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Abstract

Titanium-based alloys are widely applied in the aerospace industry thanks to their excellent strength-to-weight ratio, good corrosion
resistance and thermal stability. In this study, a Ti-6Al-2Cr-2Ni alloy was elaborated by Spark Plasma Sintering (SPS), a technique
derived from powder metallurgy that enables rapid, controlled densification. Sintering was carried out at 1000 °C under 30 MPa
for 8 minutes in an inert atmosphere. A thermal annealing treatment at 550 °C was then applied to optimize microstructure and
mechanical properties. Microstructural characterization by scanning electron microscopy (SEM), combined with EDS elemental
analysis, revealed a significant reduction in porosity and progressive homogenization of the alloying elements after treatment. X-ray
diffraction (XRD) confirmed the presence of a majority of a-Ti phase, associated with intermetallic compounds. Mechanically, Vickers
microhardness measurements showed an increase in hardness after annealing, while instrumented indentation enabled Young's
modulus to be reliably determined. These results indicate that the Ti-6Al-2Cr-2Ni alloy developed by SPS is a promising alternative
to standard alloys such as Ti-6Al-4V, offering improved microstructural controllability, interesting mechanical properties and thermal
optimization potential for advanced aerospace applications.
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1 Introduction

Today's aerospace industry is faced with increasingly
stringent technological requirements, dictated by the need
to reduce fuel consumption, increase aircraft range, and
improve reliability in extreme environments. In this con-
text, the development of materials that are light, strong
and capable of withstanding severe operating conditions is
a major scientific and industrial challenge [1, 2]. Aircraft
engines, in particular combustion chambers, turbine
blades and disks, are subject to particularly severe tem-
perature, mechanical load and corrosion conditions. As a
result, the choice of materials is becoming a determining
factor in performance [3]. Recent research confirms this
approach, with increased focus on titanium-based alloys
capable of ensuring safe operation at high temperatures
and under severe mechanical stress [4].

Titanium alloys, and more specifically o and a + S
alloys, are widely used in acrospace structures and engine

components for their excellent compromise between reduced
density, mechanical strength and corrosion resistance [5].
TA6V (Ti-6Al-4V) remains the reference alloy in indus-
try, but its high-temperature stability and creep resistance
can become limiting in certain extreme applications [6].
As a result, current research is moving towards new grades
enriched with alloying elements such as nickel and chro-
mium (which offer a significant improvement in terms of
mechanical and electrochemical resistivity, thus favoring...)
which improves electrical resistivity and enhances the for-
mation of stable phases at high temperatures [7], paving the
way for more demanding applications [8].

In this case, powder metallurgy (PM) is a particularly
interesting process. It offers great control over micro-
structure, enhanced chemical homogeneity and near-net
shape, while significantly reducing the amount of material
lost [9]. Sintering, the heart of the MP process, consists
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in consolidating metal powders by heating under pres-
sure, without reaching melting temperature. Among the
most advanced variants, Spark Plasma Sintering (SPS),
also known as FAST (Field Assisted Sintering Technique),
stands out for its rapid heating, short residence time at high
temperature and ability to achieve high density in a short
time [10, 11]. This technique can also be used to obtain
ultra-fine microstructures and improve the mechanical
performance of metastable titanium alloys [12]. It is par-
ticularly effective for refractory or segregation-sensitive
materials, such as titanium alloys [13, 14].

In this context, the study is part of a strategy to develop
a new Ti6A12Ni2Cr-type titanium alloy for high-tempera-
ture applications. This system was developed by SPS from
pure metal powders, with the aim of characterizing the
influence of heat treatment on the material's mechanical
and microstructural properties.

By combining advanced characterization techniques
such as X-ray diffraction (XRD), scanning electron
microscopy (SEM/EDS) and instrumented microhard-
ness, we aim to assess the material's phase stability, struc-
tural homogeneity and mechanical aptitude. This research
contributes to a deeper understanding of the synergistic
effects of alloying elements and sintering conditions on
final performance, with a view to optimization for the
extreme conditions encountered in acrospace.

