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This study investigates the effect of microstructure, specifically the grain size and TiAlx impurity, on the
compressive strength and hysteretic behavior of Ti2AlC at room temperature. Given the plate-like nature
of the MAX phase grains, the length and thicknesses of over 100 grains for each microstructure were
measured. A Hall-Petch like relationship between compressive strength and the grain length was
observed, but not such a relationship was observed with the grain thickness. Results from cyclic
compression testing in combination with resonant ultrasound spectroscopy show that room temperature
mechanical response of Ti2AlC can be divided into four stress regions regardless of the variation in grain
size and/or amount of impurities. The grain size effect on the transition stresses for stress regions was
also investigated. It was found that all transition stresses, between the different stress regions, also
follow different Hall-Petch-type relationships.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Ti2AlC belongs to a class of ternary carbides and nitrides, usually
referred to as MAX phases, whose unique combination of metallic
and ceramic like properties have sparked great interest since the
first MAX phase, namely Ti3SiC2, was synthesized in bulk [1,2]. In
general, MAX phases have high stiffness, strengths, electrical and
thermal conductivity combined with low density and hardness,
excellent machinability, and thermal shock resistance [3,4]. Out of
more than 70 compounds discovered to date, Ti2AlC is one of the
most promising candidate for structural applications at high tem-
perature, especially in air and humid environments, due to its high
oxidation resistance provided by a self-forming Al2O3 protective
layer that is resistant to spalling even during thermal cycling [5e9].
Since Ti2AlC is one of the most attractive MAX phases for different
applications, it is not surprising that numerous studies published to
date reported on its mechanical properties. However, a review of
those studies shows great variations of its compressive strength at
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room temperature. In quasi-static loading conditions, its
compressive strength spans from the lowest reported value of
393MPa to the highest one of 1263MPa (the results of the different
studies are summarized in Table 1 [10e22]). At high strain rates,
compressive strengths of Ti2AlC ranging from 517 MPa to 1863 MPa
were measured using the Split Hopkinson Pressure Bar (SHPB)
technique [22,23]. It is clear from Table 1 that the lowest and
highest values reported for the compressive strength of that ma-
terial correspond to samples with the largest and smallest grain
sizes, respectively, indicating a Hall-Petch type relationship. A Hall-
Petch type relationship between compressive strength and grain
size has been proposed before for some other MAX phases, such as
V2AlC [3], (Ti,Nb)2AlC [24], and Ti3(Si,Ge)C2 [25,26]. However, at
first glance, the rest of the compressive strengths values in Table 1
that range from 540 MPa to 910 MPa, do not seem to have a clear
dependency on their grain size. The later suggest that some other
microstructural factors might contribute to the mechanical
response of Ti2AlC under compressive loading, besides gran size.

The final microstructure of Ti2AlC depends strongly on its pro-
cessing route [27]. In general, there are two types of reaction syn-
thesis of Ti2AlC. The first route uses the binary carbide Al4C3 with Ti
and C powders as reactants that reaction sinter in the
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Table 1
Summary of processing conditions and resulting mechanical properties for Ti2AlC from literature.

Compressive Strength (MPa) Microstructure Processing Conditions Reference

Grain Length (mm) Grain Thickness Impurities Detected Sintering Method Temperature Time

(mm) (�C) hrs #

393 100e200 e e Hot Press 1600 4 [10]
540 ± 21 25 e Al2O3 & TiAlx Hot Isostatic Press 1300e1400 15e48 [11]
560 41 ± 12 16 ± 4 None Hot Press 1450 1 [12]
655 ± 32 10 ± 2 5 ± 2 None Hot Press 1350 2 [13]
670 15 e Ti3AlC2 Hot Press 1400 1 [14]
865 ± 55 20 ± 10 8 ± 2 None Hot Isostatic Press 1400 2 [15e18]
910 e e e e e e [19]
1037 6 TiAlx SHS/PHIP 25 s [20]
1057 ± 84 3.05 e TiAlx SHS/PHIP e 25 s [21]
1263 4.2 2.1 TiAlx Ti3AlC2 SPS 1300 15 min [22]
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1300 �Ce1600 �C temperature range. Since aluminum carbide is a
very stable compound that slowly reacts with Ti and C, long pro-
cessing times of 4e48 h is required to produce Ti2AlC [11]. The
second and more widely used approach, as it primarily reduces
processing time, is to use elemental powders of Al in combination
with Ti, C and/or TiC as reactants. A significant reduction in pro-
cessing time is achieved using this route because aluminum melts
at 660 �C, forming a liquid that promotes fast reaction and sinter-
ing. This type of reaction is commonly referred to as solid-liquid
reaction and has been shown to produce high purity Ti2AlC after
reaction sintering in as short as 1 h [12,28e31]. Alternately, these
same reactants have been used in self-propagating high-tempera-
ture synthesis (SHS) to produce high purity Ti2AlC in the order of
seconds [20,21,32e34]. One drawback of using pure aluminum
powder as a reactant is that it evaporates during sintering and
therefore, its amount in initial powder mixture has to be adjusted
to compensate for the aluminum that volatizes during synthesis
[30,35,36], or otherwise the final product would have large amount
of secondary phases such as TiC or nonstoichiometric TiAlx inter-
metallic [27,37]. The evaporation rate of aluminum depends on
many processing factors, including chamber pressure (vacuum or
inert gas), gas purge rates, and heating rates among others, such
that tuning the correct initial stoichiometry quickly becomes more
an art than a science. In addition, since Ti2AlC is stable only in very
narrow compositional range, the final stoichiometry has to be near
perfect to avoid formation of secondary phases [3]. Therefore, when
analyzing the spread of compressive strengths in Table 1, the effect
of undesired secondary phases should be accounted for, because
their eventual presence can also affect the mechanical behavior of
Ti2AlC. Although many sources claim high purity of their samples,
their claims are based solely on X-ray diffraction (XRD) results, and
are not supported by any other more accurate analysis [12,14,15,18].
This approach could be potentially misleading since small amounts
of impurities, especially TiAlx may accumulate in triple grain
junctions or as a thin film in grain boundaries, such that their size
and amount may be small, and thus undetectable using XRD. In
addition, since impurities present in the material are products of
incomplete reactions and/or of less than ideal stoichiometry in the
final product, they may form with distorted stoichiometry and/or
crystal lattice which might result in peak broadening, to such an
extent that the peaks might be lost in the XRD background signal.

