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A B S T R A C T

Almost pure (Ti1-xZrx)3SiC2 MAX phase solid solutions with x ranging up to 0.17 were synthesized at tem-
peratures in the range of 1450–1750 °C with reactive Spark Plasma Sintering (SPS). The zirconium partially
replaces the M-element titanium of the Ti3SiC2 MAX phase up to x equals 0.17. The lattice parameters of the
hexagonal (Ti1-xZrx)3SiC2 MAX phase are determined with X-ray diffraction using Rietveld refinement and show
an anisotropic lattice expansion upon Zr insertion into Ti3SiC2. This observation is in very good agreement with
density functional theory calculations where the deviation between the measured and calculated lattice para-
meter is less than 1%. The predicted elastic modulus reduction is only 4%. This behavior can be rationalized by
considering the electronic structure, where only minute changes are observable as Zr is incorporated into
Ti3SiC2. The measured nanohardness of the synthesized (Ti1-xZrx)3SiC2 MAX phase increases from 12.7 ± 1GPa
for Ti3SiC2 to 16.3 ± 1.1 GPa when x is raised from 0 to 0.17 due to an increasing amount of accompanying Ti1-
yZryC. The elastic moduli of (Ti1-xZrx)3SiC2 solid solutions measured by an ultrasonic pulse-echo method
(325–354 GPa) are in good agreement with the predicted elastic moduli (357–342 GPa).

1. Introduction

MAX phases are a family of ternary nitrides and carbides, with the
general formula Mn+1AXn (n=1–3), where M is an early transition
metal, A is an A group element, and X is either carbon or nitrogen
[1–3]. MAX phases have a hexagonal crystal lattice (space group P63/
mmc) with an edge-sharing [M6X] octahedral interleaved by an A layer.
In this nanolayered structure, the M atoms and X atoms are connected
by strong covalent bonds, while the M atoms and A atoms are con-
nected by weaker metallic bonds [1–3]. Because of their unique struc-
ture, MAX phases exhibit a combination of merits of both metals and
ceramics, such as: good thermal and electrical conductivity, relatively
low hardness, damage tolerance, good oxidation resistance and re-
sistance to chemical attack as well as excellent machinability [2,3].
Some MAX phases, like Cr2AlC [4], Ti2AlC [5] and Ti2SnC [6], also
show self-healing behavior upon exposure to air at high temperatures.
Cracks are then healed by filling the crack opening with well-adhering
M-oxides and A-oxides [7]. This makes these MAX phases attractive
materials for high temperature structural components and electrical

contact materials [2,3].
Both experimental and computational studies suggest that many

solid solution permutations and combinations in MAX phases are pos-
sible by substitution of the base element with other elements of the
same group at the M-site [8–13], the A-site [14–23] and/or the X-site
[24,25]. This opens opportunities to manipulate and tune properties of
MAX phase materials. For example, a solid solution hardening effect has
been observed in Ti3(Al0.75Si0.25)C2 [18] and Ti2Al(C0.5N0.5) [24]. The
oxidation kinetics and crack healing behavior can be modified by par-
tial substitution of Al by Sn in the Ti-Al-C MAX system [19,26]. More
recently, Zr contained MAX phases (Zr2AlC [13]) and related solid so-
lutions (Nb1-xZrx)4AlC3 [28], Zr-Ti-Al-C [13], and (Ti1-xZrx)3(SiAl)C2

[27] have been synthesized. For example, (Nb0.85, Zr0.15)4AlC3 MAX
phase can maintain its flexural strength of 311 ± 57MPa up to tem-
peratures of 1450 °C [28] and (Ti1-xZrx)3(SiAl)C2 can retain high de-
grees of stiffness and strength up to 1200 °C, which is 150 °C higher
than those for Ti3(Si,Al)C2 [27]. This suggests that substitution of a
fourth element at the M lattice position of a MAX phase can improve its
high temperature strength and stiffness [27,28].
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Ti3SiC2 is a representative member of 312 MAX phases [1], which
attracted a lot of attention when Barsoum et al. synthesized highly pure
bulk Ti3SiC2 ceramic by reactive Hot Isostatic Pressing (HIP) and re-
ported its salient properties [29]. Since then, the microstructure and
properties of Ti3SiC2 were investigated in great detail [30]. To syn-
thesize Ti3SiC2 as a bulk ceramic, various methods were used, such as:
HIP, Hot Pressing (HP) and Spark Plasma Sintering (SPS) or Pulse
Discharge Sintering (PDS). Different powder mixture compositions
were explored, such as: Ti/SiC/C, Ti/Si/C, Ti/SiC/TiC, TiH2/Si/TiC and
Ti/Si/TiC [30], and the optimal synthesis conditions for almost pure
Ti3SiC2 are now well established. However, the synthesis of Ti3SiC2

