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a  b  s  t  r  a  c  t

A series of Ti–30Zr alloys have been synthesized by the spark plasma sintering (SPS) process
using  a mixture of elemental powders processed by mechanical alloying. A sintering tem-
perature of 900 ◦C was used during SPS with heating rates of 140, 200 and 350 ◦C min−1 with
a  constant load of 50 MPa. The effect of the heating rate on the densification, microstruc-
ture, phase transformation and microhardness is discussed. The sintering kinetics and the
in  situ densification were performed by the analysis of the punch displacement during SPS
processing. Structural details of consolidated materials were evaluated by the combination
of  X-ray diffraction, field emission scanning electron microscopy and differential scanning
calorimetry tests. Vickers microhardness of samples was also evaluated. The results show
that  samples reached high densification values up to 99.7% of the relative density by using
lower sintering temperatures in comparison to conventional sintering techniques. Phase
transformation analysis demonstrates the formation of !′′ and " metastable phases without
using any post-treatment. Microhardness values between 950 and 1040 HV were obtained
as  an effect of the SPS parameters and metastable phase precipitations.

©  2020 The Authors. Published by Elsevier B.V. This is an open access article under the
CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.  Introduction

Commercially pure titanium (CP-Ti) and its alloys are one
of the most used materials in engineering, petrochemical,
automotive and aerospace applications due to combination of
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excellent mechanical properties and corrosion [1]. In addition,
the excellent biocompatibility of these alloys make them ideal
candidates in the biomedical field [2]. Besides these outstand-
ing properties, Ti has been reinforced with additions of Ta, Nb
and/or Zr, which present better biocompatibility and corrosion
resistance in comparison to CP-Ti, and the highly used Ti6Al4V
[3]. The addition of alloying elements into Ti allows to pro-
duce changes in the microstructure and mechanical response
of the resultant alloys. Alloying zirconium to Ti has been
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continuously used in order to develop new biomedical and
structural alloys with high mechanical strength, improved
biocompatibility with small tendency to segregation during
melting [4–6]. Also, it has been reported that Ti–Zr alloys
improve the corrosion resistance by presenting a better oxide
stability and passivation behavior than CP-Ti [7].

In terms of phase stabilization, the addition of alloying ele-
ments to CP-Ti and the processing parameters affect directly
the microstructural characteristics and mechanical properties
of the final alloy [8]. For example, the addition of carbon to a Ti
matrix produce the stabilization of !-Ti phase and the incre-
ment of mechanical properties after a thermal processing [9],
while the addition of #-stabilizers such as Ta or Nb decreases
the strength and the elastic modulus of the matrix [10–13]. On
the other hand, depending on the processing conditions, #-
stabilized Ti alloys are susceptible to precipitate metastable
phases such as the martensitic !′ and !′′ with a deformed
close-packed hexagonal (P63/mmc), and orthorhombic (Cmcm)
lattices respectively, and also, "-phase with hexagonal lattice
(P6/mmm) [14]. The study of formation–decomposition mecha-
nism, and the properties of the mentioned metastable phases
helps the understanding of alloys behavior under conditions
at which they would be submitted in different applications,
improving the performance of materials in each device.

Martensitic !′/!′′ phase formation in CP-Ti and Ti-based
alloys occurs during the rapid cooling (quenching), from the
high-temperature #-Ti phase taking place at the prior #-Ti
grain boundaries by effect of a shearing process [15]. The start
temperatures of the # → !′/!′′ transformation is lowered as an
effect of the increment in the content of alloying elements,
mainly those elements acting as #-stabilizers. For example,
it has been reported that martensitic phases are obtained
with up to 2 at.% of Mo  content in the Ti–Mo binary alloy,
while 9 at.% of Ta in Ti–Ta alloys, and 6 at.% of Nb in Ti–Nb
system are needed [10]. This behavior can be considered in
cases when the preservation of the properties of these phases
is desirable [10,16,17]. Also, the decrease in microhardness
and elastic modulus of alloys presenting an !′′ microstruc-
ture have been reported [18,19]. In fact, it is mentioned that
the !′′ martensite has similar or lower modulus than #-Ti
phase in some Ti alloys such as Ti–29Nb–13Ta–4.6Zr [20]. In
addition, the mechanical properties of similar materials pre-
senting martensitic microstructures can be influenced by the
fabrication process, as it was reported for a selective laser
melted (SLM) Ti6Al4V alloy which had a higher yield strength
and less ductility than the same material fabricated by the
wrought process [21].

