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Abstract
The eﬀects of C and N additions on primary MAX phase particles were studied in in-situ
intermetallic matrix composites with nominal composition Ti-37Al-3.8Nb-1Mo-0.1B-xC-yN
(at.%), where x + y = 5 at.%. The in-situ composites were prepared by vacuum induction
melting and solidiﬁcation in graphite crucibles. The increasing content of N in the studied
in-situ composites decreases the solubility of Nb in the primary (Ti,Nb)2 Al(C,N) MAX phase
particles and leads to a partial substitution of C by N in them at the expense of increasing
content of N in lamellar α2 (Ti3 Al) + γ(TiAl) matrix. The shape factor increases and volume
fraction and size of the MAX phase particles decrease with increasing content of N. The
increasing content of N in the composites has no signiﬁcant eﬀect on nanohardness of the
primary particles but increases their elastic modulus.
K e y w o r d s : intermetallics, composites, MAX phases, microstructure, hardness

1. Introduction
Carbon and nitrogen as interstitial elements exhibit diﬀerent solubility limit in α(Ti)-, α2 (Ti3 Al)-,
γ(TiAl)-, β(Ti)-, and β/B2-phases which are formed
in TiAl-based alloys during solidiﬁcation and heat
treatments. Moreover, their solubility in these phases
is aﬀected by the presence of other additional alloying elements such as Nb, Mo and Cr [1–6]. Due to
a smaller atomic radius of nitrogen than that of carbon, the average solubility limit of N is assumed to
be higher than the solubility limit of C [7, 8]. After
exceeding the solubility limit, two types of particles
are formed in the C and N doped TiAl-based alloys of
engineering interest: (i) Ti3 AlC or Ti3 AlN with perovskite cP5 crystal structure and (ii) MAX phases of
Ti2 AlC or Ti2 AlN type with hexagonal hP8 crystal
structure [4, 9]. The MAX phases (M is a transition
metal, A is an A-group element, and X is nitrogen
or carbon) display a unique combination of metallic
and ceramic properties [10]. Coarse primary Ti2 AlC
and Ti2 AlN particles have shown a signiﬁcant role

in toughening and reinforcing of in-situ TiAl-based
matrix composites prepared by melting and casting
techniques [4, 9, 11–16]. The Ti2 AlC particles increase
compressive strength, impact energy, fracture toughness, and improve high temperature creep resistance of
TiAl-based matrix composites [14, 17–20]. Carbon and
nitrogen can substitute each other in the MAX phase
forming Ti2 Al(Cn ,N(1−n) ) carbonitride. The lattice
parameters of the carbonitride a and c depend on
the content of C and N; the smallest are in the pure
nitride and the largest in the pure carbide [10, 21].
The partial substitution of C by N in bulk Ti2 AlC increases its strength and elastic modulus [10, 22]. Similar changes of the lattice parameters are caused by
the substitution of Nb for Ti in (Tin ,Nb(1−n) )2 AlC
with the highest unit cell volume for Nb2 AlC [23, 24].
The substitution of C/N and Ti/Nb in bulk MAX
Ti2 Al(Cn ,N(1−n) ) and (Tin ,Nb(1−n) )2 AlC phases has
been studied by several authors [21, 23, 24]. However, information about the mutual inﬂuence of C
and N additions on the formation, chemical composition, size, morphology and properties of primary MAX
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T a b l e 1. Chemical composition of the composites (at.%)
Element
Composite
C5.0
C2.5N2.5
N5.0

Al

Ti

Nb

Mo

N

C

37.9 ± 0.3
36.9 ± 0.3
37.0 ± 0.3

52.1 ± 0.3
53.4 ± 0.2
53.1 ± 0.2

3.9 ± 0.1
3.9 ± 0.1
3.7 ± 0.1

1.0 ± 0.1
1.0 ± 0.1
1.0 ± 0.1

0.1 ± 0.1
2.3 ± 0.1
4.7 ± 0.1

5.0 ± 0.1
2.5 ± 0.1
0.1 ± 0.1

phase particles in cast intermetallic TiAl-based matrix composites [25] are very limited, particularly in
the systems alloyed at the same time with Nb and
Mo. Therefore, it is of large interest to investigate the
mutual eﬀects of these alloying elements on the formation and properties of primary MAX phase particles
in in-situ TiAl-based matrix composites prepared by
cost-eﬀective melting and casting technologies.
This paper aims to study the eﬀect of C and N
additions on primary MAX phase particles in intermetallic Ti-Al-Nb-Mo matrix in-situ composites prepared by vacuum induction melting and solidiﬁcation
in graphite crucibles.

trogen contents were measured by elemental LECO
ONH836 and carbon content by LECO CS844 elemental analysers based on combustion method. Size,
morphology and volume fraction of the coexisting
phases were determined from the digitalized micrographs using computer image analyzer. Indentation
nanohardness and elastic modulus measurements were
carried out using ASMEC-Zwick/Roell nanoindenter
with Berkovich tip of the indenter at an applied load
of 0.01 N with the application of fast hardness and
modulus measurement method.