It is also well established by now that Ti2AlC, and to further
extent other MAX phases, do not behave as typical brittle ceramics
before they fail in compression. In other words, their stress-strain
behavior is not linear-elastic, but rather non-linear hysteretic
resulting in large hysteresis loops when samples are exposed to
loading-unloading cycles [15e19,26,38e46]. Therefore, the me-
chanical energy dissipation during a loading-unloading cycle (Wd)
and the stress at which the first hysteresis loop can be observed (st)
are other important parameters that describe the mechanical
response of MAX phases. It is well documented that Wd and st in
MAX phases also depend on their microstructure, i.e. they are grain
size dependent, with coarse grained structures dissipating more
energy than fine grained ones. According to the Kinking Nonlinear
Elastic (KNE) model [26,38,41,44,47] i.e. the first model proposed to
explain hysteretic behavior of MAX phases— this behavior has been
attributed to easier incipient kink bands (IKBs) formation in coarse
grained structure, as it is described in more details elsewhere
[44,47,48].

However, recently other models have been proposed to explain
the reversible hysteretic behavior in MAX phases. Poon et al. [19]
proposed that the hysteretic behavior of MAX phases can be
attributed to the formation of delamination microcracks and fric-
tion between crack faces during cyclic loading, which in turn can be
also scaled to the grain size. More recently, Jones et al. [43] also
challenged the relevance of IKBs formation on the hysteretic
behavior and proposed as an alternative another underlying hys-
teretic mechanism, namely reversible flow or dislocation glide of
basal plane dislocations in soft grains, i.e. grains in which the
critical resolved shear stress (CRSS) is first reached because of their
favorable orientation relative to the direction of applied load.
Referred to as the Reversible Flow (RF) model, this proposed model
is based on observations of inhomogeneous residual lattice strains
that develop during loading of polycrystalline Ti3SiC2 in compres-
sion and simulation results obtained using an elasto-plastic self-
consistent (ESPC) model [49e51]. Since the RF model proposes that
the stress-strain hysteretic behavior in MAX phases can be attrib-
uted to reversible glide of basal plane dislocation, both Wd and the
onset stress formicro-yielding due to dislocation glide in soft grains
should obey a Hall-Petch type dependency on grain size, as it is
discussed in more details elsewhere [43]. Most recently, movement
of these bulk ripplocations e and not basal dislocations as previ-
ously assumed e was proposed as mechanisms responsible for or
the fully and spontaneously reversible loops in Ti3SiC2 and possibly
in other MAX phases [52,53].

In our recent work we reconciled some of those single mecha-
nistic models and proposed that the cyclic compressive behavior of
Ti2AlC can be divided into four stress regions, each with a different
dominant underlaying hysteretic mechanism [54]. Analysis of the
results obtained from cyclic compression testing of high purity
Ti2AlC in that study, more specifically changes of Wd and irrecov-
erable strain after first loading (DεPL), in combinationwith results of
resonant ultrasound spectroscopy (RUS) and electron backscatter
diffraction (EBSD) studies suggested the following stress regions
with distinct mechanical responses [54]: (i) Region I at low stress
range inwhich the mechanical response is linear elastic; (II) Region



Table 2
Summary of processing conditions, amount and type of impurities, grain sizes and mechanical properties of all samples tested in this study.

Sample Powder
Source

Sintering Technique Post Heat
Treatment

Secondary Phases
Detected

Grain Size Compressive
Stress (MPa)

Strain to
Failure (%)

Length Thickness AR

(hr) XRD SEM/EDX Vol %
TiAlx

(mm) (mm)