The # → " transformation, which is not a martensitic type
transformation, also deserves consideration in the phase anal-
ysis of Ti-based alloys. The precipitation of "-phase in Ti alloys
has been studied by Fontaine et al. [22] and Duerig et al.
[23], they classified the "-phase into two types, depending
on their kinetics: first, the athermal phase ("ath), which is
formed during cooling due to the instability of 〈1 1 1〉 planes
of the #-phase, leads to a reordering of the planes resulting
in a structural transformation into a hexagonal cell (P6/mmm).
Then, a diffusional formation of the called isothermal phase
("iso) is carried out, which is formed during isothermal aging
at low temperatures (<450 ◦C). Pearson [24] reported that the
"-phase lattice parameters are: a = 4589 Å  and c = 2.822 Å. This

was recently proved by Dubinskiy et al. [25] who concluded
that both; "ath and "iso phases have similar c/a = 0.613 ± 0.003.
Additionally, it has also been reported that ! → " transforma-
tion through special mechanisms is also possible in pure Ti
and Ti-based alloys, which is a product of the pressure applica-
tion (in a range of 2–9 GPa, approximately) and is influenced by
the temperature [26–30]. On the other hand, the reverse trans-
formation " → # in CP-Ti can be attained by inducing stress
of approximately 120 GPa [31]. In this regard, the decomposi-
tion of the "-phase was investigated at temperatures above
375 ◦C [29]. Further, several characteristics of "-phase were
investigated, for example; it has been mentioned that this
phase can strength the Ti alloys via the precipitation strength-
ening mechanism, as well as nucleation of the !-Ti phase
[25,32]. Additionally, although both types of "-phase (athermal
or isothermal) are able to cause embrittlement of Ti alloys, this
effect results negligible when the size of " precipitates is fine
(about 3 nm), which could even improve the shape memory
and superelastic properties of the alloy [33].

Recently, the demand of Ti-based alloys has increased in
spite of their high cost and different fabrication techniques,
powder metallurgy (PM) is a technique that offers the best
cost-effective processing due to minimum post-machining
costs [34]. Among the conventional powder metallurgy tech-
niques, spark plasma sintering (SPS) is a novel sintering
technique which offers a rapid consolidation of fully dense
materials [35,36]. SPS technique has been used to fabricate
pure Ti [37] and Ti-based materials such as Ti–Ta–Ru alloys
[38], Ti6Al4V–TiN composites [39], Ti–Nb alloys [40], among
others. The high density attained is an effect of the contin-
uous load assisted during sintering. These materials normally
showed the effect of the high rate cooling on their microstruc-
ture, which is characterized by fine lamellae precipitated in
the prior # grains and the increasing of phase stabilization
according to the type of element added. As a comparison,
Ti64/TiN composites fabricated using SPS [39] presented an
apparent lower TiN diffusion than conventionally sintered
Ti64/TiN materials [41] because of the difference in diffusion
time and temperature. Moreover, to the best of the author
knowledge, the information regarding Ti–Zr-based alloys fab-
ricated through out SPS is limited to Ti alloys containing Zr and
other elements [3,42,43]. Hence, the effects of SPS process on
the microstructure and mechanical properties of binary Ti–Zr
alloys must be clearly understood in order to elucidate the
behavior of Ti–Zr-based alloys and their microstructural evolu-
tion. The aim of this study is to fabricate Ti–30Zr binary alloys
by using SPS. In a first step, the preparation by mechanical
alloying of raw material and analysis of the resulted mixture
is performed. During SPS processing of mechanical alloyed
powders, the effect of heating rate on the sintering kinetics
and densification are studied. In addition, the effect of SPS
parameters on the microstructure, phase decomposition and
microhardness of the sintered alloy is also analyzed.

2.  Materials  and  experimental  procedure

In this investigation, Ti and Zr (>99.9% purity) powders were
used as starting materials. Materials were mixed in an atomic
percentage of 30 at.% Zr and 70 at.% Ti. The mixture was
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Fig. 1 – SEM image and EDS analysis of mechanical alloyed Ti–30Zr powders.

mechanically milled in an O1 steel vessel with stainless steel
balls with a hardness of 61 HRC to give a ball to powder weight
ratio of 10:1. The vial was sealed and evacuated at a vacuum
pressure of 15 MPa.  A planetary mill machine (RETSCH PM 400)
was used for the milling at 200 rpm during 8 h. Mechanically
alloyed (MA) powders were weighed to fabricate samples of
∼5 mm height and subsequently poured into a 10 mm diam-
eter graphite die. Sintering was performed by a SPS system
(Land Labox-210 SPS) applying a constant load of 50 MPa and a
sintering temperature of 900 ◦C, under vacuum. This sintering
temperature was selected since the maximum densification
of samples is reached below this temperature according to the
dilatometric data obtained from exploratory tests. Three dif-
ferent heating rates of 140, 200 and 350 were used. Samples
were then cooled with a cooling rate of 230 ◦C min−1 under
vacuum in the SPS chamber after sintering. The sample tem-
perature and displacement of punch were recorded during the
sintering process.

