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Abstract
In this thesis, we investigated effect of addition of nano yttria stabilized zirconia (nYSZ)
powder on microstructure and mechanical properties of Ti6Al4V manufactured via Selective
laser Melting (SLM) technology. Also, so far, this is the only study that shows the effect of hot
isostatic pressing (HIP) on a zirconia reinforced Ti6Al4V matrix manufactured via SLM and
the effect of a heat treatment near the transus temperature on the mechanical behavior and final
microstructure. Processing Ti6Al4V/nYSZ powder blends via SLM can be challenging if the
process parameters are not adapted. Except for grains refining, the microstructure of Ti6Al4V
did not show significant changes in grain morphology after nYSZ addition. However, the
mechanical properties were greatly enhanced. After HIP post treatment, the microstructure of
reinforced parts presented fewer defects and the mechanical properties were enhanced, and
stable flow stress was observed. Even at high temperature, the mechanical properties were
superior to that of Ti6Al4V, because of the reinforcing effect of nYSZ.
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Résumé
Cette étude a présenté pour la première fois l'effet de l'ajout de poudre de zircone stabilisée par
l’oxyde d’yttrium (nYSZ) sur la microstructure et les propriétés mécaniques à chaud et à froid
du Ti6Al4V fabriqué via la technologie fusion sur lit de poudre (SLM). Cette thèse contient
également la première étude de l'effet du pressage isostatique à chaud (HIP) sur une matrice
Ti6Al4V renforcée par la zircone et fabriquée par SLM. La fusion des mélanges de poudre
Ti6Al4V / nYSZ via SLM peut être difficile si les paramètres de fusion ne sont pas adaptés. À
l'exception du raffinage des grains, la microstructure de Ti6Al4V ne présente pas de
changements significatifs dans la morphologie des grains après l'addition de nYSZ. Cependant,
les propriétés mécaniques ont été considérablement augmentées. Après le post-traitement HIP,
le nombre de défauts est drastiquement réduit et les propriétés mécaniques améliorées. Le
matériau présente par ailleurs une contrainte d'écoulement stable. À haute température, les
propriétés mécaniques sont très supérieures à celles du Ti6Al4V, en raison de l'effet de
renforcement de nYSZ.
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Introduction
Additive manufacturing (AM) is considered today as one of the most advanced manufacturing
processes nowadays. AM technologies with their ability to manufacture complex geometries
with less material waste is often associated with the next industrial revolution referred as
“Industry 4.0” at which China is the leading country. AM is mostly used today to manufacture
plastic, metal, ceramic and composite parts.

Titanium matrix composites (TMCs) have shown an interest during the last 20 years due to
their capacity to combine the hardness of ceramic materials and the softness of metals. Research
showed that these advanced materials have proven to be a good choice for high-temperature
applications in aerospace industry. To our knowledge, only few if none TMCs are available in
the market today. Also, it is worth mentioning that generally it takes about 15 years to
completely certify new materials and to arrive at a 9-level scale of Technology Readiness Level
(TRL). So, after 1970, researchers partially abandoned the work upon TMC or MMCs in
general due to limited manufacturing processes available at that time. In other words, the slow
research rate upon these advanced materials resulted in a delay in certifying them and put them
in work. Today, combining AM technology with TMCs advanced materials has lifted several
obstacles that were once present in conventional manufacturing processes therefore, low-time
certification process is expected.

Selective laser melting (SLM) is an AM advanced manufacturing technology. Research about
SLM processed metals intensified starting from 2012. SLM with its ability to process several
varieties of metals at high precision makes it one of the best candidates to produce high
performance application parts. Ti6Al4V is a titanium alloy mostly used in aerospace and
biomedical industries is one of the pioneer metals to be processed via SLM and today it is the
most studied metal using this technology. Despite its low density and high mechanical
properties at room and moderated temperatures, SLM as built Ti6Al4V still does not satisfy
standards of wrought Ti6Al4V. Therefore, post heat treatment such as stress relief and hot
isostatic pressing (HIP) are mandatory. For instance, in aeroengines, Ti6Al4V represents only
25% because parts are subjected to high mechanical and thermal stresses, Ti6Al4V alloy does
not seem to be up to the challenge due to its limited strength, fracture toughness and fatigue
endurance. Therefore, in order to overcome the latter issues, we aimed, in the present study, on
investigating the microstructure and mechanical properties resulting from addition of yttria
stabilized zirconia ceramics into Ti6Al4V to create a TMC advanced material. This manuscript
is therefore divided into four chapters as follows:
13

Chapter I is a general bibliography about (i) the current AM market share, (ii) the work done in
developing TMC materials, (iii) major reinforcements used in TMC and finally (iv) the
justification of the choice of zirconia particles as a reinforcement for Ti6Al4V alloy.

Chapter II presents the experimental results and their interpretation, starting from investigating
the effect of zirconia addition to the effect of post heat treatment on the microstructure and
mechanical properties at room temperature of Ti6Al4V.

Chapter III describes the effect of high temperature on the microstructure and mechanical
properties of zirconia reinforced Ti6Al4V using a thermal simulator Gleeble 3500.

Chapter IV is dedicated to the final conclusion and perspectives.
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Chapter I: State of the art on additive manufacturing processes and titanium
strengthened alloys

In this chapter, we will first be offering a literature review about (Section I.1) additive
manufacturing processes of metals and its current market state, in particular titanium alloys.
Secondly (Section I.2), we will be presenting the available literature about particles reinforced
titanium alloys in particular Ti64 alloy. Finally, we will be discussing the reasons behind
choosing yttria stabilized zirconia as reinforcement particles for this study.
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Section I.1: Additive manufacturing of metal alloys

Additive manufacturing (AM) of metal parts is considered the newest branch of the foundry of
the 21st century to create advanced alloys specifically designed for AM and adapted for each
market segment and applications. AM processes use feedstock materials such as powder, wire
or sheets in order to produce dense metallic part by melting and solidification with the aid of
an energy source such as lasers, electron beam or electric arc. According to ASTM Standard
F2792, the AM processes are presented in two categories, Directed Energy Deposition (DED)
and Powder Bed Fusion (PBF).