based solid solutions, where solely the M-site element is substituted, has
not been reported yet. Hence, this work focuses on the synthesis of
Ti3SiC2 based solid solutions by substitution at the M-site. Preliminary
ab initio calculations based on Density Functional Theory (DFT) sug-
gested that Zr can be dissolved over a wide composition range. The
partial substitution of Ti by Zr is studied in (Ti1-xZrx)3SiC2 MAX phase
with x varied between 0 and 0.17. This material was prepared by SPS
using Ti/Zr/Si/TiC powder mixtures and temperatures in the range of
1450–1750 °C. X-ray diffraction analysis and DFT calculations were
used to determine the effect of Zr solid solution on the crystal lattice
parameters. The composition and microstructure of the as synthesized
(Ti1-xZrx)3SiC2 MAX phase was investigated and their mechanical
properties, such as elastic modulus and hardness, as a function of the Zr
concentration were determined by nanoindentation and micro-
indentation as well as ultrasonic pulse-echo method as a function of the
Zr concentration.

2. Experimental details

Powders of Ti (100 µm, 99.5% purity, TLS Technik GmbH & Co), Zr
(45 µm, 99.2% purity, TLS Technik GmbH & Co), Si (45 µm, 99.99%
purity, TLS Technik GmbH & Co) and TiC (10 µm, 99% purity,
CHEMPUR, Feinchemikalien und Forschungsbedarf GmbH) were used
as starting materials. Powder mixtures of different compositions (see
Table 1) were prepared in a glovebox (M. Braun Inertgas Systeme
GmbH, Germany) purged with Ar (5 N purity, Linde), while the oxygen
level was below 0.5 ppm and the moisture level below 1.7 ppm H2O.
Then, these powder mixtures were blended for 4 h with a Turbula mixer
(Type T2C, Willy A. Bachofen AG, Basel, Switzerland) using a mixture
of Al2O3 balls with a ratio of 1: 5 of 10 and 5mm diameter balls, re-
spectively.

The powder mixture was put into a graphite die with an inner
diameter of 20mm and covered from both sides with graphite punches
(ISO-68, Toyo Tanso, Japan). Graphite foils (Papyrex Mersen, France)
were used to prevent possible reaction between the powder and the
graphite die and punches. In addition, these graphite foils were sprayed
with BN (Henze Boron Nitride Products AG, Lauben, Germany) on both
sides for easy removal of the sample. Subsequently, the powder mixture
in the graphite die and punches assembly was SPSed in a furnace (HP D
25 SD, FCT system GmbH, Germany) at temperatures in the range of

1450–1750 °C for 1 h while applying a pressure of 50MPa applied form
the beginning of sintering cycle and flushing the furnace with pure Ar
(5 N purity, Linde, The Netherlands). A heating and cooling rate of
about 50 °C/min was applied. The temperature was monitored using an
axial pyrometer. The electric current was applied following 15/5 (on/
off 3ms) pulse sequence. Finally, after releasing the pressure from the
material, it was cooled from the sintering temperature to room tem-
perature. Key process parameter settings for the synthesis of (Ti1-
xZrx)3SiC2 MAX phase solid solutions are listed in Table 1.

After SPS, the surfaces of the samples were ground with SiC emery
paper staring with 240 grit and finishing with 4000 grit. Finally, the
surfaces were polished with 1 µm diamond grains suspension on a soft
cloth. The density of the synthesized MAX phase bulk was measured by
the Archimedes method using an analytical balance (Mettler Toledo,
AG-204, Switzerland) according to ASTM B 3962–15 [31].

The phase composition was determined with X-Ray Diffraction
(XRD) analysis using a Bruker D8 Advance diffractometer operated with
Cu Kα radiation. Diffractograms were recorded in the 2θ range of 8–80°
with a step size of 0.02° and a counting time per step of 1 s. These
diffractograms were evaluated using the Bruker Diffrac EVA software
(Version 3). The lattice parameters of synthesized solid solutions were
obtained with Rietveld refinement using MAUD software [32]. A LaB6

powder was applied as a reference material to correct the diffraction
angle for instrumental errors [33]. For the Rietveld refinement, data-
files of Ti3SiC2 (hexagonal, P63/mmc, a=3.0665 Å and c=17.6710 Å)
and TiC (cubic, Fm-3m, a=4.3176 Å) were applied. The specific
parameters refined in the MAUD software including the background
subtraction, line broadening (microstructure), position of the M ele-
ment (i.e. Ti and Zr), specimen displacement, and lattice parameters
etc.. After a reliable refinement, the weighted reliability factors were in
the 6.9–9.8% range.

