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� HIP post-treatment was performed on
L-PBF fabricated Ti64 reinforced with
nYSZ ceramic.

� HIP post-treatment was successful in
increasing the relative density of
reinforced parts.

� HIP processing parameters prevented
b phase formation in reinforced parts.

� HIP post-treatment generated thick a
grains and homogeneous
microstructure.

� HIP post-treatment increased the
plastic deformation of all parts
without drastic strength decrease.
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a b s t r a c t

This study discusses the effects of hot isostatic pressing (HIP) post-treatment on Laser Powder Bed Fusion
of Ti6Al4V and Ti6Al4V reinforced with 1 wt% and 2.5 wt% of nano-yttria-stabilized zirconia (nYSZ). The
bulk parts display a higher density after HIP post-treatment than the as-built counterparts. Besides, X-ray
diffraction (XRD) analysis indicates a reduction of the b phase percentage after HIP. An increase in a grain
thickness is noticed on both reinforced and unreinforced parts. Additionally, compared to their un-HIPed
counterparts, the microhardness decreases after HIP post-treatment by 3%, 11%, 8% and 4% for the as-built
Ti6Al4V, stress relieved Ti6Al4V, 1 wt% nYSZ reinforced and 2.5 wt% nYSZ reinforced parts, respectively.
The same trend was observed for the yield stress, which decreases by 1%, 4% and 8%, for the as-built
Ti6Al4V, stress relieved Ti6Al4V and 2.5 wt% nYSZ-reinforced parts respectively after HIP post-
treatment, except for 1 wt% nYSZ-reinforced part, whose yield stress increase by about 7%, which could
be attributed to the specific texture evolution within this material. The plastic strain was significantly
enhanced after HIP in all materials.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Nowadays, additive manufacturing (AM) technique is widely
deployed for parts fabrication in several fields such as aerospace,
petrochemicals, and medical fields. According to the ASTM com-
mittee F42 standards, AM is a manufacturing process aiming to
synthesize parts with full density and net-shaped components.
Laser powder bed fusion (L-PBF) technology is an AM technique
which consists of depositing and melting thin powder layers on a
metallic substrate.

L-PBF technology is known for producing parts using a wide
choice of powder feedstock such as aluminum alloys, stainless
steel and titanium alloys. In the latter case, the two-phase a + b
titanium alloy, Ti6Al4V (hereinafter Ti64) is the most optimized
alloy for AM due to its interesting properties under various loading
conditions. Ti64 alloy is used in many applications such as medical,
aircraft, naval ships, spacecraft, and missiles, etc. It possesses a
very high strength at low temperature, a low density, and a high
fracture toughness, which makes it the best candidate for the
actual research. The L-PBF melting process of Ti64 is well under-
stood, and standard parameter sets are available for numerous
commercial L-PBF machines.

At room temperature and optimized melting process, the as-
built Ti64 parts produced by L-PBF, possess a tensile strength
and an elongation in the range 1040–1211 MPa and 1.4–6.5%
respectively [1]. However, ASTM F136 standards state that elonga-
tion should be at least 10%, and the tensile strength higher than
860 MPa. Therefore, post-treatments are mandatory to increase
the elongation. Despite its excellent mechanical properties, con-
ventionally fabricated or as-built L-PBF Ti64 still does not satisfy
the needs of several fields for which high strength alloys are highly
demanded, especially in the aerospace industry. To enhance the
mechanical properties of Ti64, few attempts were made via L-PBF
technology through the addition of particles into the titanium
matrix to create reinforced Ti64 alloys. These attempts have been
proven to be useful. As a result, the strength of Ti64 significantly
increased but at the expense of the plastic deformation.

A recent study [2] has been carried out on L-PBF fabricated Ti64
with 0.25 wt% boron powder blend. After processing, the manufac-
tured part exhibited a relative density of about 99.5% (No HIP post-
treatment was applied) along with hardness of about 392 HV0.5,
which is 30 HV0.5 higher than that of un-reinforced L-PBF fabri-
cated Ti64. No data was provided, however, on the tensile or com-
pression behavior of the reinforced alloy. Another very recent
study by Zhou et al. [3] was carried out on L-PBF fabricated Ti64
reinforced by TiB2 particles, and results showed an increase in
strength but a drastic reduction in plastic deformation (under both
compression and tensile loadings), even after applying a classical
heat treatment (550 �C for 3 h), the plastic deformation remained
very low (less than 5%). Here again, no HIP post-treatment was
considered. Huber et al. [4] reported on L-PBF fabricated Ti64 with
2% wt. Fe powder mixture. Their results showed an increased hard-
ness of about 534 HV after conventional heat treatment and excep-
tional compression strength of about 1857 MPa. However, a drastic
reduction of the plastic strain from 20% to 4.3% only was observed
compared to pure Ti64. This was caused by the formation of nm-
scale a-precipitates and/or to the a phase-stabilizing effect of the
higher amount of aluminum of the alloy.

Among the different heat treatments that are generally
employed to enhance the plastic deformation and other physical
characteristics, HIP post-treatment seems to be the one that gives
the best combination of optimized microstructure and mechanical
properties. While many studies on the influence of HIP post-
treatment on the microstructure and mechanical properties of L-
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PBF fabricated Ti64 have been carried out over the past years [5–
8], the influence of HIP on the microstructure and mechanical
properties of particle-reinforced L-PBF fabricated Ti64 parts has
seldom been studied.

To our knowledge, none of these mentioned studies have
addressed the effect of HIP post-treatment over microstructure (in-
cluding crystallographic texture evolution) and mechanical prop-
erties of ceramic-reinforced Ti64 alloy manufactured via L-PBF
technology. For instance, it was observed in a recent study that
the addition of B4C ceramic particles to Ti64 and manufactured
using L-PBF tends to give a scattered and weak texture [9] but no
HIP post-treatment was conducted to investigate the texture evo-
lution during HIP.

In a recent study, Hattal et al. [10] reported on the microstruc-
ture and mechanical characteristics of L-PBF fabricated nYSZ-
reinforced Ti64 (the reason behind choosing nYSZ particles as rein-
forcement is that: compared to conventional ceramics (i.e. Al2O3

and TiO2), nYSZ is considered a promising candidate to reinforce
engineering metals and alloys. In addition, it has a good chemical
and thermo-dynamical affinity towards certain metals at high tem-
perature, especially Titanium [10],). Although a good strength to
plastic deformation ratio after room temperature compression
tests were reported, it appeared that both microstructure and
mechanical properties could still be improved by reducing the L-
PBF process-related defects such as porosities and the homoge-
nization of the final microstructure. Some data concerning the den-
sity measurements, the main microstructure features and some
basic mechanical properties have already been published else-
where [11]. Therefore, the goal of this work is to unveil mostly to
the AM community and especially to researchers working on L-
PBF fabricated Ti64, the effect of HIP post-treatment not only on
the microstructure, and mechanical properties but also on the
strain hardening and texture evolution of Ti64 reinforced with
nYSZ ceramic particles and manufactured via L-PBF technology
by taking as an example, the nYSZ-reinforced Ti64 alloy. The pre-
sent paper aims at analyzing in more details the observed density
evolution in connection with the impurity content and the crystal-
lographic parameters, as well as the hardening behavior, in con-
nection with the microstructure and texture evolution.
2. Material and experimental methods

2.1. Materials and manufacturing process

One powder batch of as-received Ti64 powder produced via
Electrode Induction-melting Gas Atomization (EIGA) having a
nominal composition shown in Table1, with an average particle
size of about 25 mm (Fig. 1(a)) was prepared. In addition, two
batches of blends of Ti64 powder and 1 wt% and 2.5 wt% of nYSZ
nanopowder (nominal composition shown in Table 2; average par-
ticle size of nYSZ is 40 nm) (hereinafter ZTP1 and ZTP2.5, respec-
tively) were also fabricated (Fig. 1(c-f)). The powders and the
blend characteristics are summarized in Table 3. The blends were
prepared using a T2F Turbula� blender with 6 h of mixing time
under argon protected environment. The blending protocol and
L-PBF process were developed and carried out at Z3DLAB Com-
pany. The melting process was optimized on an SLM 125HL
machine from SLM Solutions GmbH company. The machine is
equipped with a YAG-fiber laser of maximum power of 220 W, a
maximum scanning velocity of 1.8 m/s and beam diameter of
80 mm. The most important melting parameters are shown in
Fig. 2(a). After several trials for the sake of building crack-free
and dense parts (Fig. 2(b)), the following L-PBF process parameters
were selected: layer thickness 30 mm; power 200 W; laser expo-



Table 1
The chemical composition of the as-received Ti64 powder in accordance with ASTM F2924.

