specimen during experiments, and the thermocouple was not
attached to the specimen directly.

Using one-dimensional wave theory, the strain and stress in
the specimen can be determined from the reflected and trans-
mitted strain pulses, respectively, as

σs ¼ Eb
Ab

As
εt tð Þ ð1Þ

εs ¼ −2cb
Ls

∫t0εr tð Þdt ð2Þ

Where Ss and es are stress and strain in the specimen, εr and εt
are the time resolved strain values of reflected and transmitted
pulses, cb is the longitudinal bar wave speed, Eb is the Young’s
modulus of the bar material, Ab is the cross-sectional area of
the bar, As is the cross-sectional area of the specimen, and Ls is
the thickness of the specimen. The true stress and true strain
were calculated as:

σs ¼ Ss 1−esð Þ ð3Þ
εs ¼ −ln 1−esð Þ ð4Þ

The deformations inMAX phases are a combination of plastic
deformation and damage accumulation. Equations (3) and (4)
are an approximation for MAX phases which help account for
increasing cross-sectional area during compression
experiments.

Results and Discussion

Quasi-Static Results

Typical stress-strain curves obtained from quasi-static com-
pression testing at different temperatures are shown in

Fig. 4. The mechanical response of Ti2AlCwith three different
grain sizes is qualitatively similar to the previously reported
studies for Ti2AlC and other MAX phases [35–37] . Below
BPTT (~ 900–1000 °C), samples of all grain sizes fail in
essentially brittle manner. A very small drop in stress was
observed after it reaches maximum value before the cata-
strophic failure of the specimens. Fine grained samples exhibit
higher compressive strengths as compared to other grain sizes.
At 900 °C, fine and coarse grained samples showed more
graceful failure with a larger softening tail after maximum
stress to the point of failure. Above BPTT, at 1000 °C and
1100 °C, all samples deformed pseudo-plastically with large
strains to failure exceeding ≈24% and the difference in com-
pressive strengths between samples with different grain sizes
getting smaller. Note here that all samples at 1000 and
1100 °C did not fail at strains of 24%, but the tests were
stopped as the upper limit of the extensometer was reached
at that point. Above the BPTT, the specimens showed some
initial softening after reaching maximum stress, that is, stress
decreased with increasing strain, and then transition into small
apparent hardening with stresses increasing slightly with in-
creasing strain. The transition point from the softening regime
to the hardening regime during deformation above BPTT oc-
curs at higher strains with increasing temperature and decreas-
ing grain size. However, this apparent hardening may be an
artefact of sample barreling or onset of grain reorientation and
grain refinement due to kinking and delamination that might
lock the grain boundary sliding.
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Fig. 3 Evolution of specimen temperature heated using induction heater
during an 1100 °C trial

Fig. 2 Schematic representation
of SHPB setup
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Dynamic Results

Ti2AlC specimens displayed catastrophic brittle failure at
room temperature and a brittle graceful failure at high temper-
atures in dynamic loading conditions. Fig. 5(a) illustrates the
typical time shifted segments of the recorded pulses while
Fig. 5(b) shows the corresponding force ratio variation ob-
served for the specimens which exhibited a catastrophic brittle
failure along with the strain evolution with time. As can be
seen in Fig. 5(a), the specimen undergoes strain rate acceler-
ation for the first 15 μs causing rising reflected pulse. After
15 μs, and up to the time of failure, the specimen experiences
an average strain rate of 400 s−1. The specimen ultimately fails
at 38μs. The occurrence of failure is marked by the peak value

of the transmitted pulse, after which the magnitude of trans-
mitted pulse drops sharply. After failure, the magnitude of the
reflected pulse rises to the magnitude of the incident pulse.
The sharp drop in the transmitted pulse and the rise in the
reflected pulse are both characteristic of catastrophic failure.
Fig. 5(b) shows that the dynamic stress equilibrium (a force
ratio of 1) was attained at about 15 μs and was maintained up
to the point of specimen failure. SHPB pulses were analyzed
only up to the point of failure (corresponding to peak trans-
mitted pulse) to generate the stress strain curves for the spec-
imens showing catastrophic failure.