The microstructure was observed with Scanning Electron
Microscopy (SEM) using a JSM 6500 F (Jeol, Japan) equipped with an
Energy Dispersive Spectrometer (EDS) for X-ray microanalysis (XMA).
This EDS is an Ultra Dry detector (30mm2) operated with Noran System
Seven software package (ThermoFisher, USA) for data acquisition and
analysis. The volume fraction of the different phases as well as the
porosity was determined by image analysis by using ImageJ software
(version 1.49 V). To this end, a surface area of at least 4× 4mm of the
sintered sample was recorded with SEM.

The chemical composition of synthesized (Ti1-xZrx)3SiC2 solid so-
lutions was determined with Electron Probe X-ray Microanalysis
(EPMA) using Wavelength Dispersive Spectrometry (WDS). For this
purpose, A Jeol JXA 8900R superprobe operated with focused electron
beam energy of 15 keV and a current of 50 nA was used. Prior to each
measurement the surface of the specimen was decontaminated using an
air-jet for 30 s. The composition at each analysis location was de-
termined using the X-ray intensities (C Kα, Si Kα, Ti Kα, and Zr Kα of
the constituent elements after background correction relative to the
corresponding intensities of reference materials, viz. Fe3C (cementite)
[34] or C and pure elements for Si, Ti, and Zr, respectively. The ob-
tained intensity ratios were processed with a matrix correction program
CITZAF to compute the composition.

Both the microhardness and nanohardness were determined by
Vickers indentation tests and nanoindentation tests, respectively. The
Vickers microhardness was measured with a Zwick/Z2.5 hardness tester
(Ulm, Germany) in a load range of 0.5–100 N and at a constant contact
time of 10 s. Nanoindentation measurements were performed with a
Hysitron TI-900 Triboindenter (Bruker, Germany) equipped with a
diamond Berkovich indenter. Before performing the nanoindentation
measurements on the MAX phase samples, the tip area function was
calibrated by indenting fused silica with a known elastic or Young's
modulus of 72 GPa [20]. In order to investigate the hardness variation
with varying displacements, five different loads (1, 2, 3, 6, 10mN) were
applied. For every single load, 36 indentations were performed at each
sample. The load-displacement curves were recorded and the hardness

Table 1
Composition of the powder mixtures to synthesize (Ti1-xZrx)3SiC2 with SPS at
50MPa for 1 h in pure Argon at the indicated sintering temperatures.

Compound Powder mixtures (molar ratios) Sintering temperature (°C)

(Ti1-xZrx)3SiC2 1.0Ti-1.0Si-1.9TiC 1450
0.9Ti-0.1Zr-1.0Si-1.9TiC 1450–1500
0.8Ti-0.2Zr-1.0Si-1.9TiC 1450–1500
0.7Ti-0.3Zr-1.0Si-1.9TiC 1450–1600
0.6Ti-0.4Zr-1.0Si-1.9TiC 1450–1700
0.5Ti-0.5Zr-1.0Si-1.9TiC 1450–1750

Zr3SiC2 1.0Zr-1.0Si-1.9ZrC 1700
3.0Zr-1.0Si-2.0C 1450–1700
3.0ZrH2-1.0Si-2.0C 1500–1650
3.0Zr-1.0Si-2.0C-0.1Fe 1450–1500
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and elastic modulus was determined from the unloading curve em-
ploying the Oliver and Pharr method [35,36], albeit. To eliminate the
indentation size effect on the hardness values of the MAX phase the
mathematical function of the Nix and Gao model [37] was adopted,
albeit this function may not be valid (cf [38].) for the small indentation
depths in this work. Thus, a limit hardness value was determined that is
considered as a hardness value of MAX phase [20].

Furthermore, the elastic modulus of synthesized MAX phase solid
solution was also determined with a pulse-echo method using an ul-
trasonic testing device (Model USIP 11, Krauthrämer, Germany). As a

transmitting and receiving transducer of the sound waves, a MB4S-N
probe was used producing ultrasounds of 4MHz. For the interface
couplant between transducer and sample, oil (Panametrics, Waltham,
USA) was applied. From the measured longitudinal sound velocity cl
through the material the elastic modulus was calculated using the fol-
lowing relation applicable for isotropic materials [39]:

=
+ −

−

E ν ν
ν

ρc(1 )(1 2 )
(1 ) l

2

(1)

where ν is Poisson's ratio and ρ is the density of the prepared material.