Element Ti Al V O C N H Fe

Weight (%) Bal 6.2 4.0 0.07 0.01 0.02 0.002 0.14

Fig. 1. Particle shape morphology of the starting powders: (a) Ti64 powder, (b) nYSZ, (c) ZTP1 powder blend, (d) is an enlargement of a powder particle in ZTP1 powder blend,
(e) ZTP2.5 powder blend and (f) is an enlargement of a powder particle in ZTP2.5 powder blend.

Table 2
The chemical composition of the as-received nYSZ nanopowder (Data from USNanoTM).

Particles ZrO2 Y2O3 Al Mg Si Ca S Nb

Content (ppm) Bal 51,000 20 65 102 75 165 119

Table 3
Powder blend compositions (HT: stress relief Heat Treatment, HIP: Hot Isostatic Pressing) and designation of the elaborated various parts.

Ti6Al4V (wt%) nYSZ (wt%) Powder batches Parts Parts + HIP

100 0 Ti64 powder as-built Ti64 Ti64 HIP
100 0 Ti64 HT Ti64 HT + HIP
99 1 ZTP1 ZTP1 HT ZTP1 HT + HIP
97.5 2.5 ZTP2.5 ZTP2.5 HT ZTP2.5 HT + HIP
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Fig. 2. (a) Schematic setup of L-PBF technology [9]; (b) L-PBF melting platform.
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sure time 100 ls; laser scanning speed 700 mm/s; hatch spacing
80 lm; point distance 65 lm; a chess scanning strategy. These
parameters resulted in an energy density of 119 J/mm3. The L-
PBF platform was preheated up to 200 �C to reduce residual
stresses.

2.2. Post-treatment protocol

All parts except the as-built Ti64 were subjected to stress relief
heat treatment (600 �C for 2 h) in an argon protected environment
and in accordance with AMS 2801 standards (these parameters
have proven to be effective in reducing drastically the magnitude
of residual stresses within Ti64 alloy manufactured by laser pow-
der bed fusion [12]). Then, all parts without exception were sub-
jected to a Ti64 standard HIP post-treatment
(920 �C/100 MPa/2 h), in accordance with F3001 standards. The
HIP post-treatment was carried out in three stages; the first one
is a heating stage with heating and pressure rate of about 10 �C/
min and 0.11 MPa/min respectively. The second stage is a two
hours dwell time at temperature of 920 ± 4 �C under a pressure
of 100 ± 12 MPa. The final stage is a cooling step, at a rate of about
5 �C/min. During the cooling stage, the parts remain inside the HIP
chamber until the temperature of 40 �C is reached.

2.3. Density measurements

Density measurements of all parts before and after the HIP post-
treatment were performed using an Accupyc II 1340 He pycnome-
ter apparatus. The measurement method consists of alternative
cycles of injecting and purging helium gas inside the pycnometer
chamber (further details on the method can be found in [13]). All
parts were first put in an ultrasonic bath to eliminate entrapped
powder then rinsed with ethanol and dried in an oven for 24 h.
Next, the weight of each part was taken using a high accuracy bal-
ance. Right after, the parts were put individually inside the pyc-
nometer measuring chamber. Finally, density results were
collected using twenty measurements for each part and the aver-
age relative density was computed from these results.

2.4. Phase analysis and microstructure characterization

Samples were cut from each part and then mechanically pol-
ished with 600 to 4000 grids of SiC papers followed by mirror pol-
ishing using nano silica solution (OPS). X-ray diffraction (XRD) was
used to perform the phase analysis of all samples with (25� <
2h < 90� and D2h = 0.03�), using CuKal (k = 0.154056 nm) radiation
4

source with Thermo Fisher Inel Equinox 1000 X-ray diffractometer.
XRD analysis was performed with two software. MATCH software
was first used for the phase identification. Then, a complete Riet-
veld refinement analysis was performed with MAUD (Material
Analysis Using Diffraction) software [14], to extract the lattice
parameters of the various phases. To reveal the microstructure,
samples were etched using the Kroll solution. The microstructure
characterization was performed by scanning electron microscopy
(SEM FEG SUPRA 40VP-ZEISS). Electron backscatter diffraction
(EBSD) investigations were further carried out on electro polished
samples using a step and a scan size of 80 nm and (110 � 110 mm2),
respectively. OIM Version 7 software was used to perform EBSD
data analysis.

The dislocation density in the samples was determined by X-ray
line profile analysis (XLPA). The patterns were measured by a high-
resolution rotating anode diffractometer (type: RA-MultiMax9,
manufacturer: Rigaku) using CuKa1 radiation (wavelength, k = 0.
15406 nm). The height and the width of the rectangular X-ray spot
on the sample surface were 1.5 and 0.2 mm, respectively. The mea-
sured peak profiles of matrix were evaluated by the convolutional
multiple whole profile (CMWP) fitting procedure [15]. In this
method, the diffraction pattern is fitted by the sum of a back-
ground spline and the diffraction peaks obtained as the convolu-
tion of the instrumental peaks and the theoretical line profiles
related to the microstructure parameters including the dislocation
density. The instrumental peaks were measured on a NIST
SRM660a LaB6 peak profile standard material. The reflections
appeared in the diffraction angle (2h) range between 30 and 150�
were evaluated. As an example, Fig. 1.S. in the supplementary file
shows the CMWP fitting for the as-built Ti64 sample. The fitting
is excellent as revealed by the practically zero difference between
the measured and calculated diffraction patterns. More details
about the XLPA evaluation can be found in Ref. [16].
2.5. Mechanical properties

Both microhardness measurements and compression tests were
performed to investigate the mechanical behavior. The microhard-
ness tests were conducted according to ASTM E384 standards
using a microhardness tester (DuraScan) at a load of 200 gf and a
dwell time of 15 s. Compression tests were performed at room
temperature (three specimens were tested for each material),
using an MTS 100 testing machine, at a strain rate of 10-3 s�1

according to ASTM E9 standards.



Fig. 3. Effect of nYSZ addition and HIP post-treatment over parts relative density.
The percentages of a and b phase in all samples are also indicated, in red for the
XRD measurements and in black for the EBSD characterizations.
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3. Results and discussion

3.1. Bulk density measurements

Fig. 3 shows the effect of nYSZ and HIP post-treatment over the
relative density of the manufactured parts. The relative density
here is defined as the ratio of the experimental ðqex) to a reference
ðqref ) density. The reference density, was taken from the literature
[17] for Ti64 alloy in an annealed state at room temperature, is set
equal to 4.43 g/cm3. For the reinforced materials, a reference den-
sity has been calculated from the reference Ti64 value, by adding 1
and 2.5 wt% of nYSZ, respectively, and by taking qnYSZ ¼ 6:05g=cm3

[18]. Using these values, the reference densities are calculated to
be 4.44 g/cm3 and 4.46 g/cm3 for the two reinforced materials,
respectively.