3. Results and discussion
2. Experimental procedure
The samples of intermetallic matrix composites
with a diameter of 42 mm, length of 15 mm and
nominal compositions Ti-37Al-3.8Nb-1Mo-0.1B-xC-yN (at.%), where x + y = 5 at.%, were prepared by
vacuum induction melting of the master alloy with addition of TiC/TiN powders in graphite crucibles. The
vacuum chamber of the induction melting furnace was
evacuated before melting to a vacuum pressure of 8 Pa
and ﬂushed with argon (purity 99.9995 %) three times.
The charge was induction heated to a melt temperature of 1690 ◦C and held at this temperature for 120 s
under an argon pressure of 2 kPa. The temperature
of the melt was measured by a pyrometer. The solidiﬁcation of the melt was carried out in the graphite
crucibles by switching oﬀ the induction heating of the
furnace. Microstructure investigations were performed
by scanning electron microscopy with the detection of
the backscattered electrons (BSEM) and X-ray diﬀraction analysis (XRD) using diﬀractometer Bruker D8
and the database PDF-2 2004. The chemical composition of the alloys was analysed by energy-dispersive
spectroscopy (EDS) and wavelength-dispersive spectroscopy (WDS) using JSM-6610 and JEOL 7600F
scanning electron microscopes equipped with EDS and
WDS detectors. The EDS and WDS systems applied
for the measurements of the chemical composition of
MAX phases and matrices were calibrated using standards. BSEM, XRD, EDS and WDS samples were
prepared using standard grinding, polishing and etching metallographic techniques. Average oxygen and ni-

3.1. The chemical composition of the in-situ
composites
The average chemical composition of the as-solidiﬁed in-situ composites designated as C5.0,
C2.5N2.5 and N5.0 is shown in Table 1. The sample C5.0 contains 5 at.% of carbon and just a
small amount of nitrogen. The sample N5.0 contains
4.8 at.% of nitrogen and a small amount of carbon.
The content of C and N in the sample C2.5N2.5
is measured to be 2.5 and 2.3 at.%, respectively.
The average amount of Nb in the studied samples is
(3.8 ± 0.1) at.%, and the content of Mo is 1 at.%. It
should be noted that the content of oxygen does not
exceed 900 wt.ppm in the studied in-situ composites.
3.2. Microstructure and phase composition
Figure 1 shows the typical microstructures of the
in-situ composites C5.0, C2.5N2.5 and N5.0. The
shape of the primary particles changes from plate-like
in the C5.0 to nearly regular or irregular clustered one
in the N5.0, as seen in Figs. 1a,c,e. Assuming a relationship for circularity in the form F = (4πA/P 2 ),
where A is the area and P is the perimeter, the shape
factor F of the particles increases from 0.42 to 0.61
with increasing content of N. The primary particles
(1 and 2) are distributed in the matrix composed of
lamellar (3) and single phase (4) regions, as shown in
Figs. 1b,d,e,f.
The XRD patterns in Fig. 2 indicate that the
matrices of the studied in-situ composites consist
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Fig. 1. BSEM micrographs showing the typical microstructure of the in-situ composites: (a), (b) C5.0; (c), (d) C2.5N2.5;
(e), (f) N5.0.

of three phases: α2 (Ti3 Al), γ(TiAl) and β/B2 (disordered/ordered cubic phase). The crystal structure of the primary particles belongs to hexagonal
(hP8) Ti2 Al(Cn ,N(1−n) ) and fcc (cF8) Ti(Cn ,N(1−n) )
phases. A decrease of the lattice parameters in the
MAX phase particles with the increasing amount of
nitrogen at the expense of carbon [10, 21] is visible in
the XRD patterns, where the peaks of Ti2 Al(C,N) in
the composite C2.5N2.5 are shifted to the higher 2Θ
angles compared to the peaks of Ti2 AlC phase in the
C5.0.
The EDS maps (Fig. 3) and point analyses (Table 2) indicate that Nb is present in the carbide parti-