For further characterization, SPS samples were cross-
sectioned in order to ensure the analysis in the perpendicular
direction of the load application. Cross-sectional surfaces
were superficially prepared by conventional metallographic
techniques and etched with a Kroll solution: (3 mL  HF:6 mL
HNO3:100 mL  H2O) to analyze the microstructure. MA pow-
ders and SPS samples were analyzed in terms of structure by
means of X-ray diffraction (XRD) at room temperature by using
an Emperyan Panalytical diffractometer using K-alpha copper
radiation with an energy of 30 kV and 30 mA,  0.2 step size, and
a 1 s time step in a 2! range of 30–90◦. Microstructural and
compositional analysis of both; MA  powders and SPS samples
were also carried out by using a Mira3  TESCAN field-emission
scanning electron microscope (FE-SEM) and an XFlash® 6|30
Bruker energy dispersive spectroscopy detector (EDS), respec-
tively. Phase evolution was analyzed by means of differential

scanning calorimetry (DSC) with heating rates of 5, 15, 20
and 25 ◦C min−1 under Ar atmosphere by using a PerkinElmer
Simultaneous Thermal Analyzer (STA) 6000, whereas Vickers
microhardness values for SPS samples were obtained using a
Future Tech FM-800 microhardness tester with a load of 300 g
and 20 s of dwell time for each indentation.

3.  Results  and  discussion

3.1.  Powders  characterization

Fig. 1 shows FE-SEM micrographs of the MA Ti–30Zr pow-
ders and their elemental composition analyzed by EDS of a
selected particle. This result is representative of the analysis
performed in 10 different particles. After mechanical alloy-
ing, the resulting particles presented angular shape with sizes
below 30 $m,  approximately. Composition analysis reveals the
presence of Ti and Zr elements in similar atomic percent-
ages of MA particles than in the initially designed mixtures.
Fe amount increased from the released particles of the steel
balls and the walls of the vessel during milling.

X-ray diffraction patterns of Ti and Zr raw materials and
MA Ti–30Zr powders are shown in Fig. 2. The patterns are
vertically shifted for better comparison. As shown in Fig. 2,
raw materials (curves a and b) present diffraction peaks of
hcp !-Ti and hcp !-Zr, respectively, both recognized as the
low-temperature phases of each element [44,45]. On the other
hand, the pattern of MA powders (curve c) is formed mainly
by !-Ti and !-Zr peaks. !-Zr peaks shifts to higher diffrac-
tion angle indicating the deformation of the crystal cell due to
relatively high-energy impacts during mechanical alloying. In
addition, peaks of the cubic #-Ti phase (PDF 88-2321) resulted
from the phase transformation during the heating caused
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Fig. 2 – X-ray diffraction patterns at room temperature of (a)
CP-Ti and (b) Zr initial materials and (c) MA  Ti–30Zr
powders.

in the milling process. Some factors such as the operating
frequency and ball/powders ratio influence the temperature
reached inside the vessel during mechanical milling, which
can reached up to 600 ◦C [46,47]. Thus, solid solution occurs at
relatively low temperatures during mechanical alloying due
to the generation of crystalline defects in powders caused by
friction and high-energy impacts inside the vessel [48]. Broad-
ening of diffraction peaks was seen after mechanical alloying
as an effect of the crystallite size reduction and as a result
of induced strain in the lattice [48,49]. Additionally to peak
broadening, some reflections of the !-Ti martensitic phase (!′′)
were detected between the main !-Ti and !-Zr peaks, indicat-
ing that the energy generated during mechanical alloying was
high enough to achieve the martensitic transformation of Ti
[14,50]. Small reflections corresponding to the cubic Fe (PDF
85-1410) are also observed as a consequence of mechanical
alloying.

In order to evaluate the phase transitions occurred during
the heating in the sintering process, a DSC curve of MA Ti–30Zr
powders for a heating rate of 10 ◦C min−1 is presented in Fig. 3.
This figure shows two endothermic peaks between 400 and
650 ◦C and indicates that the reversible phase transformation
of the !′′ martensite obtained during the MA of powders into
! + # metastable phase was achieved. Detected reaction peaks
proved the existence of !′′ after mechanical alloy of Ti–30Zr
powders and the mentioned phase decomposition will be clar-
ified later.

Further heating at 730 ◦C, resulted in an endothermic peak
corresponding to the !/# transition. Detection of a lower tran-
sition temperature than the nominal for CP-Ti indicates the
diffusivity between components in the alloy. According to the
Ti–Zr equilibrium diagram [51], Zr is in constant solid solu-
tion with Ti in both; ! and # phases, also, Zr is well known as
a neutral element in terms of stabilizing Ti phases. However,
it has been observed that a #-stabilizing effect of Zr directly
depends on the content of the other #-stabilizing elements

Fig. 3 – DSC curve of MA Ti–30Zr powders.

and impurities, since Zr increased the compositional ratio of
#-stabilizing/Ti in the alloy [52]. EDS results of a conventional
sintered Ti–13Nb–13Zr alloy revealed that the Zr content in
the # phase is higher than in the ! phase, suggesting its #-
stabilizing effect [53].

3.2.  Sintering  analysis

In order to analyze the effect of the heating rate on the sin-
tering kinetics of a Ti–30Zr alloy, some considerations must
be taken. Assuming that the mass is constant during the
whole sintering cycle, the in situ density of the samples can
be obtained from:

"i = m

Vi
(1)

where "i is the instantaneous density, m is the mass of the
sample and Vi is the instantaneous volume of the compact.
The instantaneous volume depends on the densification dur-
ing sintering and is estimated from the displacement of the
graphite punch. As the sintering proceeds inside the graphite
die, the radial displacement is null due to the rigidity of the
die walls.