It is seen in Fig. 3 that all samples present a relative density
between 0.992 and 0.995 before HIP due to the homogeneous pow-
der distribution (see Fig. 2.S in supplementary material) and the
optimized L-PBF process. Also, a significant increase in the density
after HIP is observed for all samples. The percentages of b phase,
measured by EBSD and XRD are also indicated in the figure and will
be commented below. The relative density measured after HIP
becomes higher than 0.999 for all samples and becomes even
higher than 1 for the ZTP2.5 HT sample, which may appear surpris-
ing. However, it is worth mentioning that the considered reference
value for Ti64 does correspond to a material (generally obtained by
classical thermomechanical processing) associated with one single
(and unknown) set of lattice parameters and percentages of a and
b phases, whose variations during HIP (see below) will strongly
affect the density of the material. In addition to classical density
measurements, large-scale SEM micrographs (see Fig. 3.S in sup-
plementary material) also showed few minor porosities in parts
prior to HIP post-treatment, which means that the L-PBF parame-
ters were optimum. Nevertheless, due to this low initial observable
porosity content, the effect of HIP post-treatment on the porosity is
not straightforward. Other undetected defects might, certainly,
exist inside the fabricated parts. These defects require a specific
measuring equipment such as X-ray computed tomography (XCT)
which is not available to us for the moment. Nevertheless, HIP
post-treatment does induce major microstructural changes (a/b
5

phase content, crystallite sizes, texture. . .) and most of these
changes may interfere in density calculations. It can, however, be
assumed that the increase in density after HIP for all samples
reflects in part the elimination of structural defects, such as encap-
sulated porosities inherited from atomization process as previ-
ously discussed [19–21]. The relative density value higher than
one for sample ZTP2.5 HT + HIP can be explained by an underesti-
mation of the reference density. Indeed, in the former calculation
of the reference density the effect of b phase was not considered.
According to the XRD phase analysis, the b phase contains a high
concentration of vanadium. Namely, the secondary body-
centered cubic (BCC) phase was identified as Ti0.7V0.3 (PDF card
No. 01–081-9817). The cell volume of this composition is about
10% smaller than that for pure bcc Ti while tha mass of V is similar
to Ti. Therefore, the density of BCC Ti0.7V0.3 phase is about 10%
higher than that for pure BCC Ti, i.e., about 4.82 g/cm3. Since the
fraction of this secondary phase is about 10% (see Fig. 3) and its
density is about 8–9% higher than that calculated for the matrix,
the reference density of the samples may be 0.8–0.9% greater than
that estimated in the calculation of the relative densities in Fig. 3.
Thus, the relative densities may be overestimated with 0.8–0.9%
which can explain the value higher than one for sample ZTP2.5
HT + HIP. It should be noted that the enrichment of the b phase
in vanadium should be associated with the depletion of vanadium
in the matrix which may change its density. Therefore, the precise
value of the reference density is not available. Nevertheless, the
increase of the relative density due to HIP is evident from Fig. 3.

3.2. XRD analysis

3.2.1. Phase analysis
The XRD patterns obtained for the Ti64 powder and ZTP2.5

powder blend, along with that of the L-PBF -processed and post-
HIP treated parts, have already been published elsewhere [11].
According to these XRD data, it was established that the Ti64 pow-
der was essentially composed of a-titanium phase, whereas the
ZTP2.5 powder blend was constituted of both a-titanium phase,
tetragonal and monoclinic nYSZ phases. After melting by L-PBF
and stress relief heat treatment, the as-built Ti64 and Ti64 HT parts
also appeared essentially composed of a-titanium (presumably
martensite (a’) for the as-built state). Indeed, in most of these
cases, the percentage of the b phase remains below 5%, as mea-
sured by EBSD (see Fig. 3), a percentage which is hardly detectable
by XRD. On the contrary, when the percentage of the b phase
becomes more pronounced (7–15%), it becomes detectable by
XRD, and the percentages are then in very good agreement with
those measured by EBSD (see Fig. 3). This is the case for the ZTP1
HT and ZTP2.5 HT specimens, which indicate the presence of a b
phase reaching volume fractions of 10.33% ± 0.57% and 14.24%±
1.07%, respectively (the texture of all samples was considered in
order to determine the b phase content [10,22]). The formation
of the b phase of these materials could be attributed to the b-
stabilizing effect of zirconia [23]. A clear dual a - b structure could
also be detected by XRD for the Ti64 parts after a HIP post-
treatment. This could be attributed to the high HIP post-
treatment temperature, as reported by Qiu et al. [5], but also to
the highly metastable state of the microstructure after L-PBF pro-
cessing this case. On the opposite, it is clear from Fig. 3 that the
percentage of the b phase strongly decreases after HIP for the three
materials after HT. Indeed, it is suspected that the low cooling rate
after HIP induces an almost complete b – a transformation.

3.2.2. Lattice parameters
Fig. 4(a,b) shows the evolution of a, c and c/a lattice parameters

of the a phase in all samples, and all measured values are reported
in Table 4. The a phase has a hexagonal close-packed (HCP) lattice



Fig. 4. Evolution of (a) ‘‘a”, (b) ‘‘c” lattice parameters, (c) ‘‘c/a” ratio and (d) crystallite size of the a phase for all investigated samples before and after HIP post-treatment. ‘‘a”
and ‘‘c” represent the lattice parameters of a phase (HCP crystal structure).

Table 4
Lattice parameters (in Ǻ) of the studied materials, results extracted from Rietveld refinement analysis using MAUD software.

Material a lattice parameter (HCP) (Å) c lattice parameter (HCP) (Å) c / a (HCP) a lattice parameter (BCC) (Å)

Before HIP After HIP Before HIP After HIP Before HIP After HIP Before HIP After HIP

Ti64 powder 2.9261 – 4.6616 – 1.5931 – –
as-built Ti64 2.9387 2.9239 4.6708 4.6689 1.5894 1.5968 – 3.2084
Ti64 HT 2.9355 2.9263 4.6985 4.6702 1.6006 1.5959 – –
ZTP1 HT 2.9390 2.9274 4.7002 4.6794 1.5993 1.5985 3.2148 –
ZTP2.5 HT 2.9289 2.9314 4.6790 4.6895 1.5975 1.5997 3.2008 –
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structure, and ‘‘a” and ‘‘c” are the lattice parameters of this crystal
structure; the b phase has a body-centered cubic (BCC) lattice
structure, and the ‘‘a” parameter represents the lattice parameter
of this BCC crystal structure.

The Ti64 powder c/a ratio was found equal to 1.5931 ± 10-4 as
seen in Fig. 4(c), i.e., smaller than the ideal ratio of 1.633 for the
HCP crystal structure [24]. According to the available literature,
the c/a value of Ti64 powders is highly affected by impurities
and especially oxygen [25] and nitrogen [26]: these authors men-
tion e.g., a c/a ratio varying from 1.5950 to 1.5970 for an oxygen
content varying from 0.13 to 0.35 wt%. The c/a values of Ti64 pow-
der obtained here are thus consistent with those reported by Oh
6

et al. [25], since our powder contains 0.13 wt% of oxygen. After
powder melting by L-PBF, the lattice parameters a and c of the
as-built Ti64 parts increase, indicating a lattice expansion during
L-PBF, sometimes also reported in the literature [27]. This expan-
sion is associated with a slight decrease (0.2%) of the c/a ratio, com-
pared to that of the powder (see Fig. 4(c)). After heat treatment, we
observe an increase (0.7%) of the c/a ratio for Ti64 HT, compared to
the as-built Ti64 parts, which could be related to impurities pick-
up (mainly oxygen and nitrogen) during stress relief heat
treatment.