cles, so the particles formed in the C5.0, C2.5N2.5 and
N5.0 in-situ composites belong to the (Ti,Nb)2 AlC,
(Ti,Nb)2 Al(C,N) and (Ti,Nb)2 AlN phases, respectively. A small amount (0.6 vol.%) of (Ti,Nb)C,
(Ti,Nb)(C,N) and (Ti,Nb)N phase is preserved in the
cores of many coarse particles (region 2 in Fig. 1). In
all primary particles including their cores, Mo content
was under detectable limits of EDS analysis. The results in Table 2 indicate that the increase of the N content in the composite leads to a reduction of the solubility of Nb in the MAX phase particles from 3.3 at.%
in the composite C5.0 to 0.4 at.% in the N5.0. This
decrease of Nb content in the MAX phase particles
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is clearly illustrated also in Fig. 3. The addition of a
nearly equivalent amount of C and N in the composite
C2.5N2.5 results in the nearly equivalent solubility of
both elements in the (Ti,Nb)(C,N), only partial substitution of C by N in (Ti,Nb)2 Al(C,N) and increased
content of N in the lamellar α2 + γ matrix (Table 2).
In all three studied composites, Nb and Mo segregate
into the β/B2 phase formed along the grain boundaries (region 4 in Fig. 1 and Table 2), reaching up to
6 at.% of Nb and 4 at.% of Mo in this region.
Figure 4 shows the results of quantitative metallographic analysis of the in-situ composites. As seen
in Fig. 4a, the increase of the content of N leads to
a decrease in the volume fraction of the MAX phase
particles and β/B2 regions and to an increase of the
lamellar α2 + γ matrix. Figure 4b illustrates the eﬀect
of Nb, C and N on grain size and size of the MAX

Fig. 2. XRD patterns of the C5.0, C2.5N2.5 and N5.0 insitu composites.

Fig. 3. EDS map analysis of in-situ composites: (a) C5.0; (b) C2.5N2.5; (c) N5.0.
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T a b l e 2. Chemical composition of coexisting phases in C5.0, C2.5N2.5 and N5.0 in-situ composites (at.%)
Element
Composite