2 Materials and methods

2.1 Materials and sintering processes using SPS plasma
sintering process

In this study, the alloy studied, with a nominal composition
of Ti-6A1-2Cr-2Ni (in % by mass), was produced by SPS
(Spark Plasma Sintering) from elemental powders with an
average particle size of around 40 pm. After grinding for
2 hours, a homogeneous mixture weighing 7 g of pow-
der was introduced into a cylindrical graphite die (20 mm
in diameter), with a SIGRAFLEX® graphite sheet (thick-
ness 0.37 mm) placed between the punches and the mix-
ture to ensure good thermal conductivity. Sintering was
carried out using SPS equipment (FCT System GmbH)
at the Physico- Chemical Research Center of the USTHB
University (Algeria). The thermal cycle involved a tem-
perature rise to 1000 °C at a rate of 100 °C/min, main-
tained for 10 minutes, under a constant uniaxial pressure
of 30 MPa, in an argon atmosphere. Temperature was
measured by optical pyrometer, 5 mm from the sample.

2.2 Microstructural analyses and mechanical
properties

The sintered samples were first polished through a series of
silicon carbide abrasive papers, followed by a final polish
using a 0.25 pm diamond paste. Microstructural observa-
tions were carried out using a JEOL® 7200F field- effect
scanning electron microscope (FE-SEM), equipped with a
Bruker-made X-Flash 6130 EDS detector and Espirit V1.9
software. FE-SEM imaging is taken in secondary electron
mode (SED), and in backscattered mode (BED) to see phase
homogeneity, as well as the distribution of alloying elements.

In order to identify the constitution of the crystal-
line phases of the samples processed by SPS and after
the annealing treatment, X-ray diffraction (XRD) spec-
tra were recorded using a Panalytical® Empyrean pow-
der diffractometer, operating at 45 kV and 40 mA with
Cu-Ka radiation (1 = 1.54051 A) and 20 diffraction angles
ranging from 20° to 80° in Gonio mode. All analyses were
performed at a scan speed of 2 °min. Crystalline phase
identification is performed using PDF2 databases. To see
the effect of annealing treatment on phase changes, quan-
titative phase analysis was carried out using the Rietveld
method (references or two).

Microhardness measurements were carried out on pol-
ished surfaces using a Vickers indenter, with an applied
load of 5 N for 15 seconds. Average values were calcu-
lated from a series of 10 measurements. The equipment
used was a Zwick® ZHV10 with a CCD camera. Based on
the indentation tests, the indentation modulus was calcu-
lated following the procedures described in section X4 of
ASTM E2546-15 Standard [15]. A value of 0.3 was used
for the Poisson’s ratio of the tested materials.

3 Results and discussion

3.1 X-ray Diffraction (XRD)

DRX analysis carried out on samples of titanium-based
alloys processed by Spark Plasma Sintering (SPS), with
and without heat treatment, revealed the presence of the
majority a-Ti phase, accompanied by interstitial and inter-
metallic secondary phases.

For the sample after SPS sintering as shown in Fig. 1(a),
X-ray diffraction revealed a predominance of the a-Ti
phase (87.1%) with a compact hexagonal structure (hcp),
characterized by intense peaks located at 20 ~ 38.4°, 35.1°,
and40.25° typical of thisstructure, thishigh presence of Tia
isexpected in titanium alloys featuring a-phase- stabilizing
elements such as low-grade aluminum [16]. AITi alloy,
also hexagonal in structure, is present at 9.4%, indicating
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Fig. 1 X-ray diffraction (XRD) spectra of Ti6A12Cr2Ni alloy: (a) before
heat treatment and (b) after annealing at 550 °C

a certain affinity between titanium and aluminum to form
intermetallic compounds, particularly in areas where alu-
minum diffusion has been promoted by the localized heat
of the SPS process. Minority phases such as NiTi (2.3%)
and Cr (1.2%) are also identified. The presence of NiTi with
a hexagonal structure may result from limited diffusion of
nickel into the titanium matrix, with no visible martensitic
transformation at this stage. Chromium appears in cubic
form, probably as dispersed precipitates, as suggested by
the low intensity of its peaks at 20.6° and 43.1° [17].