1.

AM market study

In order to understand the AM market evolution, readers are to know that AM market study
includes hardware, software, materials and services. According to Wohlers’ research, the global
AM market is expected to grow from $3.07 billion in revenue in 2013 to $12.8 billion by 2018
and exceed $21 billion in worldwide revenue by 2020. In December 2018, SmarTech
Publishing Company, the leading industry analysis firm specializing in AM market, has
published its AM market review[1] (Figure I.1a), that the global AM market in 2018, stands at
$9.3 billion in generated revenues after growing 18%. These results are more-or-less acceptable
when compared to what Wholer’s firm forecasted in 2015 ($12.8 billion in 2018). SmartTech
also predicted that the AM market will worth about $41.6 billion in 2027.
Furthermore, different application sectors may have different expectations from a
manufacturing technology, considering their manufacturing objectives. For instance, AM offers
such capabilities for aerospace industries that need parts with complex geometries, lower
weights, and higher strength (Figure I.1b). This application sector accounts for 18.2% of the
total AM market worldwide and is one of the most promising fields in the future[2].
It is highly impressive how the AM market is evolving so fast. However, the AM market
dedicated for metal materials is still a niche market when compared to AM dedicated to plastic
materials. SmartTech publishing mentioned that the metal AM market shares only 15.7 to 24%
starting from 2013 to 2023 (Figure I.1c) of total revenue in the AM market. In addition,
ceramics and composite markets represent only a very small fraction of AM total revenue.
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Figure I.1: (a) Total AM market size, all technologies included (2014 to 2027) (Source:
SmartTech Markets publishing); (b) AM market share in 2018 (Wohler’s Report 2018); (c) Plastic
vs. Metal AM materials (Source: SmartTech Markets publishing)

2.

Additive manufacturing of metal alloys

2.1

Powder Bed Fusion (PBF)

2.1.1 SLM process
According to ASTM F42 standard. SLM is a powder bed fusion technology which stands for
Selective Laser Melting (SLM) and it is a layer upon layer AM technique where the powder
feedstock is deposited in a layer (generally 30 to 50µm thickness) and melted using a focused
laser beam as shown in Figure I.2a to produce dense metallic parts. In SLM process. Figure
I.2b shows the most important melting parameters are laser power (P), scanning speed (v), hatch
spacing (h), and layer thickness (t). These parameters are gathered to form the volumetric
energy density (E) (Equation I.1) [3] which is defined as;
𝑃

𝐸 = 𝑣𝑡𝑠

(Equation I.1)
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Figure I.2: (a)Schematic of SLM apparatus[4], (b) SLM process parameters: laser power,
scanning speed, hatch spacing and layer thickness.

2.1.2 EBM process
Electron beam melting (EBM) is another powder bed fusion technology according to ASTM
F3001 standard, it is a layer upon layer process almost similar to SLM in terms of melting
mechanism. However, EBM uses an electron beam as a melting and platform preheating source.
The most important melting parameters are gathered in the Eq. 1, the same as for SLM process.
However, during powder melting in EBM shown in Figure I.3 process, the melting chamber
should be under vacuum in contrast to SLM process in which the melting chamber is argon
filled. Also, in EBM, the powder layer thickness is higher than 40µm, which makes it incapable
of processing fine powders in contrast to SLM process.

Figure I.3: Schematic diagram of the electron beam melting system[5]
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2.2

Directed Energy Deposition (DED)

Directed energy deposition or DED is a powder jet fusion AM technology according to ASTM
F42 standard. DED technology uses a high-energy laser or electron beam to melt and deposit a
simultaneously supplied feedstock (powder or wire) on a substrate. One of the advantages of
DED technology is the manufacturing of highly dense parts with good mechanical properties
and minimal imperfections. A schematic of DED process [5] is represented in Figure I.4. DED
technology is used in different areas of industry such as in maintenance repair and overhaul
(MRO) aerospace industry and energy (components of turbines, exchangers, etc.)

Figure I.4: Schematic presentation of DED process [5]

2.3

Comparison of metal additive manufacturing processes

Table I.1. Main characteristics of the various AM processes for metals
Process
Feedstock
Energy source
Nomenclature
Power (W)
Melting speed (mm/s)
Layer thickness (µm)
Max building size
(mm x mm x mm)
Production time
Accuracy (mm)
Surface roughness (µm)
Post processing

Refs

DED
Powder
Laser
DED-L
100-3000
5-20
50-400
2000 x 1500 x
750
High
0.5–1
4–10
HIP and stress
relief heat
treatments are
seldom required
[6] [7]

Wire
E-beam
DED-EB
500-2000
1-10
50-400
2000 x 1500 x 750

PBF
Powder
Laser
PBF-L

E-beam
PBF-EB
50-1000
10-1000
20-60
40-100
500x 280x 850

Medium
High
1–1.5
0.04–0.2
8–15
7–20
Surface machining is
HIP is rarely used
required. Post heat
treatments are
seldom required
[6] [7]
[8]
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Section I.2: Titanium reinforced matrix

1.

Titanium alloys, brief history

Titanium was firstly discovered in 1791 by the English chemist William Gregor. The name of
Titanium is originated from the Greek mythology as reference to its strength. In 1943, the
chemist Kroll successfully separated Titanium from its ore as a result of its reaction with TiCl4.
Today, titanium and its alloys are widely used in different industrial sectors ranging from
medical to aerospace applications. This is due to their particular properties in terms of low
density and specific strength at room and high temperature as shown in Figure I.5a. In AM,
titanium and its alloys are the second most studied materials after steel as shown in Figure I.5b

Figure I.5: (a) Research publications on AM of various materials [9] (b)
Mechanical Properties of Titanium Alloys

2.