Region

Phase
composition

Ti

Al

Nb

Mo

N

C

−
−
−
−

25.2 ± 1.2
44.4 ± 1.4
0.5 ± 0.2
−

C5.0

1
2
3
4

(Ti,Nb)2 AlC
(Ti,Nb)C
α2 + γ
β/B2

48.0
52.6
53.1
55.0

±
±
±
±

1.7
2.1
0.1
0.4

23.5
0.8
41.4
35.7

±
±
±
±

2.4
0.5
0.2
0.1

3.3
2.2
4.0
5.6

±
±
±
±

0.2
0.7
0.1
0.2

−
−
1.0 ± 0.1
3.7 ± 0.1

C2.5N2.5

1
2
3
4

(Ti,Nb)2 Al(C,N)
(Ti,Nb)(C,N)
α2 + γ
β/B2

49.6
54.3
53.7
54.3

±
±
±
±

0.5
1.2
0.3
0.5

24.2
1.5
39.8
35.6

±
±
±
±

0.2
0.5
0.3
0.3

1.3
0.7
4.3
6.1

±
±
±
±

0.1
0.3
0.1
0.1

−
8.5 ± 0.7
−
21.8 ± 2.3
1.0 ± 0.1
0.9 ± 0.4
4.0 ± 0.5
−

N5.0

1
2
3
4

(Ti,Nb)2 AlN
(Ti,Nb)N
α2 + γ
β/B2

53.2
52.4
53.3
57.4

±
±
±
±

2.8
2.3
1.7
2.1

24.6
0.3
39.7
34.7

±
±
±
±

1.0
0.1
1.8
1.9

0.4
0.3
4.6
5.6

±
±
±
±

0.1
0.1
0.2
1.2

−
−
1.1 ± 0.1
2.3 ± 1.1

21.8 ± 2.2
47.0 ± 2.4
1.3 ± 0.5
−

16.4 ± 0.8
21.7 ± 0.8
0.3 ± 0.2
−
−
−
−
−

phase particles. The increase of the content of N in
the C2.5N2.5 composite leads to a decrease of grain
size D0 in comparison with that of the C5.0. The increase of D0 in the N5.0 can be attributed to a peritectic reaction/transformation resulting in the growth
of coarse α grains [26]. The major axis length Lmaj
of the particles decreases and minor axis length Lmin
varies with the increasing content of N. The observed
changes in the morphology, volume fraction and size
of the primary particles with the increasing content of
N at the expense of C content in the studied in-situ
composites is assumed to be connected with the limited substitution of C by N in the MAX phases. This
limited substitution of C by N is aﬀected by alloying
of the in-situ composites with Nb, limited solubility of
Nb in (Ti,Nb)2 AlN, as well as with the higher solubility of N in the matrix due to a smaller atomic radius
of nitrogen than that of carbon [7, 8].
3.3. Formation of primary MAX phase
particles
According to thermodynamic calculations of Ti-Al-C and Ti-Al-N systems [27, 28] and assuming
measured substitution of alloying elements, the melt
temperature of 1690 ◦C corresponds to L(liquid) +
(Ti,Nb)C1−x Nx phase region of the studied in-situ
composites. During the cooling, a new phase equilibrium is achieved according to transformation pathway L + (Ti,Nb)C1−x Nx → L + (Ti,Nb)2 Al(C,N).
This reaction/transformation starts by the growth of
solid (Ti,Nb)2 Al(C,N) layer at the L/(Ti,Nb)C1−x Nx
interface and leads to a full transformation of small
(Ti,Nb)C1−x Nx particles to (Ti,Nb)2 Al(C,N). In the
case of the coarse clustered (Ti,Nb)C1−x Nx particles, continuous (Ti,Nb)2 Al(C,N) layer slows down the
transformation and a small amount of untransformed

Fig. 4. (a) Volume fraction of lamellar α2 +γ matrix, MAX
phase particles and β/B2 regions; (b) grain size D0 , length
of major axis Lmaj and length of minor axis Lmin of MAX
phase particles.
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several authors [2, 8], the solubility limit of C and N
in the α2 -phase is 1.2 and 2.3 at.%, respectively. The
maximum solubility of N and C in the γ-phase of Nbdoped alloy has been reported to be below 0.1 at.%
[4, 9]. Content of nitrogen and carbon in the lamellar α2 + γ matrix of C2.5N2.5 and N5.0 (Table 2)
indicate, that variations in the matrix nanohardness
can be attributed to the hardening eﬀects of C and
N by the mechanisms of solid solution strengthening
and possibly also by precipitation of secondary carbide/nitride particles at the α2 /γ interfaces during
transformation processes after melting [1, 29, 30]. The
variation of C and N content has no signiﬁcant eﬀect
on the nanohardness and elastic modulus of the β/B2
regions which are higher than those of the lamellar
α2 + γ matrix but lower than those of the MAX phase
particles.

4. Conclusions

Fig. 5. (a) Nanohardness of MAX phase, lamellar α2 +
γ matrix and β/B2 regions; (b) elastic modulus of MAX
phase, lamellar α2 + γ matrix and β/B2 regions.

(Ti,Nb)C1−x Nx phase is preserved in the core of many
coarse (Ti,Nb)2 Al(C,N) particles. The solidiﬁcation
continues with the formation of β-phase nucleating
preferentially on the particles following the solidiﬁcation sequences: L + (Ti,Nb)2 Al(C,N) → L + β +
(Ti,Nb)2 Al(C,N) → β + α + (Ti,Nb)2 Al(C,N). The
microstructure formation is ﬁnalized by the solid-state
phase transformation sequences deﬁned as: β + α +
(Ti,Nb)2 Al(C,N) → β + α + γ + (Ti,Nb)2 Al(C,N)
→ β/B2 + α2 + γ + (Ti,Nb)2 Al(C,N), where α is
Ti-based solid solution with hexagonal structure.
3.4. Nanohardness and elastic modulus
Figures 5a,b show that the increase of N and variation of Nb and C content increase the elastic modulus
of the MAX phase particles but has a negligible eﬀect
on their nanohardness. The increase of the content of
N increases nanohardness but does not aﬀect the elastic modulus of the lamellar α2 +γ matrix. As shown by

The increasing content of N in the studied in-situ
composites decreases the solubility of Nb in the primary (Ti,Nb)2 Al(C,N) particles. The addition of a
nearly equivalent amount of C and N leads to a partial
substitution of C by N in the MAX phase particles and
an increase of the content of N in the lamellar α2 + γ
matrix. The volume fraction and size of the primary
particles decrease, and their shape factor increases
with increasing content of N. The increasing content
of N increases elastic modulus of the primary MAX
phase particles but has no eﬀect on their nanohardness. These results indicate, that substitution of C by
N in the in-situ Ti-Al-Nb-Mo-C-N composites leads
to the signiﬁcant changes in the chemistry, size and
morphology of the primary MAX phase particles and
contributes to the hardening of the matrix.
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