The heat-treated sample (annealed at 550 °C) shown
in Fig. 1(b) demonstrates that this induced significant
changes in phases and crystal structures. The percentage
of the a-Ti phase decreased to 80.1%, which could indicate
a slight transformation or reaction of the a-Ti phase with
the additive elements in the matrix, favoring the growth
of secondary phases. The intermetallic compound AIlTi
remains constant at 9.4%, retaining its hexagonal struc-
ture but appearing with a slight shift in the corresponding
peaks (38.72°, 30.9°, 42.8°), which may reflect atomic reor-
ganization or relaxation of internal stresses, due to the SPS
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process. In addition, the NiTi phase underwent a significant
transformation from a hexagonal to a monoclinic struc-
ture. This martensitic transformation is known to occur
at low temperatures or following heat treatment, reflect-
ing improved lattice organization and stronger interaction
between Ni and Ti [18]. The peaks observed at 41.05°, 38.2°
and 72.4° are typical of this monoclinic martensitic phase,
often associated with a potential shape memory effect.
Chromium also undergoes crystallographic transforma-
tion to a tetragonal structure (64.6° and 44.37°), suggesting
possible precipitation of annealing-stabilized Cr-rich com-
pounds, which could impact local hardness.

The dominant presence of the a-Ti phase in both sam-
ples is in line with expectations for Ti-Al alloys with a low
content of f-stabilizing elements. Heat treatment at 550 °C
favors subtle crystal reorganizations and the formation of
more thermodynamically stable intermetallic phases. This
behavior has already been documented in several studies,
where post-SPS treatments induce improved microstruc-
tural homogeneity and enhanced stability of the phases
formed [19, 20]. The observation of the NiTi monoclinic
phase after annealing is particularly interesting, as it could
introduce functional effects (pseudo-elasticity, shape mem-
ory effect) into the alloy, in addition to its intrinsic mechan-
ical properties. Furthermore, the transformation of Cr sug-
gests local segregation or interaction with other elements,
probably influenced by thermal diffusion kinetics [21].

3.2 Scanning Electron Microscopy (SEM)

The SEM micrographs shown in Figs. 2 and 3 respectively
illustrate the microstructure of the Ti6AI2Cr2Ni alloy
before and after annealing heat treatment at 550 °C. Before
heat treatment (Fig. 2), the microstructure is characterized
by the significant presence of residual porosities, testify-
ing to insufficient densification during the SPS process,
visible segregation zones, reflecting an inhomogeneous
distribution of alloying elements, probably due to limited
diffusion at this stage of the process. The observation of
well-developed a-Ti phases, identifiable by their lamellar
morphology, which is in agreement with X-ray diffraction
results having identified predominantly the compact hex-
agonal a-Ti phase (hcp) [22].

After heat treatment (Fig. 3), there was a noticeable
reduction in porosity, attributed to thermal diffusion facil-
itated by annealing, resulting in improved intergranular
cohesion and a more homogeneous microstructure, with
partial disappearance of segregation zones. This homoge-
nization can be linked to the increased diffusion of Cr and
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Fig. 2 (a) SEM microstructural observations and (b) EDS mapping of
the Ti-6A1-2Cr-2Ni alloy before heat treatment

Ni elements at 550°C, which improves element redistribu-
tion [23], with the a phase remaining dominant, confirming
the stability of the hcp structure of aluminum- alloyed tita-
nium, even after moderate heat treatment [24]. The overall
improvement in microstructure after annealing potentially
contributes to improved mechanical strength, including an
increase in hardness observed in some similar cases [25].

EDS's spectrometry results confirm the electron
microscopy observations. Before treatment (Fig. 2), the
average chemical composition shows a majority titanium
content by mass (86.96%), followed by aluminum (7.16%),
carbon (2.77%), nickel (1.33%) and chromium (1.77%).
The high titanium content is consistent with the nominal
composition, but the low proportion of alloying elements
and their heterogeneous distribution corroborate the pres-
ence of segregations observed in SEM.