Fig. 1. SEM backscattered electron images of Ti3-xZrxSiC2 MAX phase synthesized with SPS at 1450 °C for 1 h with a pressure of 50MPa from powder mixtures with
different Zr content; composition in mol fraction: (a) 1.0Ti-1.0Si-1.9TiC, (b) 0.9Ti-0.1Zr-1.0Si-1.9TiC, (c) 0.8Ti-0.2Zr-1.0Si-1.9TiC (d) 0.7Ti-0.3Zr-1.0Si-1.9TiC (e)
0.6Ti-0.4Zr-1.0Si-1.9TiC, and (f) 0.5Ti-0.5Zr-1.0Si-1.9TiC.
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Here a value of 0.2 for the Poisson's ratio was adopted [1]. Each data
point for the elastic modulus comprises measurements of 5 samples per
composition.

3. DFT calculations

Ab initio calculations are carried out using Density Functional
Theory (DFT) [40] as implemented in the Vienna Ab Initio Simulation
Package (VASP) [41,42] wherein projector augmented wave potentials
[43] are employed. The generalized-gradient approximation, as in-
troduced by Perdew, Burke and Ernzerhof [44], a convergence criterion
for relaxation of 0.01meV and Blöchl corrections for the total energy
[45] cut-off of 500 eV are applied. Brillouin zone integration was car-
ried out with a 7× 7×5 Monkhorst–Pack k-point mesh [46].
2× 2×1 supercells with 48 atoms were utilized for the solid solution
(Ti1-xZrx)3SiC2 MAX phase with x=0, 0.09, 0.17 and 0.25, where Ti
atoms were substituted by Zr atoms. Full structural relaxation was
performed for every configuration and the Birch–Murnaghan equation
of state [47] was utilized to obtain the equilibrium volume and bulk
moduli. Elastic modulus was obtained from bulk modulus data as-
suming a Poisson´s ratio of 0.2 [1].

4. Results and discussion

4.1. Synthesis of (Ti1-xZrx)3SiC2 MAX phase solid solutions at 1450 °C

The microstructure of the synthesized (Ti1-xZrx)3SiC2 MAX phase
with various Zr content prepared at 1450 °C is shown in Fig. 1. The Zr
free synthesized material consists of mainly Ti3SiC2 with typical elon-
gated grains and 1.3 ± 0.9 vol% TiC; see Fig. 1(a). Almost all the Zr in
the 0.9Ti-0.1Zr-1.0Si-1.9TiC powder mixture is dissolved in Ti3SiC2

after SPS; see Fig. 1(b). However, when the relative amount of Zr added
to the powder mixture is increased above this level, not all the Zr is
dissolved in Ti3SiC2. For example, after sintering of the 0.5Ti-0.5Zr-
1.0Si-1.9TiC powder mixture only 60% of the Zr is dissolved in Ti3SiC2

(see Fig. 2(a)), which corresponds with x equal to 0.1 in (Ti1-xZrx)3SiC2.
The remainder of the Zr is dissolved in the second phase TiC and pre-
cipitated as Ti-Si-Zr intermetallic; see Figs. 1(c) to (f).

The Zr dissolved in TiC results in the formation of (Ti1-yZry)C solid
solution [13], and the amount dissolved increases with the relative
amount of Zr added to the powder mixture. The volume fraction of (Ti1-
yZry)C phase in the final product amounts up to about 10 vol% when the
mole fraction Zr added to the powder mixture is more than 5%; see
Fig. 2(b).

Concerning the formation of the unwanted Ti-Si-Zr intermetallic
phase, its volume fraction is less than 1.0 vol% when the mole fraction
Zr added to the powder mixture is less than 10%; see Fig. 2(b). How-
ever, when the mole fraction Zr added to the powder mixture is 10.3%
and 12.8%, the volume fraction of the Ti-Si-Zr intermetallic in the final

Fig. 2. (a) Zr content (x) of (Ti1-xZrx)3SiC2MAX phase versus the sintering
temperature during SPS. The molar fraction of the constituents of the starting
powder mixtures is indicated in the legend. (b) The volume fraction of (Ti1-
yZry)C phase and Ti-Si-Zr intermetallic in the samples, sintered at 1450 °C for
1 h under a pressure of 50MPa by SPS, as a function of the Zr content x in the
powder mixture.