Typical pulses, force ratio and strain evolution for a spec-
imen which exhibited a graceful failure are shown Fig. 5(c)
and (d). In this case, the transmitted pulse magnitude
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decreases gradually upon reaching its maximum in compari-
son to the catastrophic failure case. The reflected pulse dis-
plays a gradual increase inmagnitude signifying an increase in
strain rate as the specimen is strained beyond the peak stress
state. The strain rate maintained its constant value up to the
point of peak stress. The force ratio plot, Fig. 5(d), shows that
the specimen is in dynamic equilibrium from 15 μs to 75 μs.
The stress-strain curves were generated by analyzing the
pulses from the start, up to the point where the specimen
was in stress equilibrium.

The true compressive stress-strain curves of fine, medium,
and coarse-grained Ti2AlC during dynamic loading at various
temperatures are presented in Fig. 6. Dynamic experiments
were conducted at an average nominal strain rate of 400 s−1.
The ‘♦‘symbol on the stress-strain curves indicates the point at
which equilibrium was established. A ‘★’ symbol is used in
these plots to represent points of catastrophic failure. As can
be seen in Fig. 6, the peak compressive stress decreases with
increase in temperature, similar to what was observed in
quasi-static loading; however, that decrease seems to be less
significant above BPTT than in quasi-static loading condi-
tions. The specimens had a catastrophic brittle failure
at room temperature and a more graceful brittle failure
at high temperatures. The temperature at which graceful
failure occurs in these specimens decreases with the
increase in the grain size. For the dynamic experiments
conducted, the graceful failure begins to occur at 1100 °C for
fine grain, at 900 °C for medium grain and 600 °C for coarse
grain specimens, which is discussed in more detail in the fol-
lowing section.

Compressive Strength

The variation of quasi-static and dynamic compressive
strength with temperature and grain size is shown in Fig. 7.
For each condition at least three experiments were conducted.
Under quasi-static conditions, the compressive strength is a
strong function of grain size below BPTT, in both dynamic
and quasi static loading conditions. The specimens having
smaller grain size had higher compressive strengths, like that

in the case of Ti3SiC2 [13] . As testing temperature increases
above BPTT, compressive strength of fine grained spec-
imens decreases more rapidly and the difference be-
tween the compressive strengths of the samples with
different grain sizes diminishes, as seen in Fig. 7. This
displays good agreement with previous results for MAX
phases, namely Ti3SiC2, showing that grain size plays a
minor role in the mechanical behavior of these materials
above BPTT [14].

Dynamic compressive strengths are higher than quasi-static
compressive strengths for all grain sizes. This difference be-
tween dynamic and quasi-static compressive strength in-
creases with increasing grain sizes below BPTT. Under dy-
namic conditions, FG specimens displayed greater strength
than large grained specimens for all the temperatures investi-
gated. Ti2AlC displays high compressive strength under dy-
namic loading at temperatures as high as 1100 °C. Naik
Parrikar et al. [30] have also observed such high compressive
strengths in Ti2AlC under dynamic conditions at temperatures
up to 1200 °C. Unlike the quasi-static case, decreases in dy-
namic compressive strength with increasing temperature are
relatively linear. This indicates different mechanisms of defor-
mation under quasi-static and dynamic behavior at tempera-
tures above BPTT. This higher strength during dynamic load-
ing is more pronounced at higher temperatures for all grain
sizes investigated. Also, although all grain sizes show almost
identical compressive strength at 1100 °C in quasi-static con-
ditions, the compressive strengths of the samples with differ-
ent grain sizes still show a significant difference in dynamic
conditions at the same temperature. It has been reported that
strain rate sensitivity in MAX phases increases with increas-
ing temperature [13]. Results presented here suggest that at
and above BPTT, fine grain structure shows larger strain rate
dependence than course grained structures. The latter can be
best observed in Fig. 8.