Indeed, we performed oxygen measurements using inductively
coupled plasma mass spectrometry (ICP) (results are shown in



Table 5
Oxygen measurements of all powders and their corre-
sponding parts using ICP.

Powders Oxygen content

Ti64 powder 0.066 wt% (±0.0028 wt%)
ZTP1 powder 0.19 wt% (±0.0035 wt%)
ZTP2.5 powder 0.252 wt% (±0.0021 wt%)
Manufactured parts Oxygen content

as-built Ti64 0.14 wt% (±0.002 wt%)
Ti64 HT 0.19 wt% (±0.005 wt%)
ZTP1 HT 0.37 wt% (±0.002 wt%)
ZTP2.5 HT 0.69 wt% (±0.004 wt%)
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Table 5). We noticed that oxygen levels increased after mixing
nYSZ particles with Ti64 powders which is quite obvious because
of the oxygen atoms found in nYSZ nanopowder (see Fig. 2.S in
supplementary material for EDS analysis). After L-PBF process,
however, oxygen levels increased in all parts. For instance, the oxy-
gen level of the as-built Ti64 was 0.14 wt% compared to 0.067 wt%
for the Ti64 powder (that is, an increase of 112%). The oxygen level
also increased during stress relief heat treatment, to reach 0.19 wt
% (an increase of 36%, compared to the as-built state). This is an
indication showing that some oxygen residues were not only pre-
sent inside the L-PBF machine melting chamber but also inside the
argon protected oven used for stress relief heat treatments.

Since the packing efficiency of interstitial sites along the a-axis
is higher than along the c axis, oxygen preferentially diffuses to the
less packed sites, resulting in a dilatation of the c parameter and a
simultaneous reduction of a parameter. This agrees with our find-
ings and the oxygen and nitrogen contents of our samples will be
systematically checked in the future. Nevertheless, stress relief,
which is precisely the aim of the HT step, may also be responsible
for these variations. In any case, we expect that these changes in c/
a ratio, due to an increase of the oxygen content and/or to stress
relief, may have an effect on mechanical properties which will be
discussed in Section 3.4.1. The addition of 1 wt% of nYSZ causes
an increase in both a and c lattice parameters of the ZTP1 HT sam-
ple compared to Ti64 HT. The addition of 2.5 wt% of nYSZ, however,
results in a reduction of a and c lattice parameters of the ZTP2.5 HT
sample. It is challenging in this case to understand the reasons
behind this particular evolution of both lattice parameters and
density, which could be due to a strong interaction between Ti64
and nYSZ particles during L-PBF process, resulting into high local
stresses, present even after HT. In addition, nYSZ contains the yttria
element within its structure which is an impurity scavenger [28].
This question will be explored in the future.

The b phase lattice parameter is also modified by the addition of
nYSZ, and is determined to be equal to 3.215 ± 10-3 Å and
3.201 ± 10-3 Å for the ZTP1 HT and ZTP2.5 HT samples respectively,
i.e. lower than the value generally measured in dual phase and
annealed Ti64 at room temperature, which is equal to 3.221 Å [24].

After HIP post-treatment, and except for the ZTP2.5 HT + HIP
sample, both a and c lattice parameters of all samples decrease,
compared to the same parts prior to HIP post-treatment. This
decrease in lattice parameters is accompanied by an increase in
crystallite size as shown in (Fig. 4(d)) which means that HIP
post-treatment also successfully induces a reduction of the
microstructural defects (such as dislocation substructures) in the
samples. This increase of the crystallite size is especially very
noticeable for the ZTP2.5 HT + HIP, for which it is associated to
an increase of the lattice parameters. We thus observe that, what-
ever the cause of the density evolution (addition of interstitial ele-
ments, stress relief or reduction of defects within the materials,
both porosities and microstructural defects), this evolution is gen-
erally consistent with that of the lattice parameters, except for the
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ZTP2.5 HT + HIP sample, for which the XRD determination revealed
to be difficult and possibly less precise than for the other materials.
The reduction of the lattice parameters during HIP has already
been observed in some other studies (e.g. Teng et al. [29]). It is usu-
ally solely attributed to the evolution of the a and b phase compo-
sitions, especially due to the so-called partitioning of alloying
elements during cooling. In the present case, and as shown in
another study on Ti64 (Tahri et al. [30]) the evolution of the com-
position of both phases cannot alone explain such reductions of the
lattice parameters. We can thus suspect that the reduction of lat-
tice defects produced during L-PBF process could contribute signif-
icantly to this parameter evolution.

3.3. Microstructure investigation

3.3.1. SEM analysis
Fig. 5 depicts the microstructure of the L-PBF fabricated parts

before and after HIP post-treatment. The microstructure of parts
before HIP is composed of a lamellar grains with different thick-
nesses and lengths in accordance with literature [31]. Fig. 5 reveals
precipitates with white contrast observed at the lamellar a bound-
aries that could be indexed as b phase. Indeed, it is known accord-
ing to the available literature [32] that Kroll etchant attacks
preferentially the a phase rather than the b phase of titanium
alloys and thus the b phase is revealed as clear white entities under
backscattered electron microscopy. It is thus clear from these pic-
tures that a small percentage of the b phase is indeed present in all
materials, but the specific location of the phase which is quite dis-
persed renders its quantification difficult in XRD. However, as
already mentioned, when this XRD quantification is possible, the
agreement between the EBSD and XRD determination is quite
good, in spite of the large difference in the size of the investigated
volume (see e.g. the b phase percentages determined in ZTP1 HT
and ZTP2.5 HT which is higher than 10%). Such a high percentage
of b phase was also reported by Hausmann et al. [33] in L-PBF
and then HIPed Ti64 alloy. Contrariwise, in the present study, the
b fraction of the HT parts subjected to HIP post-treatment is
observed to be systematically lower (and in most of the cases too
low to be detected by XRD) than before HIP. Finally, it should also
be noticed that the HIP post-treatment tends to generate much
more elongated b precipitates in the case of ZTP2.5 HT + HIP com-
pared to Ti64 HT + HIP and ZTP1 HT + HIP. In addition to the b
phase, we found out that some nYSZ particles, located between a
and/or b grains, were not completely melted (see Fig. 4.S in supple-
mentary material for TEM analysis). These unmelted or partially
melted nYSZ particles could be the result of nYSZ reflecting the
laser beam [34].

3.3.2. Grain size evolution
3.3.2.1. Evolution of a phase grains prior to HIP post-treat-
ment. According to literature, L-PBF fabricated Ti64 usually pre-
sents a hierarchical structure of a grains [27,35]. Four types of a
grains are thus identified based on their size, and more precisely
according to the length of the major axis which can be greater than
20 mm, between 20 and 10 mm, between 10 and 2 mm or less than
2 mm. The associated a grains are then called primary, secondary,
ternary and quartic a grains respectively. This hierarchy is associ-
ated with the thermal history of the L-PBF process [27]. The frac-
tions of a phase grains are summarized in Table 6.