Fig. 3. SEM backscattered electron images of the material after sintering of a
0.7Ti-0.3Zr-1.0Si-1.9TiC powder mixture with SPS at: (a) 1500 °C and (b)
1600 °C.
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product is 9.3 ± 0.1 and 14.0 ± 0.1 vol%, respectively.

4.2. Effect of sintering temperature on the phase composition

It is expected that increasing the sintering temperature will favor
the dissolution of an alloying element; see e.g [48]. Thus, to improve
the dissolution of Zr in Ti3SiC2, higher sintering temperatures were
applied. For example, the microstructure of the material after SPS of a
0.7Ti-0.3Zr-1.0Si-1.9TiC powder mixture at temperatures higher than
1450 °C are shown in Fig. 3. Increasing the sintering temperature to

1500 °C the amount of Zr in solid solution, i.e., x value in the (Ti1-
xZrx)3SiC2, increased from 0.082 ± 0.01–0.088 ± 0.01; see Fig. 2(a).
When increasing the sintering temperature to 1600 °C the amount of Zr
in solid solution is up to 0.09 ± 0.02, revealing that almost all the Zr in
the powder mixture is dissolved in Ti3SiC2.

Further increase of the amount of Zr in the powder mixture may
require even higher sintering temperatures to promote dissolution into
Ti3SiC2. For example, after sintering a 0.5Ti-0.5Zr-1.0Si-1.9TiC powder
mixture at 1600, 1650 and 1750 °C, the value of x in (Ti1-xZrx)3SiC2

increased to 0.13 ± 0.02, 0.150 ± 0.006 and 0.167 ± 0.001 re-
spectively; see Fig. 2(a). The Zr content in the (Ti1-xZrx)3SiC2 are more
homogenous when synthesized at higher temperatures.

When increasing the sintering temperature of the 0.5Ti-0.5Zr-1.0Si-
1.9TiC powder mixture from 1600° to 1750°C, the volume fraction of
(Ti1-yZry)C increased from 17.2 ± 0.1–28.1 ± 2.2 vol%, while the
volume fraction of the Ti-Si-Zr intermetallic phase decreased from
4.0 ± 0.6–1.5 ± 0.2 vol%, respectively; see Fig. 4. Thus, a higher
sintering temperature is required to fully dissolve Zr into Ti3SiC2 for the
powder mixtures with a relatively high Zr content. However, a large
amount of the (Ti1-yZry)C phase will be present in the final product due
to either the loss of Si [3,30] or decomposition of (Ti1-xZrx)3SiC2 at
higher temperatures. Hence, there is a practical limit for the amount of
Zr that can be dissolved into Ti3SiC2. For the sintering conditions ap-
plied here, x equal to 0.17 seems to be the maximum. Adding more Zr
to the powder mixture only results in more second phases.

The conditions to sinter different powder mixtures to form (Ti1-
xZrx)3SiC2, where almost all Zr is fully dissolved, is listed in Table 2. The
phase composition of the (Ti1-xZrx)3SiC2 and (Ti1-yZry)C solid solutions
determined by EMPA are also listed in Table 2. The Zr content in the
(Ti1-xZrx)3SiC2 phase is slightly smaller than is expected from the
amount of Zr in the powder mixture. This is due to partial dissolution of
Zr in the (Ti1-yZry)C phase and the formation of Ti-Si-Zr intermetallics
at the grain boundaries.

4.3. Synthesis of Zr3SiC2

According to our DFT calculations (where the corresponding ele-
ments are employed as reactants) Zr3SiC2, as an end member of (Ti1-
xZrx)3SiC2 (i.e., x=1) may be exist. In an attempt to prepare Zr3SiC2,
different powder mixtures were sintered at temperatures ranging from
1450 up to 1700 °C; see Table 1. However, only binary phases such as
ZrC, Zr-Si intermetallics were detected with XRD and XMA. For ex-
ample, the XRD analysis of 3.0Zr-1.0Si-2.0 C powder mixture SPSed at
1450 °C for 1 h with a pressure of 50MPa shows that only ZrC, ZrSi,
ZrSi2 and Zr5Si3 were formed. These reaction products are in agreement
with the results of ternary phase equilibria investigations of the Zr-Si-C
system at 1200 °C [49] and 1300 °C [50] and 1600 °C [51] where also
no Zr3SiC2 phase analogous to Ti3SiC2 was detected. Furthermore, in-
spired by recent work on the synthesis of MAX phase in the Zr-Al-C
system [13], ZrH2 was used in the powder mixture and some iron was
added as a catalyst. But also, this attempt failed.