Fig. 8 shows Hall-Petch plot where the average compres-
sive strength at various temperatures for the three grain sizes is
plotted as function of l −1/2, where l is the average grain length.
The linear regression fits have also been shown in the figure.
The results indicate Hall-Petch type relationship between the
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strength and the grain length under both dynamic and quasi-
static loading conditions. The Hall-Petch relation between
compressive strength and thickness of grains was also ex-
plored, but was found to have low coefficient of determination
(R2 < 0.6). The material behavior at the microscale is highly
anisotropic. However, as samples for this study were prepared
from rapid SPS sintering of randomly distributed powders, no
texture is observed in the samples, and their mechanical re-
sponse can be considered isotropic on macroscale. However,
as is typical for MAX phases, the grains in the processed
samples are not equiaxial, i.e. they are longer in direction of
basal plane and have plate-like shape. This is important be-
cause, unlike in ductile materials with more than 5 slip sys-
tems, dislocations in MAX phases are limited to basal planes,
and therefore good correlation is observed with grain diameter
(basal plane length equal to the grain diameter) but not thick-
ness. The Hall-Petch type relationship between strength and
grain length can be associated with failure caused by disloca-
tion pile up on grain boundaries between soft and hard grains
that in turn leads to high stress concentrations and fracture
[27]. In addition, the kinking of hard grains also shows Hall-
Petch type dependence with larger grains having higher

propensity to buckling and kinking than fine grains.
Therefore, below BPTT, strains due to easy slip in the soft
grains can be accommodated by buckling, kinking and delam-
ination of the hard grains. Stress concentration due to disloca-
tion pile ups is larger and kinking and delamination is easier in
the course grain structure, so the strength of the coarse grain
samples is lower than that of the fine grain ones in both quasi
static and dynamic conditions. It was also seen that compres-
sive strength decreases more rapidly below BPTT in quasi
static than in dynamic loading conditions. This suggests that
both piling up of dislocations in soft grains as well as kinking
and delamination of hard grains are dynamic processes that
depend on loading rate.

For quasi-static loading above BPTT, the slope of the linear
fitting line decreases significantly under quasi-static condi-
tions. Even though the mode of dynamic failure is different
above BPTT (more graceful), the Hall-Petch relation is still
observed. This suggests that the mechanics governing peak
compressive strength and the nature of failure (catastrophic
or graceful) are different. The peak compressive strength must
be driven by the fracture initiation caused by dislocation pile-
ups while the catastrophic or graceful failure must be con-
trolled by the crack propagation and the damage containment
characteristics of the material. Another possible explanation
for this observation is activation of local grain boundary slid-
ing above BPTT to accommodate stress concentrations as was
proposed in [2]. Grain boundary sliding is much easier in the
fine grain structure, making it more sensitive to loading rate.
Stress concentration due to the plastic anisotropy of the indi-
vidual grains is lower in smaller grains, resulting in higher
compressive strengths of FG samples in both quasi-static
and dynamic loading conditions below BPTT compared to
the CG structure. Stress concentration can be accommodated
more easily by grain boundary sliding above BPTT in the FG
structure, resulting in a more significant drop of the compres-
sive strength of the FG structure than in the CG structure in a
quasi-static loading condition.
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Failure Modes

Post-mortem analysis of the specimens was conducted to
study modes of failure. Typical post-mortem images of spec-
imens from quasi-static experiments are shown in Fig. 9. The
specimens from quasi-static experiments tested below BPTT
fractured with one or two shear cracks. The angle made by the
fractured surface with the loading axis varied from 25°- 36°.
Above BPTT, specimens did not fail when tested to strains of

24%, and exhibited extensive lateral strains and barreling.
Shear failure in MAX phases under compression has been
reported in some studies [38–40]. During dynamic experi-
ments, specimens fractured by shear cracks. Post-mortem im-
ages of specimens from dynamic experiments are shown in
Fig. 10. The high strain rate allows multiple cracks to grow
which results in multiple fragments. The difference between
catastrophic failure and graceful failure is seen in these images
in terms of number of fragments. During a catastrophic failure,

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

25 °C 900 °C 1100 °C Fig. 10 Post-mortem images of
FG (a-c), MG (d-f) and CG (g-i)

(b)(a) (c)

(d) (e)

(i)(g)

(f)

(h)