Metallurgy of titanium alloys

The melting point of titanium is about 1660 °C and it has two crystallographic structures,
hexagonal close-packed (HCP) and body cubic-centered (BCC) as shown in Figure I.6a. These
two crystallographic forms are commonly named alpha (α) and beta (β) structures respectively.
Figure I.6b represents both the HCP and BCC crystal structure, indicating also the most densely
packed type of lattice planes in addition to lattice parameters at room temperature. It is known
that titanium and its alloys can be classified into 5 categories (Figure I.6b), depending on the α
and β stabilizing element content or their Mo ([Mo]𝑒𝑞) or Al equivalent ([𝐴𝑙]𝑒𝑞), which were
proposed by Paul. J. Bania [10].and calculated using Equation I.2 and Equation I.3. The [Mo]𝑒𝑞
is used for the case of β titanium alloys whereas [𝐴𝑙]𝑒𝑞 is used for α titanium alloys distinction.
α and β stabilizing elements play a major role on reducing and increasing the β - α transus
temperature as shown in Figure I.6c. α elements tend to increase the transus temperature,
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whereas β elements reduce it. For stable β titanium alloys, [Mo]𝑒𝑞 should be higher than 30%
and between 5 and 10% for near β titanium alloys.

[Mo]𝑒𝑞 = 1.0[Mo] + 0.67[V] + 0.44[W] + 0.28[Nb] + 0.22[Ta] + 2.9[Fe] + 1.6[Cr] – 1.0[Al] (Equation I.2)

An analogy to the molybdenum equivalence is the aluminum equivalence ([𝐴𝑙]𝑒𝑞) for α titanium
alloys and expressed by Equation. I.3 [11]. For a titanium alloy to be near α phase, the [𝐴𝑙]𝑒𝑞
should be less 9%.

[𝐴𝑙]𝑒𝑞 = [𝐴𝑙] + 0.33[𝑆𝑛] + 0.17[𝑍𝑟] + 10[𝑂 + 𝐶 +2𝑁]

(Equation I.3)

Figure I.6: Unit cells of (a) α phase and β phase, (b) Effect of alloying elements on phase
diagrams of titanium alloys, (c) Classification scheme of titanium alloys [11]

2.1

Fully α alloys

A fully α Titanium alloy possesses a fully HCP crystallographic structure; it is commonly
classified from grade 1 to grade 4 titanium according to B348 ASTM standard, depending on
their impurity content (Table I.2).
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Table I.2. Classification of unalloyed titanium [12]

2.2

Near α alloys

Near-α alloys are titanium alloys in which up to 2% of β stabilizing elements are added and
generally less than 5% of the β phase is generated in the microstructure. Near-α alloys were
developed initially for higher operating temperatures such as high- and low-pressure
compressors in aeroengines. They possess higher strength at room temperature than the fully-α
alloys, and higher creep resistance above 400 °C. As an example, Ti−8−1−1 and IMI 685 are
the most famous near-α titanium alloys used nowadays in aerospace engines.

2.3

α-β alloys

The need of creation of a titanium alloy with high impact toughness without ductility loss was
the reason of creation α-β titanium alloys. They are titanium alloys in which 4 to 6% of β phase
stabilizing elements are present in their microstructure such Ti-6Al-4V alloy. The β phase
fraction of these alloys ranges from 5 to 50% which can be present in the three famous α-β
titanium alloy microstructure (lamellar, equiaxed and columnar)

2.4

Near β alloys

The near β alloys contain less than 10% of β stabilizing elements, which induce the formation
of less than 20% of β phase in the microstructure at room temperature. However, since the β
structure is a metastable phase, the transformation towards a more stable α-β could happen if a
heat treatment is applied.

2.5

Fully β alloys

The β titanium alloys are composed of 100% β phase. They are generally defined as those
containing more than 30% of β stabilizing elements (list of the commonly used β stabilizers and
their βc values are shown in Table I.3) to enable the β phase to be retained in a metastable
structure by quenching to room temperature (Figure I.7). This indicates that the percentage of
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these β stabilizing elements is sufficient to avoid passing through the Ms temperature during
water quenching.

Figure I.7: A schematic of a pseudo-binary β isomorphous phase diagram.
βs denotes the β-transus. Ms denotes the martensitic transformation
temperature.
Table I.3. Content of β stabilizers elements in titanium
β stabilizer

βc (wt%)

βT (°C)

Mo
V
W
Nb
Ta
Fe
Cr
Cu
Ni
Co
Mn
Sn

10.0
15.0
22.5
36.0
45.0
3.5
6.5
13.0
9.0
7.0
6.5
-

17
22
7
13
4
32
27
22
40
38
40
70

βc refers to the critical minimum addition of a β stabilizer to retain 100% β upon water
quenching. βs denotes the β-transus. βT is the variation of the transit temperature per wt% of
added β stabilizing element

2.6

Ti6Al4V alloy

2.6.1 Generalities
The need for creation of a highly fracture toughness Titanium alloy for aerospace and military
sectors, pushed materials engineers to firstly creating two TiAl alloys, one containing less than
2.5%Al and the other one more than 7.5%Al. However, both TiAl alloys showed an inadequate
strength and very low ductility. Many elements such as Mn and Fe were added to TiAl alloys
in order to achieve the desirable mechanical properties but at the expanse of a significant
decrease in ductility and strength. In order to solve this issue, an attempt was made by,
23

researchers from the US Army by adding 4% of Vanadium and 6% of Aluminum to titanium
in order to create Ti6Al4V alloy, the results showed a very good combination of strength and
ductility, and it was observed that Vanadium tends to increase the strength of titanium without
drastic reduction in ductility.
Ti6Al4V is a α-β titanium alloy, for which two grades of Ti6Al4V are available in the market,
Grade 5 and Grade 23 ELI (Extra Low Interstitial). According to ASTM B348 both alloys
possess slightly different chemical compositions (Table I.4) and therefore different mechanical
properties.