4.4. Crystal structure of (Ti1-xZrx)3SiC2 MAX phase solid solution

The diffractograms of the (Ti1-xZrx)3SiC2 MAX phase solid solutions
prepared at the optimized sintering temperatures with different Zr
content (see Table 2) are shown in Fig. 5. In these diffractograms, only
the (Ti1-xZrx)3SiC2 MAX phase and the (Ti1-yZry)C phase can be iden-
tified. With increasing Zr content of the starting powder mixture, the
diffraction peaks of the (Ti1-xZrx)3SiC2 and (Ti1-yZry)C phase are shifted
to smaller angles. Rietveld refinement of the XRD data allows de-
termination of the lattice parameters as a function of Zr content of the
solid solutions. Next, the lattice parameters of the (Ti1-xZrx)3SiC2 and
the (Ti1-yZry)C phase determined from Rietveld refinement are given in
Table 2 and plotted as a function of their Zr content; see Fig. 6. For
comparison, the lattice parameters obtained from the ab initio

Fig. 4. SEM backscattered electron images of the material after sintering 0.5Ti-
0.5Zr-1.0Si-1.9TiC powder mixture with SPS at: (a) 1600 °C, (b)1650 °C, and (c)
1750 °C.
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calculations are also listed in Table 2 and plotted together with the
experimental results in Fig. 6. As revealed in Fig. 6(a), substitution of Ti
(atomic radius: 147 pm [52]) by Zr (atomic radius: 160 pm [52]) on the
M site of the (Ti1-xZrx)3SiC2 MAX phase results into an anisotropic
lattice expansion. The relative expansion of the a axis is with 1.65%
much larger than that of the c axis of the hexagonal crystal lattice
(1.11%); viz.: a=3.067 Å for x=0 to a= 3.117 Å for x=0.17 and
c=17.668 Å for x=0 to c= 17.864 Å for x=0.17, respectively. The
lattice parameters of (Ti1-xZrx)3SiC2 MAX phase solid solutions obtained
from the ab initio calculations are in good agreement with the experi-
mental results reported for (Ti1-xZrx)3SiC2 solid solution with x up to
0.07 [27]; see Fig. 6. The observed and predicted increase of the lattice
parameters a and c can be rationalized by considering the difference in
metallic radii between Ti and Zr. This difference of the metallic radii is
9.4%, while the valence electron concentration is constant as Ti is
substituted by Zr.

Next, a linear reduction of the c/a ratio with increasing Zr content in
solid solution is observed for both the experimental results as well as
the ab initio calculations; see Fig. 6(b). This behavior of the lattice
parameters is consistent with the formation of an ideal solid solution
following Vegard's law [53]. The M-site substitution induced lattice
parameter changing corresponds with results of the recently synthe-
sized 312 MAX phase solid solutions in Ti-Zr-Al-C system [13].

Table 2
Composition and lattice parameters of (Ti1-xZrx)3SiC2 MAX phase and Ti1-yZryC prepared by SPS with optimized sintering temperature including the densities. The
composition was determined with EMPA, and the lattice parameters were from Rietveld refinement of X-ray diffractograms and DFT calculations.

Experimental results DFT calculations

Starting materials Sintering Temp. (°C) (Ti1-xZrx)3SiC2 Ti1-yZryC Density (g/cm3) (Ti1-xZrx)3SiC2

x Lattice parameters (Å) y Lattice parameter (Å) x Lattice parameters (Å)

1Ti-1Si-1.9TiC 1450 0 a = 3.067 0 a = 4.319 4.46±0.08 0 a = 3.071
c = 17.668 c = 17.741

0.9Ti-0.1Zr-1Si-1.9TiC 1450 0.03 a = 3.074 0.017 a = 4.326 4.595± 0.005 0.09 a = 3.097
c = 17.699 c = 17.872

0.8Ti-0.2Zr-1Si-1.9TiC 1500 0.06 a = 3.084 0.029 a = 4.333 4.67±0.001 0.18 a = 3.123
c = 17.728 c = 17.984

0.7Ti-0.3Zr-1Si-1.9TiC 1600 0.09 a = 3.092 0.060 a = 4.344 4.71±0.01 0.25 a = 3.149
c = 17.766 c = 18.099

0.6Ti-0.4Zr-1Si-1.9TiC 1700 0.12 a = 3.106 0.087 a = 4.360 4.80±0.01
c = 17.823

0.5Ti-0.5Zr-1Si-1.9TiC 1750 0.17 a = 3.117 0.109 a = 4.371 4.84±0.07
c = 17.864

Fig. 5. XRD patterns of (Ti1-xZrx)3SiC2 MAX phase solid solutions prepared with
SPS from powder mixtures at optimized sintering temperature: (a) x=0, (b)
x=0.03, (c) x=0.06, (d) x=0.09 (e) x=0.12, and (f) x=0.17.