The relative density (D) is defined as the weight density of
the compact divided by the theoretical density of the Ti–30Zr
alloy at room temperature and can be estimated during the
whole sintering cycle as follows:

D = "i

"t
(2)

where "t is the theoretical density calculated by considering
the rule of mixtures: "t = "1f1 + "2f2, where "1 and "2 are the-
oretical densities and f1 and f2 are volume fraction of each
component in the alloy.

Densification and densification rates curves as a function
of the temperature for the different heating rates are shown
in Fig. 4a and b, respectively. The onset of sintering is indi-
cated by the change in the densification curves observed
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Fig. 4 – (a) Relative density and (b) densification rate as a
function of the temperature during sintering of Ti–30Zr
powders.

at 570 ◦C for the three heating rates used. The sintering of
samples proceeds by increasing the relative density up to
their maximum values of 98%, 99% and 96%, reached at 899,
893 and 884 ◦C for samples sintered with heating rates of
140, 200 and 350 ◦C min−1, respectively. These results indi-
cate that the increase in heating rate slightly decreased the
temperature at which maximum densification was seen. In
addition, the maximum densification values tend to decrease
with the increment in heating rate. As the diffusion in a
sintering process is time and temperature dependent, it is
assumed that a faster sintering temperature decreases the
diffusion time, which also reduces the densification level.
Samples sintered at 140 and 200 ◦C min−1 showed a very sim-
ilar densification behavior since there is not a considerable
difference between their heating rates, hence, the small vari-
ation observed between their maximum densification values
is attributed to the differences in number of contacts between
particles. Relative density values obtained here are slightly
higher than those observed for CP-Ti powders sintered with

a heating rate of 100 ◦C min−1, a pressure of 50 MPa  and 900 ◦C
[37].

The instantaneous densification rate Ḋ can be estimated as
follows [54]:

Ḋ = dDi

dti
= Di − Di−1

ti − ti−1
(3)

where Di is the instantaneous relative density at the time ti

(s), for an interval of ti − ti−1 of 1 s. As it is observed in Fig. 4b,
the densification rate values of the samples increases with the
heating rate used for sintering, attaining the maximum value
of 0.01 s−1. These values resulted higher than those reported
for the sintering of Ti and Ti6Al4V milled powders [55] and
crystalline Ti40.6Zr9.4Cu37.5Ni9.4Al3.1 powdered alloy [54]. Two
peaks are detected in the curves of densification rates obtained
at different heating rates. The first peak is attributed to the Ti
phase transition, which is observed in a range of 700–750 ◦C
for all samples. The width of the phase transition phase peaks
decreases as an effect of the heating rate. In addition, varia-
tions due to the amplitude at the top of the transition peaks
in samples sintered at 140 and 200 ◦C min−1 make difficult
the determination of the precise phase transitions tempera-
tures. Taking the first change in trend of densification rate as
a reference, the phase transition temperatures are detected
at 708, 713 and 728 ◦C for the samples sintered with 140, 200
and 350 ◦C min−1, respectively. Hence, the effect of the heating
rate can be estimated from the phase transition temperature.
A similar effect has been found to determine the transition
temperatures of low-carbon steel by means of dilatometric
analysis [56]. The phase transition temperatures during sin-
tering are very similar to those observed in DSC analysis of the
Ti–30Zr powders (Fig. 3). Nevertheless, the thermal treatment
is influenced by the pressure assistance in the SPS system,
thus, tests using different loads during sintering are required
in order to determine the load effect on the phase transition
temperature of the alloy during SPS sintering.

The second peak represents the maximum of the densifi-
cation rate reached for each sample. As it can be seen, this is
affected by the heating rate during sintering, denoting that its
increment reduces the temperature at which this maximum
is attained. This effect is attributed to the fact that a higher
heating rate gives the caloric energy to reach more  quickly the
maximum densification level of the samples, which is approx-
imately 90% for sintered materials.

In order to estimate the activation energy during sinter-
ing, it should be taken into account that the spark plasma
procedure induces the viscous flow to redistribute the matter
inside the compact, where the viscosity is directly influenced
by the sintering temperature. The first model to estimate the
shrinkage under a viscous flow was proposed by Frenkel [57].

#t

l0
= 3$

4∅%
t (4)

where &l/l0 is the axial shrinkage of the compact, $ the surface
energy, % the viscosity of material, Ø the particle diameter and
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Fig. 5 – Arrhenius plot of ln(d(!l/l0)/dT) versus 1/T of
Ti–30Zr powders sintered with different heating rates.

t the time. Viscosity follows an Arrhenius relationship over a
range of temperatures as follows:

% = %0 exp
(

Q

RT

)
(5)

where %0 (Pa s) is the viscosity coefficient, Q is the activation
energy, R is the universal gas constant (8.314 J/mol) and T the
temperature (K). Eq. (5) is possible to be written as [54,55]:

ln

(
d(#l/l0)

dT

)
= ln

( 3$

4∅%0

)
− Q

RT
(6)