Table I.4. Chemical composition of titanium grade 5 and 23 ELI according to ASTM
grade 5 and 23 ELI
Grade
5
23 ELI

Al
5.5–6.75
5.5–6.5

V
3.5–4.5
3.5–4.5

N
≤0.05
≤0.03

C
≤0.08
≤0.08

H
Fe
≤0.015 ≤0.4
≤0.0125 ≤0.25

O
≤0.20
≤0.13

The β transus temperature of Ti6Al4V is around 980°C. However, it was mentioned by Ahmed
et al. [13] that this temperature could be different due to different factors such as the cooling
history (Figure I. 8), impurity contents (Table I.5), and experimental errors.

Figure I.8: Effect of cooling rate on phase transformations in Ti6Al4V [13]
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Table I.5. Different cooling rates for phase transformations in Ti6Al4V after cooling from
the β phase domain [14]
Composition

Cooling rate

Microstructure

R(°C/s)
Ti−6.5Al−4.4V
(0.13O–0.15Fe–0.023C–
0.017N–0.0024H)
Quenched from 1020°C
Ti–6.1Al–4.3V
(0.16Fe–0.01C)
Quenched from 1027°C

R ≥ 23.1
7.3 < R < 23.1
0.065 < R < 7.3
0.015 < R < 0.065
R ≤ 0.012
R ≥ 18.0
3.5 < R < 18.0
R < 2.0

Fully martensitic (α′)
Lamellar α–β and GB α
Lamellar α–β and GB α
Coarse lamellar α–β and GB α
Equiaxed α with β
Fully martensitic (α′)
Lamellar α–β and GB α
Lamellar α–β and GB α

2.6.2 Crystallography
2.6.2.1 Generalities
It is known that in HCP crystallographic systems, microstructure and mechanical properties
depend mostly upon microstructure morphology (lamellar, equiaxed…) and texture evolution.
One of the main parameters in determining the mechanical properties of Ti6Al4V alloy is the
distribution of crystallographic variants and grain boundaries angles. In HCP metal systems, a
metal that possesses grains with high fraction of low angle grain boundaries (LAGB) is
considered to be weaker than a metal containing mostly grains with high angle grain boundaries
(HAGB) [15]. Therefore, grain orientations play a major role on mechanical properties of HCP
metal systems. The relationship between α and β phases in Ti6Al4V was published by Burgers
in 1934 and expressed as the Burgers Orientation Relationship (BOR) summarized in Table I.6.

Table I.6. Burgers Orientation Relationship (BOR)
(0001)α // {101}β
<2 ī ī 0>α // <1 1 1>β
As they are 12 possible variants associated with the β → α or α→ β transformations, in total
there could be a maximum of 144 crystallographic α orientations (after heating and cooling
during heat treatment) within the β phase (and thus double transformation); among which, 132
of these orientations are associated with HAGBs with and only 12 of them with LAGBs.
Usually, of the 12 α variants present in a single β grain, only 5 inter-variants of them are present.
Thus, the term “variant selection” is commonly introduced. The possible misorientation
between variants (Table I.7) are defined by variants that share the same rotational axis & angle
pair from a reference grain orientation. In a misorientation profile (Figure I.9) of α grains in an
25

un-deformed Ti6Al4V alloy, five peaks are usually pronounced. These peaks generally indicate
the percentage of HAGB at a corresponding misorientation angle.

Table I.7. Possible misorientation between variants in Ti6Al4V alloy
Type
Type 1 [0001]
Type 2 [112̅0]
̅̅̅̅̅̅ 1 2.38 0.359]
Type 3 [1.38
̅̅̅̅ 5 5 3̅]
Type 4 [10
̅̅̅̅̅̅ 1.38 0]
Type 5 [1 2.38
TOTAL

Misorientation angle
10.53º
60º
60.83º
63.26º
90º

Theoretical variant (%)[16]
9.1
18.2
36.4
18.2
18.2
100

Figure I.9: Misorientation angle profile distribution of un-deformed Ti6Al4V alloy [17]

2.6.2.2 Texture

Variant selection may also have a strong influence on the crystallographic texture. Therefore,
studying the latter is important in HCP metal systems, since it may induce a pronounced
anisotropy, such as plastic strain. For instance, Gerd et al. [18] observe a significant variation
of Young modulus as function of crystallographic orientation of α phase. They also illustrate
the influence of the rolling direction on the mechanical properties of α phase titanium (see
Figure I.10), as a consequence of plastic deformation.
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Figure I.10: Correlation between tensile direction and texture for different rolled Ti6Al4V
RD: Rolling Direction; TD: Transverse Direction[18]

2.6.2.3 Deformation modes
The plastic behavior of titanium during deformation results from the activation of twinning and
slip systems. In Ti6Al4V however, slip mode deformation is much more pronounced. Four
major slip systems are generally observed in this alloy, which are the basal, prismatic, and
pyramidal slip systems (Table I.8). At room temperature, the values of critical resolved shear
stress (CRSS) of the above-mentioned slip systems are different (Figure I.11). The lower the
CRSS of the slip system, the easier the initiation of dislocation movement.
Table I.8. Slip systems in HCP α titanium [18]
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Figure I.11: (a) slip systems of Ti6Al4V (b) CRSS as function of temperature of different
slip systems[18]