Fig. 6. Lattice parameters a and c of (Ti1-xZrx)3SiC2MAX phase with hexagonal
crystal lattice as a function of Zr content: (a) lattice parameters, (b) c/a ratio.
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Finally, the lattice parameter of (Ti1-yZry)C solid solution by sub-
stitution of Ti with Zr (with a cubic rock salt crystal lattice) expanded
from a=4.3192 Å for y=0 to a=4.3712 Å for y=0.11; see Table 2.

4.5. Hardness, elastic modulus and electronic structure of (Ti1-xZrx)3SiC2

MAX phase solid solutions

The hardness by nanoindentation and the elastic modulus by ul-
trasonic measurement of the various (Ti1-xZrx)3SiC2 synthesized under
optimized conditions (cf. Table 3) are evaluated as function of their Zr
content and the results are listed in Table 3. The nanoindetations were
done within (Ti1-xZrx)3SiC2 grains free of secondary phases. An example

of the dependence of hardness on the penetration depth of the indenter
is shown in Fig. 7(a). The hardness decreases with increasing

Table 3
Mechanical properties of (Ti1-xZrx)3SiC2 MAX phase obtained by nanoindentation, Vickers microindentation, ultrasonic pulse-echo method measurement and DFT
calculations.

x (-) Hardness (GPa) Elastic modulus (GPa)

Nanoindentation Vickers Ultrasonic Nanoindentation Calculated

0 12.8 ± 1.0 2.8 ± 0.1 338.8 ± 10.7 255 ± 22 357
0.03 15.3 ± 0.5 4.2 ± 0.5 354.7 ± 8.7 266 ± 18
0.06 14.9 ± 0.7 6.8 ± 0.2 341.9 ± 20 269 ± 17
0.09 17.1 ± 0.5 7.3 ± 0.2 348.0 ± 13.5 282 ± 22 352
0.12 17.3 ± 1.0 8.3 ± 0.1 325.2 ± 5.7 278 ± 27
0.17 16.3 ± 1.1 8.5 ± 0.2 338.4 ± 11.6 290 ± 24
0.18 348
0.25 343

Fig. 7. The hardness and elastic modulus of the (Ti1-xZrx)3SiC2MAX phase (a)
hardness as a function of the indenter penetration depth for (Ti0.94Zr0.06)3SiC2,
(b) elastic modulus of (Ti1-xZrx)3SiC2 obtained from ultrasonic pulse-echo
measurements and DFT calculations as a function of Zr content.

Fig. 8. Density of State (DOS) of (Ti0.75Zr0.25)3SiC2MAX phase and partial DOS
of Ti, Zr, Si and C atoms. Solid line: Ti3SiC2, Short dash line:
(Ti0.75Zr0.25)3SiC2MAX phase.
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displacements and shows significant indentation size effect or load
dependence. A similar indentation size effect has been observed for
Ti3SiC2 [54], Ti3SnC2 [55] as well as Ti3AlC2 and related
Ti3Al0.8Sn0.2C2 solid solutions [20]. Fitting the obtained hardness va-
lues to the Nix and Gao model [37] (see Fig. 7(a)), an intrinsic hardness
of 14.9 ± 0.7 GPa is deduced for the (Ti0.94Zr0.06)3SiC2 solid solution.
The hardness of the other samples as a function of the Zr content is
listed in Table 3. Within the Zr solid solution range of x in between 0
and 0.17, the hardness of (Ti1-xZrx)3SiC2 increases with Zr content. The
hardness of (Ti1-xZrx)3SiC2 varied from 12.7 ± 1GPa for Ti3SiC2 to
16.3 ± 1.1 GPa for (Ti0.83Zr0.17)3SiC2, respectively; see Table 3. The
hardness of the Ti3SiC2 obtained by nanoindentation is comparable
with the values reported for Ti3AlC2 [20] and Ti3SnC2 [55].

The microhardness values of (Ti1-xZrx)3SiC2 determined by Vickers
hardness measurements shows a similar trend as the hardness values
obtained from nanoindentations; see Table 3. The hardness increases
with the amount of Zr added to the powder mixture due to an in-
creasing amount of (Ti1-yZry)C second phase in the sintered material;
see Fig. 4. The microhardness values increased from 2.8 ± 0.1 GPa for
Ti3SiC2 to 8.5 ± 0.2 GPa for (Ti0.83Zr0.17)3SiC2. The lower hardness at
high loads is attributed to the fact that at higher loads (i.e. larger
contact area) multiple grains are involved in the deformation process.
As a result, grain push-in and pull–out, or grain boundary de-cohesions
takes place near the indents, leading to an underestimation of the actual
nanohardness [20,55].