Based on the above-mentioned classification, it is noticed from
Fig. 6(a-g) that secondary a grain fractions are found to be 1.7%,
6.7%, 2.7% and 0.5% for as-built Ti64, Ti64 HT, ZTP1 HT, and
ZTP2.5 HT, respectively. It is generally assumed that these sec-
ondary a grains form in the early stages of the thermal history
[27]. Similarly, from Fig. 6(a-g), ternary a grain fractions are esti-
mated to be about 29.7%, 28.2%, 33.5% and 19.7%, while quartic a



Fig. 5. SEM images of melted parts (building direction BD) before and after HIP post-treatment. (a, c, e, g) represent the microstructure of as-built Ti64, Ti64 HT, ZTP1 HT and
ZTP2.5 HT respectively; (b, d, f and h) are the corresponding microstructures after HIP post-treatment. The white colored precipitates correspond to the b phase.
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grain fractions are about 21.9%, 38%, 30% and 32.4% for as-built
Ti64, Ti64 HT, ZTP1 HT and ZTP2.5 HT respectively. One should
know that a quartic grains estimation in ZTP2.5 HT is limited
due to the insufficient resolution of SEM equipment. The formation
of ternary and quartic a grains is assumed to occur during the later
stage of the thermal history, while the growth process is inhibited
8

by the boundaries of previously precipitated a grains as well as the
absence of subsequent thermal cycles [27]. According to the results
reported here, the addition of nYSZ seems to favor the formation of
a ternary and quartic grains. This in an indication that nYSZ plays a
significant role in inhibiting the a grain growth during L-PBF
process.



Table 6
The fractions of a phase grains of all materials before and after HIP post treatment.

Primary a
(%)

Secondary a
(%)

Ternary a
(%)

Quartic a
(%)

as-built Ti64 0.9 1.7 29.7 21.9
Ti64 HIP 0 0.43 45.4 27.3
Ti64 HT 0 6.7 28.2 38
Ti64 HT + HIP 0.32 10.3 48.4 26.1
ZTP1 HT 0 2.7 33.5 30
ZTP1 HT + HIP 0 7.2 40.9 29.1
ZTP2.5 HT 0.7 0.5 19.7 32.4
ZTP2.5

HT + HIP
0 2.9 33.3 36.7
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3.3.2.2. Evolution of a grains after HIP post-Treatment. At first sight,
it is seen from Fig. 6(b-h) that grain coarsening occurs during HIP
post-treatment: the secondary a grain fractions increase to 4.5%,
10.3% and 7.2% for Ti64 HIP, Ti64 HT + HIP and ZTP1 HT + HIP,
respectively. However, no significant change in the secondary a
grains fraction is observed for the ZTP2.5 HT + HIP sample com-
pared to the ZTP2.5 HT one as shown in Fig. 6(g,h). As for the tern-
ary a grains, their fractions are estimated to be 45.4%, 48.4%, 40.9%
and 33.3% while quartic a grain fractions are estimated to 27.3%,
26.1%, 29.1% and 36.7% for Ti64 HIP, Ti64 HT + HIP, ZTP1
HT + HIP and ZTP2.5 HT + HIP, respectively. It is noticed that the
secondary a grain evolution follows the same tendency as the
one observed before the HIP post-treatment (see previous section),
although larger a secondary and ternary grain fractions were found
after HIP post-treatment. During HIP post-treatment, the fraction
of the ternary a grains of Ti64 HIP, Ti64 HT + HIP, ZTP1 HT + HIP
and ZTP2.5 HT + HIP increases to 15.7%, 20.2%, 7.4%, 13.6%, respec-
tively. It is well known that a grains become thicker and smaller in
length after HIP post-treatment, as reported e.g., by Hausmann.
et al. [33] in the case of the Ti64 manufactured via L-PBF and HIPed
at 900 �C under 100 MPa for two hours. One can notice again that
the effect of nYSZ addition can still be observed after the HIP post-
treatment. The observed decrease in grain thickness with the
increase of nYSZ will impact the mechanical properties as dis-
cussed in the next section.
Fig. 6. a-phase grains size evolution (along the BD) as a function of nYSZ addition
before and after HIP post-treatment: (a, b, c, d) correspond to as-built Ti64, Ti64
HIP, Ti64 HT and Ti64 HT + HIP materials respectively; (e, f, g, h) correspond to ZTP1
HT, ZTP1 HT + HIP, ZTP2.5 HT and ZTP2.5 HT + HIP, respectively. White regions refer
to residual b phase or/and not well indexed small grains. Min & Max here refer to
the minimum and maximum axis of a grains. Total Fraction represents the fraction
3.3.2.3. Dislocation density evolution. In the as-built Ti64 sample,
the dislocation density was high (�22 � 1014 m�2), revealing that
L-PBF can yield a large defect density. HIP processing resulted in a
significant decrease of the dislocation density to about � 1.0 � 1014

m�2 in the as-built Ti64 sample. The annihilation of dislocations
formed during SLM can be caused by the high temperature of
HIP. The stress relief heat treatment for the L-PBF processed Ti64
sample yielded a decrease of the dislocation density to a similar
level as observed after HIP for the as-built Ti64 sample. For the
heat-treated specimen, additional HIP did not change the disloca-
tion density considerably, i.e., it remained at the order of magni-
tude of 1014 m�2. The addition of 1 and 2.5 wt% zirconia to Ti64
did not yield considerable change in the dislocation density of
the heat treated and HIP-processed specimens.
of these a grains. Blue-, green-, yellow- and orange-colored grains represent grain
sizes ranging from 0.1 to 2 mm, 2 to 10 mm, 10 to 20 mm and 20 to 30 mm
respectively.
3.4. Mechanical properties

3.4.1. Microhardness tests
According to Fig. 7, the average microhardness of the as-built

Ti64 is equal to 350 ± 13 HV. After stress relief heat treatment,
the microhardness increases to 406 ± 2 HV. As reported in a recent
study, this behavior could be explained by either the formation of a
hard phase Ti3Al [36] or/and the reduction in grain size [37]. While
the presence of Ti3Al phase was not investigated/found in the pre-
sent study, we could conclude from the observation of Fig. 6(a,c).
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The grain refinement has indeed been favored during HT. But we
also notice in Fig. 6(a) that the as-built Ti64 is not well indexed
after EBSD analysis, probably because of the presence of residual
stresses at this stage. As a result of this relatively bad quality of
the EBDS patterns, the proportion of the very small grains is under-
estimated. On the contrary, after stress relief heat treatment, the



Fig. 7. Effect of nYSZ addition and HIP post-treatment on the average microhard-
ness of L-PBF fabricated samples.
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microstructure is more stable and contains fewer microstructural
defects (i.e., dislocations as revealed in the former section) and
thus, the small grains that did not appear in the as-built Ti64 are
now clear. Therefore, the theory of grain refinement after stress
relief heat treatment should be overruled. On the other hand, this
Fig. 8. Effect of nYSZ addition and HIP post-treatment over the true stress – true plastic st
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increase in microhardness after stress relief heat treatment can be
related to the pronounced increase in c/a ratio of Ti64 HT compared
to as-built Ti64 (Fig. 4(c)), which is most likely due to impurities
introduced during stress relief heat treatment (e.g., the oxygen
content increased as shown in Table 5) and that induces in turn
a solid solution strengthening mechanisms [38]. In the same line,
it is also seen that the addition of 1 wt% and 2.5 wt% of nYSZ results
in an increase in microhardness of the fabricated parts to about
440 ± 3 and 510 ± 8 HV, respectively. This increase can be attribu-
ted to both the reinforcing effects of nYSZ particles and the grain
size reduction.