CS-CG Maxthal 211 PS 1500 �C 4 h 0 TiAlx; Ti3AlC2;
Ti5Al2C3

TiAlx; Ti3AlC2;
Ti5Al2C3; Al2O3

17 22 ± 22 5 ± 2.6 4.4 565 ± 15 1.51 ± 0.03

CP-FG Maxthal 211 SPS 1300 �C 15 min 0 TiAlx Ti3AlC2 TiAlx; Ti3AlC2;
Al2O3

7 4.2 ± 2.5 2.1 ± 1 2.1 1263 ± 45 1.15 ± 0.09

RP-FG RP SPS 1300v�C 45 min 0 e TiAlx; Al2O3 3 6.1 ± 2.8 4.6 ± 2.2 1.4 1040 ± 10 1.25 ± 0.05
RP-MG RP SPS 1300 �C 45 min 8 e TiAlx; Al2O3 3 13.9 ± 8 7.3 ± 2.4 1.9 820 ± 10 0.99 ± 0.03
RP-CG RP SPS 1300 �C 45 min 24 e TiAlx; Al2O3 3 17.4 ± 9.7 8.2 ± 2.9 2.2 640 ± 30 1.04 ± 0.20
RP-XCG RP SPS 1300 �C 45 min 72 e TiAlx; Al2O3 3 44.7 ± 39.2 13.8 ± 7.5 3.2 430 ± 60 0.76 ± 0.03
SC RP þ Ti þ Al SPS 1300 �C 20 min 0 TiAlx TiAlx; Al2O3 17 7.8 ± 2.9 4.3 ± 1.9 1.4 1110 ± 20 1.40 ± 0.08
RS- SPS Ti þ Al þ TiC SPS 1450 �C 15 min 0 e TiAlx 5 6.9 ± 4.5 ± 1.5- 1200 ± 55 1.11 ± 0.08
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II above micro-yielding stress denoted as sI-II in which a small
stress-strain hysteresis was observed during cyclic loading, in
conjunction with a rapid increase in permanent deformation in the
first loading-unloading cycle — a behavior attributed to reversible
glide in soft grains; (iii) Region III at stresses higher than the micro-
yielding stress denoted as sII-III in which formation of Low Angle
Kink Boundaries (LAKB) most likely gave rise to the observed cyclic
hardening and more pronounced hysteretic behavior [55]; and (iv)
Region IV at very high stresses exceeding the critical stress denoted
as sIII-IV where microcracking appears and attainably affects the
observed hysteretic behavior by increasing the total energy dissi-
pated in each loading-unloading cycle. In addition, results reported
in that study for two microstructures with different grain sizes,
suggested that all transition stresses, namely sI-II, sII-III, sIII-IV, and
the compressive strength are functions of the grain size. In this
work, the effects of microstructure including grain size and TiAlx
intermetallic impurity on the ultimate compressive strength and
hysteric behavior of Ti2AlC at room temperature are investigated in
more details. It is, to the best of the authors' knowledge, the first
systematic study of the effects of microstructure on the room
temperature mechanical properties of Ti2AlC.

2. Experimental procedure

To produce samples with different grain sizes and various
amounts of intermetallic impurities, the samples tested in this
study were fabricated using three processing routes, utilizing
powders synthesis in-house as well as commercially available
powders (MAXthal 211, Sandvik Heating Technology, Sweden).
Processing routes for all samples are summarized in Table 2 and
briefly described below.

Commercial Sample (CS-CG): commercially available Ti2AlC (3-
ONE-2, Voorhees, NJ) was prepared by cold compaction followed
by pressureless sintering of MAXthal 211 powder at 1500 �C for 4 h
in a vacuum of 10�2 torr. Those samples are further denoted as
commercial sample - coarse grained or CS-CG.

Commercial Powder (CP-FG): Spark Plasma Sintering1 (SPS25-10,
Thermal Technology LLC, USA) was used to fabricate high density
samples from MAXthal 211 commercial powders. In short, the as-
received powders were placed in a graphite die that was later
positioned inside the SPS chamber. The samples were heated to
1300 �C at 50 �C min�1 for 15 min under an applied pressure of
100 MPa and then cooled near to room temperature at a rate of
50 �C min�1. Those samples are further denoted as commercial
1 Less common but more appropriately referred to as Electric Current Assisted
Sintering (ECAS).
powder-fine grained or CP-FG.
Reacted Powder (RP): In an effort to produce higher purity Ti2AlC,

a two-step process was employed in which Ti2AlC powders were
synthesized in-house followed by sintering in SPS. For the Ti2AlC
powder synthesis, Ti (99.5%, �325 mesh), Al (99.5%, �325 mesh)
and TiC (99.5%, 2 mm) powders, all from Alpha Aesar, USA, were
used. The powders were weighed to achieve a molar ratio of
Ti:Al:C ¼ 2:1.05:0.95 and mixed by ball milling for 24 h. The
mixture was placed in alumina boats and sintered in a high vacuum
tube furnace (GSL1600X, MTI Corporation, USA) at a calibrated
temperature of 1400 �C under UHP argon. The sintered compact of
reacted powder was then drill milled and sieved to obtain �170
mesh Ti2AlC powder and then processed in SPS to produce high
density samples, by sintering for 45 min at 1300 �C. Those samples
are further denoted as fine grained or RP-FG. To explore the effect of
grain size while maintaining an invariant amount of impurities,
samples were further subjected to 8, 24, and 72 h heat treatment at
1400 �C. Those samples are further denoted as medium, coarse and
extra-coarse grained, or RP-MG, RP-CG, and RP-XCG, respectively.

Sintered Composite (SC): A set of samples were fabricated in
which excess aluminum and titanium powders were added to pre-
reacted in-house Ti2AlC powders to produce Ti2AlC samples with a
higher amount of TiAlx with a grain size comparable to the CS-CG
sample. Excess Ti and Al were added to result in formation of
approximately 17 vol% of TiAlx. After weighing, Ti, Al and Ti2AlC
powders were mixed by ball milling for 24 h and sintered in SPS at
1300 �C for 20 min at 100 MPa.

Reaction Sintered (RS- SPS): The same powders as in the case of
RP samples were mixed to yield Ti:Al:TiC ratio of 1:1.05:0.75 and
ball milled for 24 h. The powder mixture was compacted in
graphite die and reaction sintered in SPS at 1450 �C for 20 min, as
described elsewhere [37].