After heat treatment (Fig. 3), EDS analyses show
a decrease in titanium content (80.53%), with a slight
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Fig. 3 (a) SEM microstructural observations and (b) EDS mapping of
the Ti-6A1-2Cr-2Ni alloy after heat treatment at 550 °C

increase in the proportions of Cr (3.89%) and Ni (2.95%).
These trends indicate a better distribution of alloying
elements, linked to the diffusion mechanisms activated
during annealing. In addition, the decrease in carbon con-
tent suggests a partial relaxation of internal stresses and a
local purification of the analyzed surface.

All these observations underline the effectiveness of
heat treatment in improving the chemical homogeneity
and microstructure of the Ti6A12Cr2Ni alloy, which may
reflect favorably on its mechanical properties.

3.3 Microhardness

Load-unload curves obtained by instrumented indentation
on Ti6AI2Cr2Ni alloy, shown in Figs. 4(a) and 4(b), illus-
trate the evolution of the alloy's local mechanical behav-
ior before and after thermal annealing at 550 °C. These
curves provide valuable information on the material's
microhardness and modulus of elasticity, reflecting the



6 —Ptl P2 —Pt3 — P4 ‘ (a)
T T T T
5
Z
a4
3
o
g2
2]
1
0 I
0 1 2 3 4 5 6 7 8
Penetration in pm
61 —Ptl P2 —P3 - Pt4 ‘ (b)
an an an an
5
Z
g4
=
*2;03
=]
g2
75}
1
0

O 1 2 3 4 5 6 7 8 9
Penetration in pm

Fig. 4 Load-discharge curves obtained by instrumented indentation on
Ti6A12Cr2Ni alloy, (a) without heat treatment,
(b) after annealing treatment

microstructural changes induced by heat treatment. Before
heat treatment; in the initial state, the loading curves
reveal a progressive rise in applied force up to a maximum
penetration depth of around 7.5 pm, with loads peaking at
around 5.2 N. This behavior indicates an increased resis-
tance to plastic deformation, characteristic of a hard mate-
rial. The relatively steep slopes of the unloading curves
suggest a high modulus of elasticity, reflecting a poorly
relaxed crystal lattice and a high density of dislocations
induced during SPS sintering. This phenomenon is com-
mon in high-temperature, high-pressure sintered materi-
als, where the initial microstructure exhibits a degree of
heterogeneity due to thermal gradients and rapid cooling
rates [25]. After heat treatment; after annealing, the curves
show an increase in maximum penetration depth, reach-
ing up to 8.8 um, for a similar load. This increase reflects
a significant reduction in surface hardness, attributed to
the relaxation of internal stresses and partial recrystalli-
zation that occurs during heat treatment. This evolution
is corroborated by the studies of Gurrappa et al. [26], who
observed a softening of titanium alloys after annealing,
due to a reduction in dislocation density and a more ther-
modynamically stable atomic rearrangement. In addition,
the slope of the unloading curves is lower after annealing,
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indicating a drop in indentation modulus. This observa-
tion is in line with the work of Oliver and Pharr [27], who
showed that slope variations in the unloading phase can
be directly correlated to the material's elastic stiffness.
In our case, the decrease in modulus reflects a transition
to a more homogeneous, but less stressed microstructure,
possibly with slight grain growth or a decrease in the den-
sity of active grain boundaries.

These results clearly show that heat treatment at 550 °C
has significantly modified the alloy's local mechanical
response. While hardness is slightly reduced, the micro-
structural stability obtained, coupled with good measure-
ment reproducibility, indicates a potential for long- term per-
formance optimization, particularly in applications where
toughness and resistance to thermal fatigue are critical.

The results, shown in Fig. 5, reveal a significant increase
in average microhardness after heat treatment compared
to the untreated state. Before annealing, hardness values
are lower and show some variability according to position.
This response is generally attributed to an initial hetero-
geneous microstructure, characterized by a non-uniform
distribution of phases formed during rapid sintering, as
well as to the presence of porosities and residual stresses
from the SPS process [28].