1000 °C 700 °C25 °C Fig. 9 Post-mortem images of
fine grained (a-c), medium
grained (d-f) and coarse grained
(g-i) specimens after quasi-static
loading at 25 °C, 700 °C and
1000 °C
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a number of small fragments are formed. During graceful
failure under dynamic loading, multiple cracks are formed,
but the bulk of the specimen stays together. Fig. 10(i) shows
a case where coarse-grained Ti2AlC that was subjected to
dynamic load at 1100 °C did not undergo fragmentation, even
though there were multiple cracks in the specimen. The dif-
ference in the color between samples tested in static and dy-
namic conditions comes from the different thickness of the
oxide layers that forms on the specimens during exposure to
high temperature. The oxide layer in static conditions is ex-
pected to be thicker. This thickness is only a couple of microns
[8, 9] and its effect on the mechanical properties is assumed to
be negligible.

Micrographs

Microscopic images of fracture surfaces from the dynamic
compression experiments are shown in Fig. 11. Images (a)
and (b) depict the specimen fracture surface after dynamic
loadings of fine grained and coarse grained specimens at room
temperature, respectively. The fracture at room temperature is
predominantly intergranular. Images (c) and (d) show fracture
surface after dynamic loadings of fine-grained specimens at
1100 °C and coarse-grained specimens at 900 °C, respective-
ly. Coarse-grained specimens at 900 °C were chosen because
the specimens at 1100 °C did not fragment. The fracture sur-
faces have a very rough morphology. The high-temperature

(a) (b) 

(d) (c) 

Clevage 

Fig. 11 Fracture surfaces of
specimens from dynamic
experiments : a FG at 22 °C, b
CG at 22 °C, c FG at 1100 °C and
d CG at 900 °C

(a) (b) Kinked grain 

Delamination 

Fig. 12 Fracture surfaces of
specimens from dynamic
experiments MG at 1100 °C
showing a grain refinement, and b
grain kinking and delamination
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fracture surfaces show substantial grain refinement. Fig. 12
shows the fracture surface after dynamic loadings of medium
grained specimens at 1100 °C at two different magnifications.
A combination of cleavage fracture, delamination, and
kinking of grains can be observed. The kinking of grains at
high temperatures leads to higher energy absorption and en-
ables graceful failure under dynamic loading conditions.
Similar observations of kinking being operative under
dynamic loading and high temperature, have been re-
ported by Parrikar et al. [30]. Several secondary inter-
granular cracks (marked as B→^) can be seen in the CG
microstructure. These secondary cracks facilitate the
kinking of grains and might be responsible for the early
transition to graceful failure.

Conclusions

An experimental investigation was conducted to evaluate the
effect of grain size on the quasi-static and dynamic constitu-
tive behavior of Ti2AlC. Under quasi-static loading condi-
tions, all three different grain sizes showed brittle failure be-
low 1000 °C (BPTT). At higher temperatures, a brittle to
plastic transition was observed. Under dynamic loading con-
ditions, brittle failure was observed for all three gain sizes for
all temperatures (up to 1100 °C). A transition from catastroph-
ic failure to graceful failure was observed at higher tempera-
tures, and the propensity of graceful failure increased with
increasing grain size. The compressive strengths of different
grain sizematerials were related by a Hall-Petch relation based
on grain length. These Hall-Petch relations are valid for tem-
peratures below BPTT for quasi-static loading and valid for
temperatures up to 1100 °C for dynamic loading. The results
from this study show:

& Compressive strengths measured at dynamic strain rates
are higher than strengths measured at quasi-static rates and
this difference is more pronounced at higher temperatures.

& The strength of Ti2AlC is governed by the dislocation pile-
up on grain boundaries between soft and hard grains that
in turn leads to high-stress concentrations and fracture.

& In quasi-static loading, the compressive strength decreases
with increasing grain size till 900 °C. This finding is con-
sistent with the well-known strengthening effects from
grain refinement, which is reversed above BPTT due to
grain boundary sliding.

& Under dynamic loading, where grain boundary sliding is
insignificant, compressive strength decreases with in-
creasing grain size at all temperatures.

& Kinking and delamination of grains during high-
temperature dynamic experiments are responsible for the
graceful failure.
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