X-ray diffraction (XRD) spectra (not shown here) for all samples
were collected using a diffractometer (D8 Discover, Bruker, USA)
with Cu-Ka radiation at 40 kV and 40 mA in 8�e80� 2q rangewith a
0.024� step and a rate of 3.5�/min. In addition, themicrostructure of
the samples was characterized using a field emission scanning
electron microscope (SEM, Quanta 600 FEG, FEI, USA) equipped
with a back-scattered electron (BSE) detector and an Energy-
Dispersive Spectroscopy (EDS) system (Oxford Instruments, UK).
The volume percent of intermetallic impurities in the samples was
calculated by performing image analysis with Image J software on
electron micrographs obtained with the BSE detector. The volume
percent of impurities was determined using:

VolTiAl% ¼
�
AreaTiAl
AreaTotal

�
*100 (1)



Fig. 1. Selected but typical backscatter electron micrographs of examined samples: (a) etched CP-FG; (b) etched RP-FG; (c) etched RP-MG; (d) etched RP-CG; (e) etched RP-XCG and
(f) unetched CS-CG where the dark gray phase between Ti2AlC grains was identified by EDS as TiAlx.
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In this study only titanium intermetallic phases TiAlx were
accounted for because they represented the major impurity phases
in all the samples (Table 2). In addition, the length and thickness of
more than 100 grains were measured for each processed set of
samples from SEM images using Image J software. The density of
sintered samples was measured by the alcohol (200 proof ethanol)
immersion method based on Archimedes' principle described in
more detail elsewhere [56,57]. The relative density (not shown
here) was fund to exceed 98% for all processed samples.

Cylindrical samples, 5 mm in diameter and 8mm in length, were
cut by wire electro-discharge machining (Wire-EDM) for quasi-
static compression testing. The samples were tested using a
servo-hydraulic testing machine (MTS-810, MTS, USA) under a
constant crosshead displacement rate chosen to result in a strain
rate of 10�4 s�1. A high temperature axial extensometer (632.59,
MTS, USA) was attached toWC spacers placed between sample and
pushrods. Since the extensometer was not placed directly on the
sample, the strain in the sample was corrected using

εeff ¼
GL*εext

Lo
(2)

where εeff is the effective strain in the sample, GL is the gauge length
of the extensometer (15.24 mm), εext is the strain measured by
extensometer, and Lo is the sample's initial length. This simple
correction assumes zero contraction of the spacers as well as per-
fect contact between sample and spacers, so the values of the
strains reported are only approximations of the strain magnitudes
experienced by the sample and are thereby referred to as effective
strains.

Cyclic compression testing was perform on all but the SC sample
following the procedure outlined in more detail in our previous
work [54], whereby cylindrical samples, 9 mm in diameter by
16.5 mm in length were cut by Wire-EDM and tested in compres-
sion on a servo-hydraulic testingmachine (MTS-810, MTS, USA) at a
frequency of 0.5 Hz. Strains were measured with an axial exten-
someter (632.13E-23, MTS, USA) directly attached to the sample
while the sample was loaded and unloaded twice in each testing
step to the prescribed maximum load. A preload of 5 MPa was
maintained while the stress amplitude was increased for 50 MPa in
each testing step to failure. Resonant ultrasound spectroscopy
(RUS) was used to measure the changes in Young's modulus after
each testing step as described elsewhere [54] with the goal to
determine the onset of its decrease due to microcracking of the
samples.
3. Results and discussion

3.1. Microstructure of as-processed samples

Representative BSEmicrographs of polished and etched surfaces
in Fig. 1aee illustrate different grain morphologies and sizes in
selected as-processed samples. Those and similar micrographs for
other samples not shown in Fig. 1aee were used to measure the
length (l) and thickness (t) of more than 100 grains for each sample.
The length and thickness were measured separately in this study
because of the plate-like nature of MAX phase grains. It is assumed
that the length of the grain is equal to the length of the basal planes
and that the thickness is equal to grain dimension along the [0001]
direction. The arithmetic mean values and standard deviation of l
and t are listed in Table 2 for all as-processed samples, together
with average aspect ratios (AR). Those results show that the grain
size (l x t) in the as-processed samples varied from 4.2 � 2.1 mm2 to
44.7 � 13.8 mm2 and that samples with larger grain sizes have, in
general, a higher aspect ratio. Note here that the grain size in RP
samples increases from 6.1 � 4.6 mm2 in as-processed sample (RP-
FG) to 44.7 � 13.6 mm2 in the sample that was heat treated for 72 h
after sintering (RP-XCG). In addition, the aspect ratio in those
samples increases monotonically with increasing grain size, as it is
expected in MAX phases due to their anisotropic grain growth, i.e.
faster growth in the direction of basal planes [3]. It is important to
note that the grain size variation, measured by the standard devi-
ation, increases with the grain size. The larger the grain size, the
higher the probability of finding a few grains much larger than the
reported average grain size such that the distribution of grain sizes
would be approximated much better with a log-normal
distribution.

XRD results (not shown here) did not reveal the presence of any
secondary phases in most as-processed samples, Table 2. The only
exceptions are CS-CG, CP-FG and SC samples in which different
secondary phases, such as nonstoichiometric TiAlx intermetallic,



R. Benitez et al. / Acta Materialia 143 (2018) 130e140134
Ti3AlC2 and Ti5Al2C3 were identified by XRD. Additional analysis of
polished but unetched surfaces by BSE and EDS, revealed the
presence of small amounts of other phases, identified by EDS to be
close to Al2O3, TiAlx, Ti3AlC2, and/or Ti5Al3C2 phases even in XRD
pure samples, Table 2. Since TiAlx was identified to be the major
non-MAX phase2 impurity in most of the samples (note that the
amount of Al2O3 in all samples was <1e2%), its amount was
determined from BSE images of polished and unetched surfaces,
similar to the one shown in Fig. 1f, using procedure described
earlier. Results of that analysis, listed in Table 2, show that the
amount of TiAlx in processed samples varied between 3 vol% in RP-
SPS samples to 17 vol% in CS-CG and SC samples.
Fig. 2. Selected but typical stress-strain curves obtained in quasi-static loading to
failure. Numbers next to the each stress-strain curve show the volume percent of TiAlx
impurities and grain length.
3.2. Stress-strain response in quasi-static compression