Our ab initio calculations predict that the elastic modulus values for
(Ti1-xZrx)3SiC2 solid solutions decrease only slightly from 357 to
342 GPa when the Zr content x changes from 0 to 0.25, as shown in
Fig. 7(b) and listed in Table 3. The decrease in elastic modulus can be
understood by considering the Total and Partial Density of States (TDOS
and PDOS) of Ti3SiC2 and (Ti0.75Zr0.25)3SiC2 MAX, which are depicted
in Fig. 8. The TDOS of Ti3SiC2 at Fermi energy are mainly associated
with the Ti-d electrons and there is almost no contribution of the C and
Si electrons, which is in agreement with previous calculations [56,57].
Below the Fermi energy, distinct peaks can be observed at around
− 2 eV and − 2.7 eV, indicating hybridization between Ti-d and Si-p
and Ti-d and C-p, respectively. The partial substitution of Ti by Zr cause
only minute changes in the DOS, e.g. the peak at around − 2.7 eV
broadens due to hybridization between Zr-d and C-p. Hence, the ob-
served similarity in the calculated elastic modulus upon Ti substitution
by Zr can be rationalized by the rather similar electronic structures of
Ti3SiC2 and (Ti0.75Zr0.25)3SiC2. It is to be noted that the calculated
elastic moduli applies to the ground-state, i.e. at 0 K, whereas the elastic
modulus were measured at room temperature. The elastic modulus of a
solid decreases with increasing temperature [58,59]. For example, the
bulk modulus of Cr2AlC decreases with 15% as the temperature goes
from 0 to 1200 K [58]. Besides that, structural defects, such as porosity
can have a prominent effect on the elastic modulus of the synthesized
MAX phase [58,60]. However, for the Ti3SiC2 sample, a porosity of
about 3% was determined, while the Zr containing samples exhibited a
porosity of less than 1%. The presence of the second phases (Ti1-yZryC
and Ti-Si-Zr intermetallics) having a higher elastic modulus (about
450 GPa) will, according to the rule of mixtures, increase the elastic
modulus only 3% maximally.

The predicted elastic modulus values are in agreement with the
reported elastic moduli of (Ti1-xZrx)3SiC2 (x up to 0.07) solid solutions
obtained by impulse excitation measurements [27] and the elastic
modulus values (325–354 GPa) as obtained with ultrasonic measure-
ments for the materials presented here; see Table 3. However, the
elastic moduli of (Ti1-xZrx)3SiC2 (x up to 0.17) solid solutions extracted
from nanoindentation are 15 ~ 25% lower than the one obtained from
ultrasonic measurements and ab initio calculations; see Table 3. The
lower values of elastic moduli obtained from nanoindentation may be
due effect of temperature [58,59] and porosity [58,60].

5. Conclusions

A series of almost pure (Ti1-xZrx)3SiC2 MAX phase solid solutions
with x varying between 0 and 0.17 were successfully synthesized by
reactive Spark Plasma Sintering (SPS). Ti1-yZryC and Ti-Si-Zr inter-
metallics were observed as a second phase. Their amounts increases
with increasing amount of Zr added to the powder mixture, but de-
creased with increasing sintering temperature. It was not possible to
synthesize Zr3SiC2. The lattice parameters of (Ti1-xZrx)3SiC2 solid so-
lutions with a hexagonal crystal lattice show an anisotropic lattice ex-
pansion as a function of the Zr content. The lattice parameter of the
basal plane (i.e., along the a axis) increases more than the lattice
parameter perpendicular to the basal plane (i.e., along the c axis). The
dissolution of Zr into Ti3SiC2 has virtually no effect on its electronic
structure and hence on its stiffness. The small reduction of the elastic
modulus of (Ti1-xZrx)3SiC2 from 357 to 342 GPa by increasing the Zr
content form x is 0–0.25, can be understood based on concomitant,
minute changes in electronic structure. The elastic moduli and lattice
parameters of (Ti1-xZrx)3SiC2 obtained from ab initio calculations are in
excellent agreement with experimental observations. The hardness va-
lues of (Ti1-xZrx)3SiC2 MAX phase solid solution as obtained from na-
noindentation varied from 12.7 ± 1GPa for Ti3SiC2 to
16.4 ± 1.1 GPa for (Ti0.83Zr0.17)3SiC2 solid solution.
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