2.6.3 Microstructure
Ti6Al4V is an α-β titanium alloy. Different microstructures are obtained at room temperature
after various thermomechanical treatments.
During cooling from the β phase domain, a phase transformation β → α occurs in Ti6Al4V,
resulting from diffusional or non-diffusional mechanisms. Diffusional transformation of β →
(α+β) gives rise to a stable and dual phase microstructure. On the other side, a non-diffusional
transformation of β → α'/α'' results in unstable martensite (α' or/and α'') microstructure. The
diffusion type is conditioned by the cooling rate that the material undergoes. Different Ti6Al4V
microstructures depending on cooling rates are summarized in Table I.9.
Table I.9. Cooling rates from β phase and corresponding phases [19]
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Figure I.12 represents the different cooling steps from the β phase domain of a Ti6Al4V alloy
after air (slow cooling) and water quenching (rapid cooling). At high temperature, the β phase
is predominant, during cooling (air and water quench), α phase lamellae colonies start to appear
at β grain boundaries following a particular crystallographic orientation relationship (see 1.3.2).
Some β phase may be retained between α phase grains. We also notice that α phase grains are
positioned in two different ways, parallel to each other in large colonies with a little bit of α
phase lamellae entanglement and fine colonies with numerous lamellae tangles.

Figure I.12: A schematic of different microstructures depending on the quenching
temperature and cooling rates[14]

2.6.4 Heat treatments
Ti6Al4V alloy can acquire a variety of microstructures (see Table I.9 and Figure I.12) by
different types of heat treatments. The reason behind these heat treatments is to increase fracture
toughness, ductility and other properties at room and high temperature. Here we mention the
most common industrial heat treatments for Ti6Al4V manufactured using classical forging
methods and additive manufacturing.
2.6.4.1 β-annealing
This heat treatment consists in heating Ti6Al4V alloy up to its transus temperature. However,
since the latter is very sensitive to thermal history and impurities, it is therefore difficult to
estimate its exact value. However, some researchers, suggested a mathematical model using
ThermoCalc® to estimate the transus temperature taking in consideration the oxygen content
in the Ti6Al4V alloy [20]. The goal behind this heat treatment is to increase fracture toughness
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of Ti6Al4V alloy. Depending on cooling rate, two microstructures can be obtained. Upon high
cooling rate, fine α grains are formed from prior β grain boundaries. When the cooling rate is
lowered, α grains can slightly grow from already formed fine α grains (Figure I.13). Such a heat
treatment produces an increase in toughness but a reduction in ductility and strength.

Figure I.13. A mixture of lamellar and equiaxed Ti6Al6V microstructure [21]

2.6.4.2 Duplex heat treatment
Depending on the initial microstructure, this heat treatment consists typically of three steps: β
annealing, recrystallization annealing and finally aging. Firstly, the Ti6Al4V alloy is heated
above its transus temperature, cooled and then subjected to recrystallization heat treatment.
Generally, for industrial uses, a normalized heat treatment is applied as follows: 870−950°C for
0.2−1.0 h, air cooling, and 680−730°C for 2−4 h, air cooling again. At the end, a bimodal
microstructure is created (Figure I.14). The goal of this heat treatment is to increase the plastic
ductility, fracture toughness without losing much in tensile strength.

Figure I.14: The bimodal microstructure of Ti6Al4V [22]
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2.6.4.3 Stress relief heat treatment
A stress relief heat treatment is widely used in industries due to its low cost. For Ti6Al4V alloy,
it is usually performed at temperatures lower than 650 °C, in order to remove residual stresses
generated from previous hot worked treatments or other advanced manufacturing processes
such as additive manufacturing. Generally, a gain in ductility is obtained without drastic
strength reduction. The stress relief heat treatment does not usually change the microstructure
morphology.

2.6.4.4 HIP post treatment
Heat isostatic pressure (HIP) or as initially called Gas Pressure Bonding is a post heat treatment
that was invented in the seventies in the United States at Battelle Institute as a technique for a
diffusing bonding of nuclear fuel element assemblies. Later in the eighties, researchers started
to study this technology by expanding its application range from producing dense parts from
powdered metals and ceramics. Today, HIP process (Figure I.15a), in which a component is
subjected to elevated temperatures (over 800◦ C) and pressures (generally over 98 MPa ) to
eliminate internal porosities, helped engineers respond to the aerospace industry’s increasingly
in which, parts are highly subjected to stress. In Ti6Al4V cast alloy, HIP is applied in order to
remove porosity and increase the fatigue life of critical parts (Figure I.15b). In additive
manufacturing, HIP is a popular heat treatment to reduce or remove AM process generated
porosities. The goal of using HIP is to increase mainly fatigue endurance of parts subjected to
high stresses. This post heat treatment is an important chapter in this work.

Figure I.15: (a) A schematic of Hot isostatic pressure unit (HIP)[23] (b) Fatigue tests of
different Ti6Al4V processed methods [24]
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2.6.5 Mechanical properties
The mechanical properties of Ti6Al4V depends on its thermo-mechanical history, α and β
stabilizing elements addition, and α/β phase ratio and size. The addition of α stabilizers tends
to increase the Young modulus as shown in Figure I.16. [25–27]. However, β elements tend to
reduce it by promoting the formation of β phase. A summary of mechanical properties of
Ti6Al4V at room temperature is presented in Table I.10.