Selected but typical stress-strain curves in Fig. 2, as well as
average values of compressive strengths and strains at failure in
Table 2, clearly illustrate large variations in the mechanical re-
sponses of samples with different microstructures that were pro-
cessed using various routes. While at very low stresses (below
100e200 MPa) all samples behave almost identically in a nearly
linear-elastic manner, at higher stresses their mechanical behavior
is quite different. In the case of the CP-FG samples, which had the
smallest grain size, the mechanical behavior in compression was
brittle-like with failure at very small strains (<1%). Moreover, all
those samples failed catastrophically in a brittle manner by shat-
tering into many small pieces. However, the average compressive
strength of 1263 MPa for the CP-FG samples is the highest
measured in this study, and, even more, the highest ever reported
for Ti2AlC for quasi-static loading conditions. Another extreme
example is shown by samples with very coarse grain structures,
namely CS-CG and RP-XCG that have more quasi-ductile behavior
and significantly lower compressive strength. These samples usu-
ally fracture into two pieces, with typical fracture occurring close to
45� relative to the direction of applied loading, suggesting failure by
shear band formation [58,59]. In addition, in the samples with the
two largest grain sizes, the two fracture pieces remained weakly
attached to each other after completion of testing. The latter is
attributed to the effect of crack bridging that was previously
observed in coarse grained MAX phases [60]. Note that CS-CG
shows the most graceful failure and the largest strains at failure,
for the reasons that are discussed in more detail at the end of this
section. The mechanical response of all other samples (Fig. 2 and
Table 2) lies in between those two extremes (i.e. very fine and very
coarse grained structures) and they show somemoderate softening
and pseudo-ductility before final graceful failure.

The average compressive strengths of all the samples tested in

this study are plotted in Fig. 3 as a function 1=
ffiffi
l

p
and 1=

ffiffiffiffi
t

p
where l

and t are the average grain length and thickness, respectively, from
Table 2. For comparison, previously reported values of compressive
strengths listed in Table 1 are also plotted in Fig. 3, only if the
average grain length and thickness were reported in the original
work. Linear regression fitting of the results obtained in this study
and plotted in Fig. 3 has been carried out using a Hall-Petch type of
relationship between compressive strength (sf) and the average
grain length (l):

sf ¼ so þ kf *l
�1=2 (3)

For our results it gives Hall-Petch constants s0 ¼ 70.5 MPa and
kf ¼ 2633 MPa/√mm with R2 ¼ 0.91. However, no correlation was
2 Ti3AlC2 and Ti5Al3C2 also belongs to the family of MAX phases and cannot be
easily distinguished from Ti2AlC on BSE images.
found between the compressive strength and the average grain
thickness, t. Fitting results in Fig. 3b using a similar Hall-Patch
relationship, i.e. sf ¼ so þ kf *t

�1=2 yields very low value of
R2 ¼ 0.61, suggesting that there is no correlation between the
compressive strength and the thickness of the grains. The possible
underlying failure mechanisms responsible for the observed Hall-
Petch type relationship between compressive strengths and grain
length in Ti2AlC are discussed in more detail in the next section,
after the analysis of the results of cyclic loading.

At the end of this section, the effect of TiAlx impurities on the
mechanical behavior of Ti2AlC in compression has to be addressed
inmore detail. Results in Fig. 3 together with the good fitting results
using Hall-Petch type equations, clearly show that the amount of
TiAlx impurities (up to 17 vol%) does not affect significantly the
compressive strength. However, the presence of a higher amount of
TiAlx contributes to larger strains to failure. For example, the CS-CG
sample and SC sample both with high (~17 vol%) amount of TiAlx
exhibit the higher strains to failure. Note that TiAlx is less stiff
(E ¼ 176e184 GPa, G ¼ 70e76 GPa [61]) and rather ductile [62]
when compared to Ti2AlC and thus it has the potential to
enhance the strain to failure by deforming plastically more than
MAX phase. Moreover, it has been shown that cracks do not
propagate through TiAlx when present in other MAX phases [63]. It
is important to note that this response is not observed in the CP-FG
sample, probably due to its fine grain size and the fact that TiAlx in
these samples is limited to isolated pools thereby hindering its
ability to shield the damage.

3.3. Cyclic compression testing

In general, the Hall-Petch relationship, such that shown in Eq.
(3), is usually used to describe the relationship between: (i) yield
strength and grain size in dislocation-based ductile materials when
yielding is controlled by dislocation glide in multiple slip systems
and hindered by grain boundaries; and (ii) strength and grain size
in brittle materials with limited number of slip systems and/or high
CRSSs when strength is controlled by microcracks having size close
to the grain size [64e67]. However, in MAX phases, taking a middle
ground between ductile metals and brittle ceramics, the nature of
this relationship is much more complex. We have recently showed
[54], that mechanical behavior of Ti2AlC is characterized by three
micro-yielding stresses, namely sI-II, sII-III, and sIII-IV, as it is briefly