When HIP post-treatment is then applied, all parts exhibit a
lower microhardness, equal to 342 ± 11 and 357 ± 12 HV, for
Ti64 HIP and Ti64 HT + HIP respectively, in accordance with the
available literature [33] and consistent with the observed grain
growth. The strong decrease in microhardness in the case of Ti64
HIP compared to as-built Ti64 is also due to the formation and
growth of the b phase [39], clearly seen in Fig. 5 for Ti64 HIP parts.
It is worth noting that the reduction in grain size cannot alone
determine the microhardness value of Ti64 HIP. Indeed, the micro-
hardness of Ti64 alloys after a thermo-mechanical treatment such
as HIP will depend on the proportion, shape, size and distribution
of both a and b phases. According to Fig. 5(b), b grains seem to be
homogeneously distributed along a grain boundaries. This will
allow dislocations to recombine, leading to a decrease in their den-
sity and a decrease of microhardness in turn [40]. Finally, it is seen
rain response during room temperature compression tests at a strain rate of 10-3 s�1.



Table 7
Mechanical data extracted from the compression tests.

YS (MPa) YS0.2% (MPa) CS (MPa) ermax (%) emax (%)

as-built Ti64 840 977 1280 14 17.3
Ti64 HIP 837 960 1309 39 43.5
Ti64 HT 960 1082 1346 18 25.9
Ti64 HT + HIP 925 1060 1331 28 28.9
ZTP1 HT 1110 1171 1456 12 16.3
ZTP1 HT + HIP 1190 1270 1545 22 29.4
ZTP2.5 HT 1301 1469 1834 10 11.6
ZTP2.5 HT + HIP 1200 1370 1705 15 17.8
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in Fig. 7, that the microhardness of ZTP1 HT + HIP and ZTP2.5
HT + HIP is also lower than that measured in ZTP1 HT and
ZTP2.5 HT respectively. From Fig. 7, the general trend of the pre-
sent study is thus a clear decrease of the microhardness after HIP
for all tested materials, essentially linked to the grain size evolu-
tion. Some possible additional influence of the texture on micro-
hardness evolution is discussed in 3.4.3.
3.4.2. Room temperature quasi-static compression tests
The true stress–strain (true plastic strain) compression curves

of the as L-PBF and HIP processed as-built Ti64, Ti64 HT, ZTP1
HT, and ZTP2.5 HT parts are presented in Fig. 8. The plastic strain
has been calculated by assuming a classical additive decomposi-
tion of the total strain between elastic and plastic strains, and thus
by subtracting the apparent elastic strain from the total one [22].
The curves have also been smoothed in order to calculate the strain
hardening rate (SHR) h ¼ dr=de. This procedure allows then to
determine three quantities: the Yield Stress (YS), determined at
zero plastic strain, the flow stress determined at 0.2% plastic strain
(YS0.2%), less dependent on the accuracy with which the linear part
of the curve is determined, and the maximal Compression Stress
(CS). The plastic strain associated with the maximal stress ðermax),
as well as the maximal plastic strain emaxð Þ achieved (which char-
acterizes the total plastic strain) have also been determined. All
these quantities are listed in Table 7.

It is quite clear at first sight that the HIP treatment has the dou-
ble effect of (i) reducing the stress level (one single exception is
found for the ZTP1 HT material) and (ii) increasing strongly the
compression plastic deformation of all materials. Increasing the
percentage of zirconia has, however, the opposite effect: the stress
level increases, but the plastic deformation decreases with increas-
ing percentage. We also notice on these curves that both HT and
HIP post-treatments have a favorable effect on the compression
plastic deformation of the as-built material.

The values of YS0.2% and CS are now plotted in Fig. 9 for all mate-
rials, before and after HIP post treatment. It is seen that both quan-
tities evolve generally in the same way with the post-treatment
and the addition of reinforcements.

The evolution of the dislocation density during compression
was also studied by XLPA. Compression of the Ti64 HIP sample
up to the strain of about 39% resulted in an order of magnitude
increase of the dislocation density from � 1.0 � 1014 m�2

to � 19 � 1014 m�2. The latter value is similar to the dislocation
density determined for the as-built Ti64 specimen before HIP. For
Ti64 HT + HIP, ZTP1 HT + HIP and ZTP2.5 HT + HIP samples, com-
pression up to the strains of 28, 22 and 15%, respectively, resulted
in an increase of the dislocation density to 22, 11 and 9 � 1014 m�2.
Fig. 9. Effect of nYSZ addition and HIP post-treatment on the yield (YS0.2%) and
compression stresses (CS) of L-PBF fabricated samples.
3.4.2.1. Effect of stress relief and HIP post-treatments on the strength
and plastic deformation of the un-reinforced parts. According to
Fig. 8 and Fig. 9, we see that after stress relief heat treatment, both
CS and YS0.2% of Ti64 HT increase, compared to the values found in
the as-built material. This is expected from the observed grain
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refinement, as already shown in another study [41]. Indeed, it is
observed in Fig. 6(a-c) that the quartic grain percentage (smallest
grains) increases by almost 20% in the case of Ti64 HT compared
to as-built Ti64. In addition, we have concluded from the XRD
and chemical analyses that there was possibly an additional solid
solution strengthening, due to the increase of the impurity content.
These effects overwhelmed the softening effect of the decrease of
the dislocation density during heat treatment of Ti64 processed
by L-PBF.

It is seen, however, that the influence of the HIP post-treatment
on both YS 0.2% and CS values is quite limited for the un-reinforced
material, producing generally a slight decrease of these values (X.
Yan et al. [42] reported an outstanding increase of YS 0.2% and CS
values which were attributed to the reduction of porosity content
from 5.9% to 0.5%). One exception is found for the value of CS of the
as-built material, which slightly increases after HIP (but it corre-
sponds to a quite large strain value). It is worth mentioning though
that the curves of the un-reinforced materials after HIP are so flat
that the precision of the determination of the maximum stress
strongly depends on the smoothing procedure. Previous studies
[36,43] also found a yield strength decrease after HIP post-
treatment in Ti64, that was attributed to the complete transforma-
tion of a martensite to a more stable and twin-free a phase, the
coarsening of the a grains and the appearance of the b phase
[27,36]. In the present study, all three reasons may be valid: an
increase in the b phase percentage has been identified by XRD in
Ti64 HIP; EBSD results (Fig. 6) have clearly shown a grain size
increase for the as-built Ti64 and Ti64 HT after HIP post-treatment.

It is also seen in Fig. 8(a) that the plastic compression strain of
Ti64 HIP is about twice (40%) higher compared to as-built Ti64
(�18%). The poor plastic strain of as-built Ti64 (see Fig. 5.S in sup-
plementary material for fracture analysis) may be attributed to the
presence of defects (both porosities and microstructure defects)
after elaboration, whereas the enhanced plastic deformation of



Fig. 10. Hardening curves deduced from the stress – strain curves (Fig. 8). (a) un-reinforced and (b) reinforced parts.

Table 8
Estimated hardening coefficients for two plastic strain ranges for all materials.