Figure I.16: The dependence of the Young's modulus of Ti6Al4V as a function of oxygen
(α stabilizer) content and different heat treatments [27]

Table I.10. Mechanical properties of Ti6Al4V
Process

Condition UTS, MPa YS, MPa

EL, %

PBF

as-built
HIPed
as-built
Mill
annealed
-

DED
Wrought
Forged
Cast

ASTM
F136
ASTM
Annealed
(Grade 5)

Δσw,
MPa,
107cycles
250-350
350-600
500–600
600-680
425–605

ΔKth,
MPa

Ref

1.4-5
2.8-3.8
9-13

[28,29]
[28,29]
[30,31]
[32–34]
[35]

850-1269
885-973
761-1138
870-1063
10061030
875-980

783-1195
778-883
552-1008
790-966
960-970

3-9
8-10
4.8-12
14-18
16-18

750-865

150-430

-

[32,33]

>860

>795

4.513.5
>10

>350

-

>950

>880

>14

>510

-

[36]
[37]
[38]

UTS: Ultimate tensile strength, YS: Yield strength, EL: Tensile elongation, Δσw: Fatigue strength, ΔKth: Fatigue toughness
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Ti6Al4V alloy also possesses high mechanical properties at high temperatures up to 450 °C as
shown in Figure I.17. However, above the latter temperature, the mechanical properties drop
due to elements mobility at high temperature and the environment in which the material is being
used. In order to increase strength beyond 450°C, most researchers in industry use coating
technologies.

Figure I.17: Mechanical behavior of Ti6Al4V at high and room temperatures
compared to other titanium alloys [39]

3.

Metal matrix composites (MMCs)

3.1

Introduction

MMCs are also known as light-weight metallic materials, in which hard fibers or particles are
incorporated inside a soft metal matrix. These materials offer a good combination of physical
and mechanical properties including low density and thermal expansion coefficient (CTE), high
hardness and improved wear resistance. The first work on MMCs goes back to 1960, where
researchers incorporated boron and tungsten into pure aluminum to solve problems of low
hardness and low wear resistance. However, in 1970, the work upon MMC was shortened due
to difficulties in solving the stability of matrix-reinforcement interface and the tremendous
processing cost. However, starting from 1980, MMCs started to see the light again and research
evolved further in the case of copper, magnesium and titanium matrix composites for the goal
of creating advanced materials for nuclear and aerospace facilities.
MMCs materials were manufactured for many years now using traditional manufacturing
processes such as powder metallurgy, HIP, extrusion and pulling methods. However,
wettability between the liquid-state matrix and the solid-state reinforcement and control of the
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matrix–reinforcement interface reaction at high temperatures, pressure infiltration, surface
treatment of the reinforcement present challenging keys for large-scale applications. In addition
to metallurgical issues, traditional methods cannot allow the fabrication of complex shape parts
and tailoring the MMCs properties via incorporation of reinforcements. And finally, generally
manufacturing cost is very high.

3.2

MMCs manufacturing via additive manufacturing

AM has a proven a very useful technique in manufacturing MMCs for several reasons, four of
them are very significant:
(i)

the design freedom of parts that opens a new domain in terms of exploration and
also innovation.

(ii)

the ability to produce and/or repair parts using functionally graded composite
materials (Figure I.18).

(iii)

processing time could be reduced down to 60%;

(iv)

manufacturing cost is reduced down to 30%.

Figure I.18: (a) DED processed TC11/Ti2AlNb dual alloy disk [40] (b) Repairing for
damaged titanium disk[41], Turbine blade (c) before and (d) after repairing[41]

3.3

Classical criteria for the choice of reinforcements

Table I.11 represents the most used reinforcements in MMCs. Their choice is mainly based
upon the demanded properties and it is governed by:
(a)

Reinforcements strength and modulus

(b)

Processing costs

(c)

Compatibility between reinforcement and matrix (chemical and thermal affinity)

(d)

High temperature performances

(e)

And in some cases, electrical conductivity affinity
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Table I.11. Properties of reinforcements used in MMCs
Reinforcement Melting
temperature
(°C)

Young
modulus
(GPa)

Density
(g/cm3)

TiB2
TiC
B4 C
ZrO2
ZrB2
SiC
WC
Al2O3
Si3N4
Y2O3

410-430
450
440
448
490
410–700
670
400–537
1900
120

4.52
4.94
2.5
5.6 – 6.0
6.17
3.2
15.7
3.96
3.2
5.01

3.4

2970
3800
2450
2460
3245
2750
2870
2072
1900
2425

Thermal
expansion
(CTE)
(10−6/ °C)
7.8
7.8
5.6
6.6
7.1
4.5
3.9
7.92
2.9
8.50

Vickers
hardness
(HV)
1600
3200
3000
1150
2300
2800
2200
1365
1600
-

Titanium matrix composites (TMCs)

The work upon TMCs started around 1970 through NASP and IHPHTET aerospace research
programs in the USA. TMCs are divided into two categories: fiber reinforced titanium matrix
and particle reinforced titanium matrix. Further details about the two categories are provided
by Geng et al. [42].

3.5

Reinforcements used in TMCs

Since the beginning of TMCs, the goal of researchers was to produce a TMC with high strength
without drastic reduction in ductility. Therefore, studies were performed not only on
reinforcement type but also on their particle sizes and the way they can be distributed within
the matrix. Here, we discuss the latter parameters effect on microstructural and mechanical
properties of TMCs.