Fig. 3. Average compressive strength of Ti2AlC plotted to show a possible linear relationship according to the Hall-Petch manner effect as a function of (a)1=
ffiffi
l

p
, where l is the

average grain length and (b) 1=
ffiffiffi
t

p
, where t is the average grain thickness. Error bars indicate standard deviation in compressive strengths. The dashed lines represent the best fitting

linear relationship for the results obtained in this study. Numbers in parenthesis denote vol% of TiAlx impurities in each sample. For comparison, some reference values published
before and listed in Table 1 are also plotted as open red symbols (⋄). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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described in the introduction of this paper.
Following the very same procedure used in our previous work

[54], selected samples from Table 2, namely CS-CG, CP-FG, RP-FG,
RP-MG, RP-CG, RP-XCG, were exposed to series of cyclic loading
testing in compression complemented by elastic modulus mea-
surements by RUS. Results of this exercise are summarized for
selected samples in Fig. 4 showing the changes of energy dissipated
per each loading cycle (Wd), the opening of the first loop or irre-
coverable strain (DsPL) after each subsequent loading to higher
Fig. 4. Selected but typical results of cyclic testing in compression of (a) sample CP-FG and (b
of s2; Top plots: Relative Young's modulus as a function of s2. Topmost scales indicate stress
lines denote micro-yielding.
stress, and the relative Young's modulus (defined as the ratio of
Young's modulus measured after cycling to the designated stress to
Young's modulus of the as-processed sample) with s2, where s is
maximum stress in each loading cycle. Those results were used to
determine the following characteristic stresses:

� sI-II as the onset of Region II that is characterized by small
hysteresis loops and a steep increase in DsPL with s2;
) sample RP-XCG. Bottom plots: Wd as a function of s2; Middle plots: DsPL as a function
regions with different mechanical behavior observed in this study, while vertical dash



Fig. 5. Characteristic stresses for the stress Regions as a function of the inverse square root of (a) the grain length and (b) the grain thickness. Corresponding vol% of TiAlx in each
sample is labeled next to each data point.
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� sII-III as the onset of Region III in which Wd scales linearly with
s2 as predicted earlier [26,38,44], while cyclic hardening causes
a much gradual increase in DεPL with s2 than in Region III when
compared to Region II;

� sIII-IV as onset of Region III characterized by an elastic modulus
drop larger than 0.2% with s2 as a result of microcracking and a
pronounced upward deviation of Wd from the predict linear
dependence with s2;

� sf as the maximum compressive stress after series of cyclic
loading.

The four characteristic stresses sI-II, sII-III, sIII-IV and st , for all

samples in this study, are plotted as a function of 1=
ffiffi
l

p
and 1=

ffiffiffiffi
t

p
in

Fig. 5, to explore if they yield Hall-Petch type relationships. Note
that characteristic stresses plotted in Fig. 5 were calculated as
average values determined from testing two samples from each set
of specimens with different microstructure. In addition, the results
of linear regression fitting assuming Hall-Patch type relationships
are denoted by dashed lines in Fig. 5, together with corresponding
fitting equations and R2 values. Those results clearly indicate that
all the characteristic stresses plotted as a function of grain length in
Fig. 5a obey a Hall-Petch relationship with R2 values exceeding
0.88. However, it seems that only sI-II and sII-III show a Hall-Petch
type dependence on grain thickness as indicated by high R2

values in Fig. 5b. Once again, sIII-IV and sf that correspond to onset
of microcracking and failure, do not scale with grain thickness.

As it was discussed inmore details in our previous paper [54], sI-

II denotes the onset of plastic flow in soft grains most likely by
dislocation glide in basal planes. This is accommodated by the
development of elastic residual stresses in hard grains in a similar
way as it is proposed by the RF model [43] and demonstrated in
neutron diffraction studies [55,68]. Because basal plane disloca-
tions in soft grains pile up against grain boundaries with hard
grains, and since the size of the mean free path on basal planes in
MAX phases is proportional with the length of the grain, it is
reasonable to assume, following original works of Hall and Patch
[65,69e71], that the micro-yielding stress sI-II in polycrystalline
Ti2AlC can be expressed as:

sI�IIzM$tHP ¼ M$
�
tPN þ kI�II*l

�1=2
�
¼ s0I�II þ k0I�II*l

�1=2 (4)
where M is Taylor factor, tPN is Peierls-Nabarro stress (assumed
here to be equal to the CRSS for slip in basal plane), kI�II , k0I�II and

s0I�II are constants, and the measured grain length (l) is assumed to
be equal to diameter (d) of plate-like grain. Since the best fitting
results yield s0I�II ¼ 23 MPa, it can be shown that
tPN ¼ CRSS ¼ 7:7 MPa assuming M ¼ 3 for polycrystalline material
with a random distribution of crystallographic orientations. Note
that the CRSS value found here is much lower than that of ~24 MPa
estimated for Ti2AlC using the KNE model [26], or that of ~36 MPa
measured during the compressive testing of Ti3SiC2 quasi-single
crystals [58]. Since the constant k0I�II can be expressed as [64]:

k0I�II ¼ M$

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2Gbtc
kp

r
; (5)

where G and b are the shear modulus and Burgers vector, respec-
tively, k is a constant equal to 1 for screw and ð1� nÞ for edge
dislocations, n is the Poisson's ratio, and tc is the effective stress at
the head of the pile-up acting on the grain boundary. Since
k0I�II ¼ 426MPa=

ffiffiffiffiffiffiffi
mm

p
, tc is equal to 864MPa for screw and 717MPa

edge dislocations according to Eq. (5), assuming M ¼ 3,
G ¼ 120 GPa, b ¼ 3.05 � 10�4 mm and n ¼ 0.17 [3]. Note that those
values are well below the maximum theoretical stress for shear
deformation on the basal plane in the a-direction, ð0001Þ½1210�,
which is �10 GPa [80]. Therefore, the effective stress at the head of
the pile-up is insufficient to cause delamination by shear in basal
planes. Furthermore, the number of dislocations in the pile-ups can
be calculated as

n ¼ pdtC
2Gb

: (6)