The Arrhenius plot of ln(d(&l/l0)/dT) vs 1/T for the sintered
samples with different heating rates can be plotted as shown
in Fig. 5. To calculate the value of Q, a linear regression is per-
formed, and the value of the slope of the points corresponds to
Q/R, meanwhile, the frequency factor can be obtained from the
intercept. In Fig. 5, a break point of the straight line between
740 and 780 ◦C is clearly observed depending on the heat-
ing rate, indicating two different slopes which represent the
activation energy in both !-Ti (Q1) and #-Ti (Q2) temperature
ranges. It was found that the values of Q for #-Ti is approx-
imately the half of the values of Q for !-Ti regardless of the
heating rate. A similar trend of Q for ! and # phases of Ti was
reported before for micrometric Ti powders been analyzed by
dilatometry at a heating rate of 10 ◦C min−1 [58]. In Fig. 5, the
activation energy decreases with the heating rate increment
for both; !-Ti or #-Ti phases, which is in agreement with the
energy activation behavior reported elsewhere for Ti and Ti
alloys sintered by SPS [54]. According to the viscosity equation
proposed by Olevsky et al. [59], in which the viscosity coef-
ficient (%0) of 0.49 is used for Ti (Eq. (5)), a reduction in the
activation energy represents a decrease in the viscosity during
sintering.

Fig. 6 – XRD patterns at room temperature of 350 ◦C Ti-30Zr
SPS samples sintered with heating rates of (a) 140, (b) 200
and (c) 350 ◦C·min−1.

3.3.  Characterization  of  samples

X-ray diffraction patterns of the Ti–30Zr samples sintered
with heating rates of 140, 200 and 350 ◦C min−1 are shown
in Fig. 6. Unlike the MA powders, the crystallinity of phases
in SPS samples increases as an effect of the heat treatment
during sintering, allowing the definition of the diffrac-
tion peaks. As it can be observed, patterns are mainly
constituted by !′′ and some stabilized #-Ti. It has been men-
tioned that the martensitic transformations (!′ and !′′) do
not occur in the Ti–Zr system when the Zr amount is rela-
tively low (8.4 and 14.6 at.% Zr). However, it alluded that the #

stabilized systems such as Ti–Ta, Ti–V are able to transform
to a martensitic phase during cooling [51,60]. For example,
the formation of metastable martensitic !′′ phase has been
obtained in the arc-melted Ti–20Zr–10Nb [33] and Ti–30Zr–xNb
(x = 5–13 at.%) [61] alloys, both alloys were annealed similarly
in a range of 600–800 ◦C and then water quenched. Similar
martensitic # → !′′ has resulted from the quenching of a high
Zr-containing Ti-based alloy (50 wt.% Zr), been emphasized by
the induction of mechanical stresses attained from cold rolling
of the alloy [62]. On this context, it has been reported that addi-
tions of only 2 wt.% of #-stabilizer Mo into a Ti–50Zr alloy is
insufficient to obtain metastable !′′ phase but, higher amounts
as 2.5 wt.% increased the stability of the mentioned phase
[63]. On this investigation, the slight addition of Fe during the
mechanical alloying process increases the #-stabilizing effect
of Zr allowing the presence of some reflections of retained #-Ti
after SPS process of the Ti–30Zr alloy, see Fig. 6.

On the SPS process, the pressure assisting the sintering
process has a strong influence on the structure of the final
materials. Motsi et al. [37] showed the effect of pressure and
temperature on the structure of CP-Ti during SPS process. They
observed that by using temperatures below the phase transi-
tion temperature, the pressure had a negligible effect on the
structure, but using higher temperatures than the #-transus,
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the pressure has an effect on the structure decreasing the cell
parameters of !-Ti.

Reflections corresponding to the "-phase were recog-
nized in XRD patterns of Fig. 6 indicating the presence of a
small quantity of such phase in the Ti–30Zr alloy after sin-
tering. Murray [51] referred to the "-phase as a transition
structure between the high-temperature # phase and the low-
temperature !-phase in both; titanium and zirconium. The
collapse of any pair of the (1 1 1) planes along the [1 1 1]#

direction into a common plane to form a hexagonal structure
of symmetry P6/mmm, which could even present an incom-
plete transformation into a trigonal rather than hexagonal.
Moreover, it has been suggested that " precipitates due to the
relaxation of the strain caused by the volume expansion of
crystalline lattice during quenching [64]. Additionally, the for-
mation of "-phase is often related to the metastable # titanium
alloys, and is referred to one of the main causes of hardening
of alloys [61]. "-Phase was observed in a Ti–Nb alloy quenched
from aging between 150 and 300 ◦C. The precipitation of the "

phase was proved by both; the appearance of its characteris-
tic diffraction reflections, and hardening of alloys [65]. Similar
results were found for the Ti–22Nb–6Zr system [25].