3.5.1 Titanium diboride (TiB2)
TiB2 particles and fibers are considered as the most effective reinforcements for the titanium
matrix [43] due to not only their high modulus and hardness and good thermal wettability with
pure titanium but also to a similar density and thermal expansion coefficient to those of
titanium. Huang et [44] manufactured parts by powder metallurgy (PM) techniques. Their
experimental results showed that the reinforcement particle distribution plays a major role on
the mechanical properties of titanium. They observed that a localized distribution of TiB2
particles in the matrix (Figure I.19b) could result in higher mechanical properties (Figure I.19c)
compared to a homogeneously distributed TiB2 in the matrix (Figure I.19a). Indeed, they
concluded that a significant improvement of ductility could be attributed to a localized network
architecture, a retained large matrix particle and an interpenetrating matrix microstructure.
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Figure I.19: SEM images of TiB/Ti reinforced TMC. (a) homogeneous distribution
and (b) network distribution. (c) mechanical properties of TiB/Ti reinforced TMC
[44]

3.5.2 Silicon carbide (SiC)
SiC reinforcements are generally used to increase the fracture toughness and wear resistance of
titanium alloys. Recently, Misra et al. [45] investigated the effect of SiC addition over friction
properties of Ti6Al4V TMC for biomedical applications. Results showed a significant
improvement in friction resistance (Figure I.20a). However, the manufacturing process is still
challenging due to some cracks appearing at the SiC-Ti6Al4V interfacial bonding. In other
studies, these cracking phenomena were attributed to thermal mismatch between
reinforcements and the matrix. In most cases, SiC was found unbelted due to an un-sufficient
melting temperature. In order to solve this cracking issue, Sivakumar et al. [46] produced
Ti6Al4V parts reinforced with nano-SiC powders. Figure I.20b shows results of mechanical
properties compared to Ti6Al4V. A reduction in cracks and pores was noticed in the matrix
when compared to the work of Misra et al. [45]. This was attributed to the effect of SiC nanopowders. In addition, good interfacial bonding was obtained for the SiC/Ti6Al4V TMC system.
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Figure I.20: (a) coefficient of friction vs. time [45] (b) mechanical properties of
SiC reinforced TMC [46]

3.5.3 Tungsten carbide (WC)
The main goal of reinforcing titanium with tungsten carbide is to overcome the high friction
rate and poor wear resistance of titanium. Therefore, protecting titanium with ceramic coatings
was found to be an adequate solution to improve these properties. Vreeling et al. [47]
manufactured a TMC based on WC/Ti6Al4V system using lasers melt injection (LMI). The
melting process showed a successful adhesion of WC particles in Ti6Al4V matrix due to the
formation of an interlayer W2C between WC /Ti6Al4V system Figure I.21a. However, some
voids appeared in the bulk parts. In general, LMI has proven to be a promising technique to
enhance local wear resistance of titanium alloys. Recently, Saba et al. [48] manufactured
samples via spark plasma sintering (SPS) using several powder blend mixtures of titanium
reinforced with several particle sizes of WC. It was observed that porosity amount increased
with increasing WC reinforcement size. It was also observed that a 5 nm sized WC
reinforcement showed a complete densification in the titanium matrix and no pores were
observed Figure I.21b, c. The mechanical properties also increased significantly without drastic
reduction in ductility as see in Figure I.21d.
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Figure I.21: (a) TEM images of a W2C/TiC interface[47]. SEM images of (b) nano-sized
and (c) micro-sized WC reinforced TMC. (d) Mechanical properties of WC reinforced
TMC. [48]

3.5.4 Yttrium oxide (Y2O3) or Yttria
The use of rare earths as a reinforcement in MMCs started initially in China, at a time when
they were very expensive. Their cost has considerably decreased nowadays, due to more
efficient extracting and manufacturing processes. The particularity of using rare earth resides
on their capacity to scavenge oxygen in soft metals at high temperature and therefore forms a
stable oxide. The mechanical properties are usually enhanced due to a mechanism called oxide
distribution strengthening (ODS). Li et al. [49] investigated the effect of nano-sized Yttria
content on Ti6Al4V mechanical properties. Results showed an increase in strength without
drastic reduction in compression ductility at both room and high temperatures. Another recent
study performed by Yang et al.[50] confirmed that Yttria is a promising candidate in TMC for
high-temperature applications.

3.5.5 Zirconia (ZrO2)
Research around zirconia ceramics as reinforcement in MMCs is widely developed. Zirconia
was mainly incorporated to aluminum and steel MMCs in order to enhance wear resistance in
aerospace field. However, only few attempts were made to create a zirconia reinforced TMC.
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Zhang et al. [51] studied the effect of micro and nano-zirconia reinforcement on microstructure
and mechanical properties of a titanium alloy using SPS manufacturing process. Parts showed
almost full density and that nano-sized zirconia reinforcements presented the best densification
behavior within the titanium matrix when compared to micro-sized zirconia which was not
homogeneously distributed in the titanium matrix (Figure I.22a,b). Mechanical tests (Figure
I.22c) showed a significant increase in compressive behavior without ductility loss due to the
strengthening behavior induced by zirconia into the titanium matrix.

Figure I.22: SEM images of TMC after (a)10% micro seized zirconia (b) nano sized
zirconia, (c) mechanical properties of zirconia reinforced TMC.[51]

The next step here is to discuss our choice of zirconia as reinforcement for Ti6Al4V alloy.

3.6

Why using zirconia as reinforcement for Ti6Al4V matrix?

3.6.1 Generalities
Today, zirconia exists in the market under two chemical forms, pure zirconia and partially
stabilized zirconia. Pure zirconia possesses a high melting temperature of about 2700 °C, low
thermal conductivity, high mechanical properties (high toughness and compressive strength)
and it is chemically inert. At room temperature, zirconia has a monoclinic (m) structure,
tetragonal (t) structure around 1170°C and cubic (c) at 2370°C as shown in Figure I.23. Upon
cooling, from (t) to (m) zirconia becomes unstable and tends to crack due volume expansion
(3~5%) of the structure. The reasons behind choosing zirconia as a reinforcement in this study
are thus:
(i)

Market availability

(ii)

High wettability behavior with titanium

(iii)

High fracture toughness and strength
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Figure I.23: Schematic representation of the three crystallographic structures of ZrO2., (a)
cubic, (b) tetragonal, and (c) monoclinic; Zr and O atoms are in red and blue
respectively.[52]

In order to stabilize the microstructure of zirconia and prevent it from cracking, some oxides
are added such as CaO (5 wt%), MgO (15–24 wt%), or Y2O3 (6–12 wt%). The addition of
several stabilizing elements induces different thermal and mechanical properties of zirconia.
These elements stabilize both the metastable tetragonal and cubic structure of zirconia at room
temperature. Yttria has proven to be a good candidate compared to other stabilizers. The
addition of yttria and alumina increased further the strength of the ceramic as shown in Figure
I.24 without cracks. In this chapter we will be interested in yttria stabilized zirconia (YSZ).