Sample n (plastic strain from 0 to 1%)

Before HIP After HIP

as-built Ti64 0.0803 0.0513
Ti64 HT 0.0624 0.0608
ZTP1 HT 0.0638 0.0524
ZTP2.5 HT 0.0652 0.0677

n (plastic strain from 1 to 2%)

Before HIP After HIP

as-built Ti64 0.07 0.05
Ti64 HT 0.065 0.0608
ZTP1 HT 0.059 0.038
ZTP2.5 HT 0.084 0.14
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Ti64 HIP may be attributed to both grain size increase and defect
reduction. In addition, fracture analysis showed a dimple-like sur-
face which is a signature of ductile behavior (see Fig. 5.S in supple-
mentary material for fracture analysis). Perhaps the most
important feature in this fracture analysis is the fact that HIP
post-treated materials present more elongated dimples compared
to their non-HIPed counterparts. Also, the presence of a well-
distributed b phase within the matrix tends to homogeneously dis-
tribute the applied stress and therefore the material will have an
enhanced deformation capacity. In the case of Ti64 HIP, the EBSD
analysis shows clearly that the b phase (whose content is esti-
mated as 8%), is homogeneously distributed (see Fig. 5(b)). Since
b grains are usually softer than a grains, it can be concluded that
the presence of this b phase facilitates the deformation of Ti64
HIP. It is observed from Fig. 8(b) that the compression plastic strain
is, however, almost unchanged after HIP for the HT sample, for
which we find 26% and 29% for Ti64 HT and Ti64 HT + HIP, respec-
tively. It seems that additional HIP after the heat treatment can
only slightly improve the plasticity of Ti64 sample since both the
dislocation density and the b phase fraction do not change signifi-
cantly during HIP. The slight improvement in the maximum strain
can be caused by the reduced porosity due to HIP.
3.4.2.2. Effect of stress relief and HIP post-treatments on the strength
and plastic deformation of the reinforced parts. From Fig. 8 and Fig. 9,
it can be seen that both YS 0.2% and CS increase with nYSZ content,
most probably because of both the effects of grain refinement (see
Fig. 6) and the reinforcement effect due to nYSZ. HIP post-
treatment has only a slight effect on the strength of the reinforced
materials: for the ZTP1 HT and ZTP2.5 HT samples the strength
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slightly increased and decreased, respectively. The evolution of
the different microstructural features (porosity, b phase fraction,
grain size, texture etc.) during HIP have different effects on the
strength. The decrease of the porosity hardens the material while
the grain growth has a softening effect. At the same time, the effect
of the decrease of b phase fraction during HIP on the strength is
questionable since this phase is softer than the hcp matrix but their
incoherent particles in the matrix can hinder the motion of dislo-
cations, i.e., may yield hardening. Our experiments suggest that
for ZTP1 HT sample the hardening effects were more pronounced.
Most probably, the enhanced intensity of texture components

(0002)a and (11 2
�
0)a contributed to the hardening of this material

(the texture development will be presented in section 3.4.3). On
the other hand, for ZTP2.5 HT specimen the grain growth during
HIP overwhelmed the softening effects. It should be emphasized
that HIP processing improved significantly the maximum compres-
sive strain, thus for all studied materials post treatment by HIP
allows a better synergy of mechanical properties. It is worth men-
tioning, though, that the possible contributing parameters to the
strength are so numerous (grain size, defect content, impurities
content, residual stresses. . .), that the only way to quantify the
contribution of each would be through a modeling approach,
which is out the scope of the present paper.

It is also seen in Fig. 8 that there is again a clear increase of the
compression plastic strain after HIP for the two reinforced materi-
als; the measured values are 17.5 ± 3% and 26.4 ± 1.5%. for ZTP1 HT
and ZTP1 HT + HIP respectively, and 18.7 ± 1% and 21.4 ± 2.2% for
ZTP2.5 HT and ZTP2.5 HT + HIP respectively. Clearly, the obtained
microstructures characterized by a limited amount of b phase
homogeneously distributed within the a matrix Fig. 5(f-h) and
by a slight grain size increase within the a phase are quite ductile;
while these two elements are necessary for an improved plastic
deformation, they are not sufficient: the marked improvement is
therefore also a sign of a reduction in the number of defects. In
addition, the surface of the fractured specimens showed a mixture
of ductile dimples and river-like surfaces (see Fig. 5.S in supple-
mentary material for fracture analysis), a combination that gener-
ally results in a less brittle fracture.

3.4.2.3. Effect of stress relief heat treatment, composition and HIP post-
treatment on hardening. The hardening rate curves h rð Þ are calcu-
lated ((h ¼ dr=deÞ, where }r} represents the true stress and }e}
is the true strain. The data are plotted in Fig. 10 for all materials
before and after HIP. The starting point of these curves has been
chosen to be the point at which the hardening rate starts decreas-
ing, which allows eliminating the elastic–plastic transition, while



Fig. 11. Pole figures of L-PBF fabricated parts (along BD) before and after HIP post-treatment. (a, b, c, d) represent the poles of as-built Ti64, Ti64 HT, ZTP1 HT and ZTP2.5 HT
respectively; (e, f, g, h) are the corresponding poles of Ti64 HIP, Ti64 HT + HIP, ZTP1 HT + HIP and ZTP2.5 HT + HIP respectively.
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keeping the very beginning of plasticity. It is seen that the initial
values of stress are always well below the YS0.2% values in both
un-reinforced (Fig. 10(a)) and reinforced parts (Fig. 10(b)). We
can see that all the curves have the same overall shape, composed
of three stages, the first one associated with a slow decrease of h,
followed by a long stage associated with a faster decrease of h,
and a final one is again characterized by a slow decrease of h,
before reaching the maximal stress value. These curves are quite
typical of polycrystalline materials deforming by multiple slip for
which the hardening evolution is governed by the evolution of
the global dislocation density. While the evolution of the disloca-
tion substructures was not investigated in detail during compres-
sion in the present study, the following discussion is provided
based on the available literature:

The initial slow decrease of the hardening rate could correspond
to the very beginning of plasticity, with an increasing number of
active systems and a limited amount of recovery up to the second
stage associated with polyslip [44], characterized by a strong
decrease due to more active recovery (dislocation annihilation
through e.g., cross-slip), before the final stage which could corre-
spond to the onset of different recovery mechanisms or to struc-
tural instabilities. We can thus conclude that the addition of
nYSZ does not seem to modify the basic deformation mechanisms
of the Ti64 alloy. Post-treatments (HT and HIP) have clearly the
effect of reducing both stresses and hardening rates, but again
without changing the basic deformation mechanisms (storage
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and annihilation of dislocations), at least in the second stage of
the hardening curve. These post-treatments produce, however, an
extension of the stress range of the third hardening stage, which
could indicate either different recovery processes or the initiation
of structural instabilities occurring at high stresses [44]. Of course,
the precise evolution of dislocation storage and annihilation
depends in a complex way on the microstructure of the material
(initial density, phase distribution, grain size, texture, . . .). Again,
it could be evaluated through a modeling approach, but this is
out of the scope of the present paper.

The hardening capacity of the various materials can, however,
be quantitatively assessed by e.g., calculating the strain hardening
coefficient [45] within the initial plastic ranges. This coefficient n is
defined as the slope of the curve lnr ¼ f ðln eÞ. For simplicity and in
line with previous studies [10,45], the same strain ranges have
been considered for all materials, since the data are too noisy to
precisely evaluate the limits of each hardening stage. The results
of such calculations are presented in Table 8 for 0 – 1% and 1–2%
plastic strain ranges.