For calculated values of tc [64] this number is equal to 371 for
screw and 307 for edge dislocations assuming a grain length of
10 mm. Furthermore, those numbers yield reasonable values for the
dislocation densities (rdis) in soft grains, 9.5 � 1012 m/m3 and
7.9 � 1012 m/m3 for screw and edge dislocations, respectively, if the
length of those dislocations is equal to the grain length l in soft
grains having size of 10 � 5 mm2. It also follows that the average
distance between edge or screw dislocations in the pile ups yields
reasonable values of 27e32.6 nm, or approximately 88 b to 107 b , if
the length of the dislocation pile up is equal to that of the grain



3 the only exception are for the plots of sIII�IV and st vs t�1=2 in Fig. 5b for the
reasons that were discussed in more detail earlier.

4 Note that only some typical but selected results are highlighted in Fig. 4
because of limited space.
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length (10 mm), and if all dislocations are arranged in the single pile
up.

The micro-yielding stress sII-III denotes the onset of Region III
[54], in which geometrically necessary dislocations (GND) are
generated in all grains, including those with hard orientation, to
accommodate basal slip in soft grains, as it is proposed elsewhere
[72,73]. In other words, the plastic flow of soft grains cannot be
accommodated anymore only by elastic deformation of the grains
inwhich dislocations cannot glide on basal planes. Although, all the
details about the formation of GND in this region are not
completely clear at this moment, previous Electron-Backscatter
Diffraction (EBSD) and neutron diffraction studies [54,55] show
that most of these GND arrange in DW or LAKB. Assuming that
those dislocation form as proposed in the kinking model originally
developed by Orowan [74] and Frank and Stoch's [75], and in the
KNEmodel for the MAX phases [38,42,45,76], relationship between
stress and grain size in this region can be expressed as:

sII�IIIzM$tFS ¼ M$
�
kII�III*t

�1=2
�

¼ M$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4G2bgc

p2 ln
�

b
gcw

�s
$t�1=2 ¼ k0II�III$t

�1=2

(7)

where tFS is the critical stress to nucleate kinks [75], gc is the critical
kinking angle, w is the dislocation core width, kII�III and k0II�III are
constants, and other symbols have their usual meaning. Note that
Eq. (7) is derived assuming that the IKB length (2a) is equal to the
grain thickness, as it is done in the KNE model [38,42,45,76], and
thus sII�III should be a function of t, and not l as in Region II.
Following the KNEmodel, the critical kinking angle in Eq. (7) can be

calculated to be gcz
3

ffiffiffi
3

p
ð1�yÞ

8pe

�
b
w

�
¼ 0:013 rad assuming w ¼ 5$b

[26]. For that critical angle and M ¼ 3, k0II�III in Eq. (7) yields a value
of 737MPa

ffiffiffiffiffiffiffi
mm

p
, which is in reasonably good agreement with the

slope of 641MPa
ffiffiffiffiffiffiffi
mm

p
obtained by fitting the data for sII�III vs. t�1=2

in Fig. 5b, i.e. it is only 13% higher than experimentally obtained
value. Also note that fitting of those results in negligibly small
intercept stress of �1.8 MPa at t�1=2 ¼ 0, that could be approxi-
mated to be zero within the error margin. The latter is also in good
agreement with the model depicted in Eq. (7).

At stresses exceeding the transition stress sIII�IV , stress con-
centration due to dislocation pile-ups at grain boundaries or for-
mation of GND leads to the formation of Zener-Stroh type cracks
[77e79]. The later results in the sudden drop of relative elastic
modulus and contributes to the energy dissipated in each cycle, as
discussed in more detail in our previous study [54]. Following the
treatment given by Davidge [80], the stress to open the cracks at the
grain boundary can be expressed in the form of a Hall-Petch rela-
tionship as:

sIII�IVzM$tIII�IV ¼ M$
�
tPN þ kIII�IV*l

�1=2
�

¼ s0III�IV þ k0IV�II*l
�1=2 (8)

where kIII�IV and k0I�II are constants, and the measured grain length
(l) is again assumed to be equal to grain diameter (d). This can be
further expressed as:

k0III�IV ¼ M$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E$b$sth
2ð1þ nÞ

s
(9)

where sth is the theoretical tensile strength and E is the Young's
modulus of 277 GPa. Eqs. (8) and (9) were derived assuming that
the failure stress is a result of stress concentration caused by edge
dislocation pile-up at a grain boundary, and that when such pile-up
(under stress) produces a tensile stress equal to or greater than the
theoretical fracture strength, sth, then fracture occurs [80]. Note
that expressing stress as a function of l in Eq. (8), it is assumed that
dislocations can pile-up only along basal planes and that their
length scales with grain length. Since s0III�IV ¼ 23 MPa from fitting
results in Fig. 5a, tPN can be calculated to be 7.6 MPa from Eq. (7)
assuming M ¼ 3. This value is in good agreement with a tPN of
7.7 MPa that was obtained from the Hall-Petch assumption for the
sI�II micro-yielding stress using Eq. (4). In addition, the best fitting
procedure for sIII�IV stresses plotted as a function of l�1=2 in Fig. 5a,
gives a value of k0III�IV ¼ 2639 MPa

ffiffiffiffiffiffiffi
mm

p
. For this value of k0III�IV ,

M ¼ 3 and E ¼ 277 GPa for Ti2AlC [81], Eq. (9) gives sth z 20 GPa
which is reasonably close to the ideal (theoretical) tensile strength
of basal planes of 25 GPa calculated using ab initio approach for
cleavage along basal planes (i.e. delamination) [82].