As it can be seen in the pattern b of Fig. 6, in SPS Ti–30Zr
materials sintered at 200 ◦C min−1, "-phase diffraction peaks
are more  intense and easily detected. The increase in the
intensity of peaks can be related to an increase in the amount
of "-phase in the sample regarding the samples sintered at
140 and 350 ◦C min−1, which resulted from the higher #-Ti
stabilization. Additionally, diffraction peaks of Zr4Fe (PDF 18-
0667) and FeTi (PDF 83-1635) intermetallics are detected on the
patterns of Fig. 6 (curve b), while those peaks are hardly dis-
cernible in the other samples. The formation of intermetallic
compounds between Zr and Fe [66–69], as well as between Fe
and Ti [70,71] from different processes has been studied before.

In the analysis performed by Li et al. [60], the formation of
the "-phase was not detected in diffraction patterns of cold-
rolled Ti–Zr alloy (30 and 50 at.% Zr) after annealing at 700 ◦C
and water quenched. That alloy was prepared from pure mate-
rials by means of the arc-melting process, without prealloying
or milling step. On the other hand, the "-phase was detected
by Qu et al. [61] in a Ti–30Zr alloy with different additions of Nb,
fabricated by arc-melting and with a similar processing tech-
nique (with an annealing temperature of 600 ◦C). Likewise, Cui
et al. [33] observed the formation of "-phase from the anneal-
ing at temperatures between 600 and 800 ◦C of cold-rolled
Ti–20Zr–10Nb alloy. Based on this evidence, the formation of
the "-phase appears to be enhanced by the addition of both;
#-stabilizers and/or impurities to the Ti–Zr alloys.

Fig. 7 shows the FE-SEM images of the SPS Ti–30Zr samples
sintered with different heating rates. The high densification
level attained by samples can be appreciated from the reduced
amount of porosity presented in the samples. On the other
hand, the differentiation from the BSE images can be made
since Zr acts as #-Ti stabilizer and increases the atomic num-
ber of that phase. !′′ and #-Ti can be differentiated as the
dark and bright phases, respectively. The effect of the heat-
ing rate is negligible on the microstructures of the samples
sintered with 140 and 350 ◦C min−1 while a slight increase
in the grain size of the sample sintered at 200 ◦C min−1 is
observed. It has been demonstrated for arc-melted Ti–Zr alloys

that the main microstructure obtained is a deformed !-Ti
microstructure (!′/!′′), which is a result of the difference in
atomic radius between Ti and Zr, showing an acicular type
microstructure which refines with the Zr content [60,72]. This
type of microstructure is also presented in Ti–Zr based alloys
with additions of #-stabilizers fabricated via melting since
they promote the distortion of the crystal lattice [4,33,61,63].
The mentioned microstructure was also observed in a sin-
tered Ti–13Nb–13Zr alloy which contains a balanced amount
between Zr and Nb as #-stabilizer, even with a relatively slow
cooling (furnace cooling) [53,73].

The microstructural features of the SPS Ti–30Zr alloy
obtained in this research differ from those of the Ti–Zr based
alloys fabricated by others techniques such as arc melting
and conventional sintering, which showed acicular or fine
plate-like ! + # microstructures. The microstructures in our
SPS Ti–30Zr materials is featured by equiaxed !-Ti grains pre-
cipitated in the #-Ti matrix. It is complicated to compare
the microstructure of a Ti–Zr alloy resulted from melting and
that obtained from an SPS process due to the marked differ-
ences in the processing. The conventional sintering process
differs from SPS mainly in the pressure-assistance, and the
high heating and cooling rates. On the other hand, the SPS
Ti–13Nb–13Zr alloy investigated by He et al. [2] presented
an equiaxed microstructure which is completely different to
that showed by the same alloy fabricated by conventional
powder metallurgy [53,73] and/or selective laser melting [74]
which tend to be lamellar or acicular type. Additionally,
the lack of previous reports regarding Ti–Zr alloys fabricated
by the SPS technique becomes a challenging task to eluci-
date the obtained microstructure of a SPS Ti–Zr alloy. The
! equiaxed microstructure obtained here is attributed to a
recrystallization phenomenon promoted by both; the #-Ti
phase stabilization effect of the Zr and the sintering condi-
tions as the heating and cooling rates as well as the pressure
assisting the sintering process.

3.4.  Phase  transitions  analysis

The study of the decomposition of phases during heat treat-
ments is really important not only to analyze the phase
stability during thermal influence, but also to prove the pres-
ence of certain phases obtained during a prior process. Both
objectives allow improving the further processes of materials,
increasing their maneuverability for certain applications of
these alloys. In order to analyze the reversible phase transfor-
mations of the SPS Ti–30Zr materials, DSC curves of tests with
different heating rates of a sample sintered at 200 ◦C min−1

which are representative of the other samples are shown in
Fig. 8. The corresponding phase transformation temperatures
are listed in Table 1. A first endothermic peak is detected at
246 ◦C in the curve (a), corresponding to the transformation
of the "-phase (Tω) into metastable !-Ti. Therefore, the analy-
sis of the transition temperature of the "-phase found here
will be performed by comparison with the literature infor-
mation as follows. The decomposition temperature of the
"-phase in SPS Ti–30Zr materials (Tω = 246 ◦C) resulted higher
than that reported for CP-Ti (107 ◦C) [27]. Other evidence for
a Ti–30Zr with additions of Nb as #-stabilizer, the Tω of the
alloy increases from 309 to 334 ◦C with the addition of 7 and
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Fig. 7 – FE-SEM images of the SPS Ti-30Zr samples sintered with heating rates of (a) 140, (b) 200 and (c) 350 ◦C·min−1. The
figure on the left-hand side shows the secondary electron (SE) image while the figure on the right-hand shows side the
back-scattered electron (BSE) image.