It is interesting to note that this strain hardening coefficient is
systematically lower than before HIP (except for ZTP1 HT). This
is consistent with the hardening curves presented in Fig. 10, except
for the ZTP2.5HT sample for which the experimental curve before
HIP is quite noisy (see Fig. 10). This observation could be the sign
of different hardening and storage capacities of the various sam-
ples, associated with the different microstructures. The observed



Fig. 12. Effect of texture over (a) microhardness and (b) yield stress at 0.2%.
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grain growth after HIP post-treatment may play a major role in the
decrease of hardening rate. It is noted that as revealed in Table 7
for all samples the yield strength only slightly changed during
HIP (mostly decreased sligtly). Most probably, the softening effect
of grain growth was almost compensated by the strengthening due
to the reduction of porosity, leading to a slight softening. For sam-
ple ZTP1 HT, the slight increase in strength during HIP can be
attributed to the enhanced intensity of the texture components

(0002)a and (11 2
�
0)a. On the other hand, the hardening rate in

the beginning of compression mostly decreased for the studied
samples owing to HIP (see Table 8) since this rate is less influenced
by the porosity and the grain growth usually decreases the harden-
ing rate at the onset of deformation (due to the less obstacles
against dislocation glide). The only exception is ZTP2.5 HT sample
for which there is an opposite trend. The reason of this effect is
most probably related to the high reinforcing particle content but
a deeper explanation requires additional studies.
3.4.3. Texture evolution and its effect on mechanical properties
Pole figures were extracted from EBSD analysis performed in an

area of about 550 � 550 mm2 having a normal vector lying parallel
to the building direction (Z-axis). A1 and A2 represent here
the X and Y directions respectively, as referred to ASTM F3001-

14, and A3 represents the building direction Z. The ð101
�
0Þa,

(0002)a and ð112
�
0Þa pole figures have been plotted for the a

phase, and the (110)b, (200)b and (222)b pole figures have been
plotted for the b phase (whose estimated percentage varies
between 4 and 15%).

a- Texture development in the un-reinforced parts before and after
HIP post-treatment

We observe from Fig. 11 that the texture intensity is low
(around 2 for the (0002)a pole figure) for the as-built Ti64 even
after HIP post-treatment. Therefore, texture effect on mechanical
properties could be overruled for both as built Ti64 and Ti64 HIP

parts. However, in the case of Ti64 HT, the (0002)a and ð112
�
0Þa

pole figures present a higher intensity which is further increased
after HIP post-treatment in addition to a preferential orientation

close to Z ¼ 112
�
0

h i
a
andX ¼ 0002½ �a. This increase in texture

intensity after HIP post-treatment may have affected the mechan-
ical properties of Ti64 HT + HIP. Most researchers mention a loss of
14
about 25% in strength associated with an increase in plastic defor-
mation after HIP post-treatment in the case of Ti64 manufactured
via L-PBF and HIPed at 900 �C [5,36]. In our case, the observed
strength decrease is only about 5% for Ti64 HT + HIP. This small
decrease in strength could be related to texture development dur-
ing HIP post-treatment as seen in Fig. 11(b,f) [46], which may be
related to particular recrystallization and / or phase transformation
mechanisms. It is worth mentioning also that for all materials, the
pole figures measured in both phases are consistent with the Burg-
ers mechanism that classically governs the b ? a phase transfor-
mation and which can be described by the crystallographic

relationship ð110ÞBCCkð0001ÞHCP; 1
�
11

h i
BCC

k 112
�
0

h i
HCP

. This is espe-

cially clear for the texture of the Ti64 HT + HIP sample, even if
the presented data are not sufficient to estimate the number of
possible a variants generated from a single b grain.

b- Texture development in the reinforced parts before and after
HIP post-treatment

The intensity of (0002)a and (11 2
�
0)a poles of ZTP1 HT + HIP

increases significantly compared to that of the ZTP1 HT sample,
and the ZTP1 HT + HIP sample now presents a fiber-like texture
around the Z-axis (Fig. 11(c,g)). This strong texture intensity is to
be compared with the observed strength increase of about 10%
after HIP, which could partly be due to this texture, and which
was only observed in this material. The increase in texture inten-
sity after HIP post-treatment is, however, much lower for ZTP2.5
HT (Fig. 11(d,h)), but still visible. In both reinforced materials,
the Burgers crystallographic relationship is again respected. As
for un-reinforced materials, the increase in texture intensity after
HIP could be due to specific nucleation and growth mechanisms
during HIP, but particle stimulated nucleation [47] could also be
responsible for such a reinforcement. The characterization of both
recrystallization and phase transformation mechanisms during HIP
should be explored in the future.

To further understand the influence of textures on the observed
microhardness and yield stress evolution, we have calculated the
so-called Taylor factor M in compression along the transverse axis
to simulate the compression tests and in compression along the
normal axis to simulate the indentation during microhardness
measurement, starting from the measured texture for each mate-
rial (Mtexture) or from an isotropic texture (MisoÞ. In each case, the
texture is represented by a set of 2160 orientations regularly
spaced within the Euler space and associated volume fractions.
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The volume fractions are extracted from the EBSD data obtained
before and after HIP post-treatment for the examined samples
and set equal to 1/2160 for the isotropic texture. We used for these
calculations, a visco-plastic single crystal hardening law and
assumed that prismatic < a>, basal < a > and prismatic < c + a > sli
p systems were active, with relative reference shear stresses of 1, 5
and 4 respectively [48]. The influence of the texture was then sup-
pressed from the experimental data by dividing the mechanical
values (microhardness or YS0.2%) by the ratio Mtexture=Miso:

We see from Fig. 12(a) that before HIP, the influence of textures
on the microhardness value is negligible for the as-built Ti64 and
ZTP2.5 HT samples, and small for the Ti64 HT and ZTP1 HT sam-
ples. A small increase in the microhardness of the textured sample
compared to that of the isotropic one is observed in both samples.
After HIP post-treatment, however, we do not see any influence of
the texture on the microhardness values. The effect of textures on
YS 0.2% is now presented in Fig. 12(b). We notice first a small influ-
ence of textures on the YS 0.2% variation during HIP for the un-
reinforced material but a significant influence of textures on YS
0.2% values obtained after HIP post-treatment for the reinforced
parts. This may explain the increase of YS 0.2% in ZTP1 HT + HIP
compared to ZTP1 HT parts. In order to go further, this calculation
now has to be refined by considering different values of critical
resolved shear stresses for the different materials. This will neces-
sitate a new experimental investigation.
4. Conclusion

This paper presents a detailed investigation of the influence of
HIP post-treatment on L-PBF fabricated Ti64 reinforced by zirconia
addition. The main conclusions are as follows:

- Near full density can be achieved after HIP post-treatment for
both reinforced and un-reinforced parts.

- The microstructure investigation has shown that a HIP post-
treatment has the triple effect of (i) reducing the b phase per-
centage, (ii) increasing the grain sizes and (iii) producing a more
homogeneous distribution of a and b grains (especially in the
un-reinforced Ti64 material), than before HIP post-treatment.
As a result, the plastic strain is strongly increased, whereas
the compression strength is only slightly changed after HIP
for all materials.

- After HIP post-treatment, the microhardness and strength of
reinforced parts remain higher than that of normalized Ti64
(ASTM F136). More specifically, the mechanical response of
nYSZ reinforced and HIPed Ti64 parts show higher values than
titanium reinforced with other ceramics such as TiB2 and B4C.
Indeed, nYSZ reinforced Ti64 could be a promising alternative
in aerospace and medical fields.

- The texture evolution during HIP, mainly due to recrystalliza-
tion and phase transformation, is generally quite limited, except
in 1 %wt nYSZ reinforced Ti64, for which the observed increase
in texture intensity may be responsible for the observed
increase in compression strength after HIP post treatment. This
and in addition, the characterization of both recrystallization
and phase transformation mechanisms during HIP should be
explored in the future.

- It is expected that the fatigue endurance of this Ti64/nYSZ
material will be much higher than Ti64 processed by L-PBF
since that one of the major reasons for creating titanium matrix
composites is the amelioration of fatigue performances of tita-
nium manufactured not only in AM but also using conventional
manufacturing techniques. Fatigue experiments are being car-
ried away for the moment and results will be published soon.
15
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