Fig. 5a also shows that fracture stress st obtained after cyclic
loading testing in compression is just slightly higher than that of
sIII�IV , suggesting that once microcracks form in the stress Region
III, they propagate quite rapidly with increasing stress resulting in
final failure. Note here that the constants so and kf in Fig. 5a that

were determined by fitting the st vs. l�1=2 data from cyclic
compressive testing using a Hall-Petch type equation (Eq. (3), yield
values close to those given in Fig. 3 for quasi-static testing. This
suggests that the loading history does not affect significantly the
strength of Ti2AlC, and even more importantly confirms once again
that microcracks most likely do not form and propagate during
cyclic loading to stresses below sIII�IV .

The excellent fitting of results in Fig. 5 has been achieved using
different Hall-Petch like relationships for micro-yielding stresses as
it is indicated by high R2 values,3 regardless of the fact that the two
samples contained relatively large amounts of TiAlx impurities,
namely 7 and 17 vol%. This indicates that the presence of TiAlx does
not significantly affects the values of either micro-yielding stresses
or compressive strength. The latter does not mean that TiAlx does
not affect hysteretic behavior of Ti2AlC.

Fig. 6 clearly shows that both opening of the first loop (DεPl) and
the area of subsequent hysteresis loops (i.e. Wd) increase with the
grain size, which is in good agreement with previous results and
our current understanding of underlying hysteric mechanisms in
MAX phases. However, this figure also illustrates that TiAlx impu-
rities have a significant effect on DεPl and Wd. For example, sample
CS-CG containing 17 vol% of TiAlx has a significantly smaller grain
size that sample RP-XCG containing only 3 vol% of TiAlx, yet it has
larger opening of the first loop and dissipates significantly much
more energy per cycle (Fig. 6). Analysis of the results such as those
shown in Fig. 4 for all the samples tested here,4 yields similar
conclusion. This finding is in good agreement with previously
published studies on the hysteretic behavior of MAX phase emetal
composites, such as Ti2AlC-Mg [15,16,18] and Ti3SiC2-NiTi [46]
showing that significant improvements in dissipated energy per
loading cycle can be achieved by addition of metallic phases toMAX
phases. Although this observation is not fully understood at this
moment, it is reasonable to conclude here that the addition of less
stiff and more ductile phases results in higher irrecoverable and
recoverable strains during loading, and thus larger hysteresis loops



Fig. 6. (a) Selected but typical cyclic stress-strain response for samples with different microstructures loaded to a maximum stress of 450 MPa; (b) Wd vs s2 plot with linear
regression fitting for samples with different microstructures. Labels on both plots show grain length in mm/vol% of TiAlx for the different samples.
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when compared to pure MAX phase.
4. Summary and conclusions

Ti2AlC samples with a wide range of different microstructures,
i.e. different grain sizes and amounts of TiAlx impurities, were
tested in compression at room temperature. It was found that the
room temperature cohesive strength scales with l�1=2 , where l is
grain length, obeying a Hall-Petch type relationship. However, no
correlation was found between compressive strength and grain
thickness. Coarse grain structures and the presence of well
dispersed TiAlx phase were found to enhance the strain to failure
and modify the failure mode to a less catastrophic one.

This work also confirms that stress-strain hysteresis in Ti2AlC
can be divided into four stress Regions, each presenting a distinct
underlying mechanism, that show different dependence on grain
size. The results presented here show that the magnitude of the
micro-yielding stress sII-III, separating Region I of linear elasticity
from Region II with hysteretic stress strain behavior, depends on
the grain length as it is expected assuming a classical Hall-Patch
relationship. This stress marks the onset of basal plane disloca-
tion glide in soft grains, i.e. grains that are favorably oriented for
easy slip relative to the direction of the applied load. The micro-
yielding stress sII-III, separating the stress Regions II and III, which
display greatly different hysteretic behaviors, shows a linear in-
crease with t�1=2, where t is average thickness of the grains. The
results of the analysis provided herein suggest that at stresses
exceeding sII-III, geometrically necessary dislocations form in all the
grains, including those with hard orientation, to accommodate
initial plastic flow in soft grains. The assumption regarding the
creation of these dislocations made in the kinking model proposed
originally by Orowan [74] and Frank and Stroh [75], and later in the
KNE model by Barsoum [15,26,38,41,44] to explain hysteretic
behavior of MAX phases, are in very good agreement with the
experimentally determined change in the value of sII-III with the
grain size. At even higher stresses exceeding the transition stress
sIII-IV, a reasonably good agreement between observed changes in
the value of sIII-IV with the grain length and the models based on
formation of Zener-Stroh crack is reached, suggesting that this
onset stress of Region III is the stress at which microcracking starts.
This finding is in good agreement with previous results [54] that
show a significant drop in elastic modulus within Region III as a
result of damage accumulation. Last but not least, a critical resolve
shear stress of ~8 MPa was determined from two different Hall-
Petch type relationships independently, that relating sII-III and
sIII-IV to the grain length.

These results clearly showed that the amount of the TiAlx, a
common impurity in Ti2AlC, does not affect significantly the
magnitude of the micro-yielding stresses sI-II, sII-III and sIII-IV, up to
amount of at least 17 vol%. However, larger amounts of TiAlx where
found to result in higher values of irrecoverable strain after micro-
yielding and much larger stress-strain hysteresis loops.
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