9 at.% of Nb, respectively [61]. Additionally, for a Ti–20Zr–10Nb
alloy, the mentioned Tω was 300 ◦C [33]. The comparison of the
above-mentioned results with the Tω for SPS Ti–30Zr materi-
als obtained here, allow inferring that the Tω depends on the
#-stabilization degree in a Ti–Zr alloy.

Two peaks are observed in the curve (a) of Fig. 8 correspond-
ing to the austenitic transformation of the martensitic !′′ into
metastable #-Ti with the start of transition temperature (As)
of 346 ◦C and the final transition temperature (Af) of 717 ◦C.
The peaks identified as P1 an P2 represent the decomposition
process as studied by Motyka et al. [15]. This process follows
the scheme:

!′′ → !′′
en + !M→ ! + #M→ ! + # (7)

where the martensitic !′′ transform into a mixture of !′′

enriched of the alloying elements which established the #-
Ti and metastable !-Ti, as the transformation starts, P1. The
maximum of the transformation is reached at AP1 and at
the end of P1, a combination of !-Ti and metastable #-Ti is
obtained. Subsequently, in P2, the metastable #-Ti transform
into stable #-Ti at the maximum AP2 to form a mixture ! + #,
which further transformation expected is the transition to the
high-temperature #-Ti phase.

Similarly to the "-phase transformation, an effect of the
heating rate used during the DSC tests on the austenitic
transformation temperatures is observed. The increase in the
heating rate in the tests produced the shift of the peak P1
to higher temperatures, while the peak P2 slightly shift to
lower temperatures with the increasing heating rates. It seems
that with the usage of higher heating rates both peaks will
be unified, to show only one peak for the phase transition as
most of the investigations reported. This phenomenon can be
explained by the combination of both transitions when the
first is not completed and the second transition stars due to
the high heating rate. This behavior of onset temperature shift
with the heating rate has been extensively studied by Saeed
et al. [75]. In their work, the shift in transition temperatures
is attributed to the rate of enthalpy change with the different
heating rates, additionally, they suggested that the exploration
of both; the optimal heating rate and sample mass would be
performed in order to ensure the higher sensitivity for testing
each material.

In this work, DSC tests at different heating rates were
performed in order to investigate more  accurately the tran-
sition temperature of the present phases in the SPS Ti–30Zr
alloy. From the tests, it is possible to identify a decomposi-
tion temperature of the !′′ in the range of 346 ◦C as the start
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Fig. 8 – DSC curves of scans performed with heating rates
of (a) 5, (b) 15, (c) 20 and (d) 25 ◦C min−1 of Ti–30Zr sintered
with 200 ◦C min−1.

of transformation to 717 ◦C as the end of the transformation,
which narrows as the heating rate increase. In addition, it can
be determined a maximum of the transformation tempera-
ture of 583 ◦C for the complete decomposition of !′′ into stable
! and # phases. It has been reported that the !′′ martensite to #

phase transition temperatures decreases with the addition of
#-stabilizers to the Ti–Zr alloy, as seen in [29,41]. These results
suggest that the increase in Zr content is rising the transi-
tion temperature, and on the other hand, the Nb amount is
able to decrease the transition temperature. The increasing in
transition temperature with the increment of Zr content was
also proved for a melted Ti–Zr alloy [60].

3.5.  Microhardness  analysis

Fig. 9 shows the effect of the heating rate used during the
SPS process on the microhardness of the Ti–30Zr alloy. As can
be observed, the microhardness values of the three samples
resulted in the range of 950 and 1040 HV. Samples sintered
at 140 and 350 ◦C min−1 showed very similar values while the
microhardness value of the sample sintered at 200 ◦C min−1

results slightly higher. The microhardness values obtained
in this investigation resulted higher than the usual values
for Ti–Zr alloys fabricated by means of melting, which ranks

Fig. 9 – (a) Microhardness values of Ti–30Zr samples
sintered by using different heating rates and (b) optical
micrograph of a Vickers indentation on a Ti–30Zr sample
sintered with a 140 ◦C min−1.

between 150 and 300 HV [72,76] and between 482 and 526
HV by the conventional powder metallurgy technique [77],
depending on the Zr content. The differences between the
microhardness values reached by means of both techniques
can be explained by the efficiency in the diffusion between Ti
and Zr during the process. It is believed that segregation occurs
during melting of materials with different melting points,
although remelting is performed to avoid that [78]. In the con-
ventional powder metallurgy process, the high temperatures
attained during the mechanical alloying and the sintering
steps, enhance the diffusion of elements contributing to a
better homogeneity of the alloy [49,77].

On the other hand, it is well known that the #-Ti has
the lowest mechanical properties such as hardness and elas-

Table 1 – Phase transformation temperatures acquired at different heating rates for Ti–30Zr sample sintered with
200 ◦C min−1.