After annealing, hardness increases significantly in all
positions measured. This behavior is explained by micro-
structural homogenization and improved diffusion of
alloying elements, favoring the formation or growth of
hard phases, such as NiTi and AlTi. In addition, the reduc-
tion in residual stresses and porosity, observed by scan-
ning electron microscopy (SEM), contributes to improved
resistance to local plastic deformation [29]. Annealing also
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Fig. 5 Histograms of microhardness at different positions before and
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enables a microscopic rearrangement of atoms, increasing
the density and thus the overall hardness of the alloy.
This behavior is in line with observations reported in
the literature for titanium alloys modified with interstitial
or substitution elements. In many cases, heat treatment can
induce stabilization of the hard intermetallic phases, thus
explaining the rise in hardness despite stress relaxation [30].

3.4 Young's modulus before and after annealing
Nanoindentation results showed a significant increase in
Young'smodulusafterheattreatmentat550°C, from 185 GPa
to 190 GPa as indicated in Fig. 6. This reflects an improve-
ment in the elastic stiffness of the Ti-6A1-2Cr-2Ni alloy,
which can be explained by a synergy between microstruc-
tural evolution and annealing-induced chemical redistri-
bution. DRX analysis revealed an intensification of peaks
associated with the a-Ti phase and a reduction in contri-
butions from secondary phases such as; AITi and NiTi
after annealing, suggesting improved phase stability. This
transformation favors a more homogeneous elastic behav-
ior, consistent with the observations of [31].

SEM images confirm this interpretation, showing
increased matrix densification after annealing and a sig-
nificant reduction in intergranular porosity. These obser-
vations indicate an improvement in structural cohesion
and a reduction in local heterogeneities, factors directly
correlated with the rise in Young's modulus. In addition,
EDS mapping before and after heat treatment revealed a
more uniform chemical distribution of Cr and Ni in the
matrix. This is crucial, as chemical homogeneity reduces
local stress concentrations and promotes the overall
mechanical stability of the material [32].

From a microhardness point of view, the tests showed a
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Fig. 6 Young's modulus before and after annealing

slight increase in hardness after annealing (from ~355 HV
to ~370 HV), consistent with the more pronounced pres-
ence of Ti Ni type precipitates identified by DRX. These
precipitates strengthen the a-Ti matrix through disper-
sion hardening, indirectly contributing to the increase in
elastic modulus. As reported by Ghosh et al. [22], such
controlled precipitation stabilizes mechanical properties
while maintaining good ductility.

In short, the increase in Young's modulus results from
a coherent set of modifications: microstructural densifica-
tion, chemical homogenization, phase transformation and
fine precipitation. These mechanisms have already been
described in the literature as beneficial for titanium alloys
obtainedby SPS[33]. Thus, theheat-treated Ti-6Al-2Cr-2Ni
alloy is positioned as a promising material for aerospace
applications requiring high mechanical stability under
thermal load.

4 Conclusion

This study evaluated the influence of annealing at 550 °C on the
microstructuraland mechanical propertiesofaTi-6 Al-2Cr-2Ni
alloy produced by Spark Plasma Sintering (SPS).

* SEM observations revealed a more homogeneous
microstructure after heat treatment, accompanied by
a significant reduction in porosity.

* EDS analysis confirmed a better distribution of
alloying elements (Al, Cr, Ni) in the matrix, reflect-
ing a chemical homogenization favorable to the sta-
bility of mechanical properties.

e X-ray diffraction (XRD) results highlighted a pre-
dominance of the a-Ti phase, as well as the presence
of secondary phases such as Ti,Ni, AlTi and NiTi.

* Microhardness tests showed a slight increase in hard-
ness after annealing, attributed to the precipitation of
reinforcing phases and a reduction in residual stresses.

* Finally, the nanoindentation tests revealed an improve-
ment in Young's modulus, rising from 185 GPa to
190 GPa, confirming the strengthening of the materi-
al's rigidity in line with the microstructural evolution.

In conclusion, the heat treatment applied to SPS-
sintered Ti-6A1-2Cr-2Ni optimizes compactness, pro-
motes phase stability, and improves overall mechanical
properties, particularly elastic stiffness. These results
position this alloy as a relevant material for aerospace
applications, where mechanical strength and reliability at
high temperatures are essential.
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