Heating rate (◦C min−1) Tω (◦C) As (◦C) AP1 (◦C) AP2 (◦C) Af (◦C)

5 246 346 468 645 717
15 323 416 513 676 717
20 343 451 521 616 685
25 397 471 546 593 695
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tic modulus [79]. Nevertheless, in Ti–Mo system, the higher
volume fraction of !′′ phase in a Ti–7.5Mo alloy presented
a microhardness almost 15% lower than the Ti–15Mo alloy,
which showed a complete #-Ti microstructure [18]. Similar
results were observed in Ti–Nb system in which the samples
with !′′ martensitic phase showed lower hardness than the
materials with !′ and #-Ti microstructures, respectively [80].
However, this behavior is not presented by the SPS Ti–30Zr
alloy studied here. The increase in grain size in the sample
sintered at 200 ◦C min−1 suggests that the increment in the
volume fraction of !′′ is increasing the microhardness of the
sample. The increment in microhardness of the !′′ martensite
can be due to the solid strengthening caused by the alloying
of Zr to Ti, as previously seen for the Ti–50Zr–5Al–4V alloy
[62]. Additionally, it is reported that the formation of "-phase
[33,65] and metastable phases can harden the Ti alloys [15,81].
The increment in the microhardness value of the SPS Ti–30Zr
sample sintered at 200 ◦C min−1 in regard to the other samples
can be attributed to the slight increase in the amount present
of "-phase and metastable Zr4Fe and FeTi, as it was discussed
above in Fig. 7.

An important factor to take into account for the expla-
nation of the high microhardness obtained by the Ti–30Zr
materials investigated in this work is the high densification
level attained, which resulted as an effect of the high tempera-
ture, high heating and cooling rates, and the pressure assisting
the sintering during the SPS process [37]. The Ti–20Nb–13Zr
fabricated by Husseinn et al. [43] using SPS resulted almost
near full dense with also high Vickers hardness (670 HV using
900 ◦C) denoting the effect of the SPS process in obtaining
high hardness values. Those authors made a useful compar-
ison of HV values of different types of Ti alloys fabricated by
means of different sintering techniques. In their comparison,
the alloys fabricated by using SPS attained higher hardness
among similar alloys fabricated by means of conventional sin-
tering techniques. Thus, composition can be the cause of the
lower hardness values obtained by Hussein, as compared with
the achieved hardness values for the SPS Ti–30Zr materials
studied on this investigation.

In addition, it is well known that the properties of bulk
materials can be influenced by the mechanical milling [82].
The possible effects of mechanical alloying process such as
disorder of lattice and increase in dislocation density can
effectively stress the lattice generating residual stresses and
harden the particles [83]. It has been mentioned that materi-
als fabricated by using ball milled powders showed hardness
values considerably higher than alloys produced with pre-
alloyed powders [84]. Since SPS is usually carried out under
non-equilibrium conditions such as higher heating and cool-
ing rates, the reordering of crystal lattice and residual stresses
relaxation is not completely achieved during the sintering pro-
cess leading to hardened materials. Cracks observed around
indentations in Fig. 9b are often associated to brittle mate-
rials, which have higher hardness values [85]. Additionally,
it has been reported that the increasing in cooling rate from
the sintering temperature can improve the mechanical prop-
erties of a Ti alloy as an effect of a hardening process called
“sinter hardening”, which occurs when sintered materials are
quenched directly after the sintering step [86,87].

4.  Conclusions

On this investigation, the effect of the heating rate on the sin-
tering behavior of the Ti–30Zr alloy fabricated by means of the
SPS process was studied. A microstructural characterization
and the analysis of phase decomposition and microhardness
of materials were performed in order to investigate the main
features of the Ti–30Zr alloy synthesized by the SPS process.
The main conclusions drawn from the results obtained are as
follows:

High values of relative density up to 99.7% of the samples
were attained by using the SPS processing. It was assessed that
the activation energy for sintering and the phase transition
temperatures increased with the heating rate while the maxi-
mum densification rate slightly decreased with the increment
in the heating rate.

SPS Ti–30Zr alloys are mainly composed of equiaxed grains
of !′′ martensite precipitated into a #-Ti retained matrix. The
SPS parameters also contributed to the precipitation of "

phase. A slight increase in !′′ grain size was observed by using
a heating rate of 200 ◦C·min−1.

!′′ and "-phase decomposition temperatures obtained by
DSC analysis were in agreement with the phase transition
temperatures measured by displacement of the sample dur-
ing SPS processing. The phase decomposition temperatures
increased as an effect of the heating rate. This observation
allowed to establish the optimum heating rate for this kind of
tests (5 ◦C min−1).

Microhardness values of the SPS Ti–30Zr materials resulted
about 3 times higher than those obtained for the same alloy
fabricated by other techniques as a result of the solid strength-
ening effect and the formation of both; metastable phases and
intermetallic precipitations.
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[82] Kozlík J, Stráský  J, Harcuba P, Ibragimov I, Chráska T, Janeček
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