Figure I.24: Evolution of strength and toughness in Zirconia stabilized [53]

3.6.2 Tetragonal stabilized zirconia (tetragonal)
Tetragonal yttria stabilized zirconia (t-YSZ) has higher mechanical properties than monoclinic
zirconia. Studies confirmed that the addition of 3%mol of yttria showed the highest strength in
terms of hardness and toughness as shown in Figure I.25a. The reason behind this improvement
40

is that an addition of 3%mol YSZ stabilize the zirconia metastable tetragonal phase which a
much stronger (Figure I.25b) phase when compared to the monoclinic one at room temperature.
A further addition of Y2O3 results in a gradual decrease in hardness and toughness.

Figure I.25: (a) A plot of microhardness and fracture toughness of ZrO2-Y203 alloys as a
function of yttria content[53], (b) Strength versus tetragonal phase content in Zirconia

3.6.3 Yttria stabilized zirconia: Effect of powder particle size
Ceramics particle size plays a major role on their sintering behavior and mechanical properties.
Here we demonstrate the reasons behind choosing nano yttria stabilized zirconia particles rather
than microparticles. Figure I.26 compares the sintering behavior and grain size evolution of
nano and micro-sized YSZ powders. One can notice that nano-sized YSZ allows to achieve
almost 99% of relative density at temperatures of about 1300 C° in less than two hours. In
contrast, with micro-sized YSZ, the same relative density at temperatures higher or equal to
1600 C° can be achieved after four hours. It was concluded that nano-sized powders can be
densified at significantly lower temperatures compared to micro-sized powders. The
densification temperature (i.e. to achieve comparable densification) difference is thus
approximately equal to 160 °C. Another information, given by Cham et al. [54], concerns the
energy activation which is related to grain size and temperature. The activation energy for the
nano-sized YSZ powder was found to be equal to 141.3 kJ/mol compared to that of micron
powders reported in other studies, to be equal to 280-300 kJ/mol.
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Figure I.26: Relative density of parts made from nano- and micro-sized YSZ[54]

3.6.4 Zirconia in additive manufacturing
Rapid prototyping and the search for patient anatomy adapted implants pushed many
researchers in AM field to try and produce parts made of zirconia for biomedical applications
[55,56]. However, to our knowledge, no part of AMed zirconia is currently available in the
market. This is mainly due to issues related to the manufacturing of high-density bulk parts.
When zirconia is melted via AM technology, it showed massive cracks and micro voids in the
parts due to several reasons, mainly: (i) low laser power and (ii) low preheating temperature
of the melting bed. It is well known in AM, that high preheating temperature reduces residual
stresses during AM process. However, even after increasing the laser power and preheating
temperature, cracks existed as shown in Figure I.27. This is an indication that zirconia in AM
field is not yet mature. It is worth noticing here that all studies were performed on micro-sized
zirconia powders.

Figure I.27: Effect of platform preheating over AMed zirconia microstructure[57]
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3.6.5 Affinity between titanium and zirconia (wettability behavior)
One of the challenging criteria in MMCs is the wettability between reinforcement and metal
matrix. The liquid-solid wetting characteristics are crucial for a successful MMC. Indeed, a
poor wettability behavior between ceramics and metal matric will result in metal-reinforcement
debonding which then gives rise to cracks and voids after melting. Studying the wettability
behavior of such systems is not easy because it is related to several parameters such as viscosity,
for example. However, a wettability experiment could be conducted by depositing a droplet of
molten metal on the surface of a ceramic (sessile drop technique). An angle is formed between
the liquid and solid interface called the wettability angle (contact angle). The lower the contact
angle, the higher the affinity between the metal and ceramic. Figure I.28, shows the wetting
behavior of a titanium liquid droplet on zirconia ceramic. It is observed that titanium is easily
diffusing inside the zirconia ceramic which is a good indication of affinity. It has also been
proven by Zhu et al. [58] that adding titanium improves further the wetting behavior of zirconia
and significantly reduces the wetting contact angle.

Figure I.28: A profile of molten liquid titanium over a zirconia substrate [58]

3.6.6 Zirconia reinforced TMC in additive manufacturing
To our knowledge, only one attempt was made in 2018 by Li et al.[59] in a Chinese research
laboratory. The goal of this study was to enhance the wear resistance properties of AMed
titanium via addition of pure zirconia. Only small fraction of zirconia powder (3%wt) was
added to the titanium powder in order to create a 3%wt zirconia reinforced titanium powder
blend (Figure I.29a). The powder blend showed a homogeneous distribution of zirconia powder
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and the melting process parameters were optimized to achieve high bulk density. Mechanical
tests showed an increase in wear resistance which was attributed to the homogenous distribution
of zirconia in the matrix in addition to a dispersion strengthening effect induced by zirconia
particles (Figure I.29b).

Figure I.29: (a) SEM images of 3%wt zirconia reinforced titanium powder, (b) TEM
images of a bulk sample after mechanical tests.[59]
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4.

Conclusion

The search for new manufacturing techniques for high performance materials made additive
manufacturing an attractive field. The market of AM is expanding year after year due to the
high demand of new engineered materials such as metals and MMCs. AM proved to be the best
candidate for manufacturing of such materials in a challenging production time and low cost.
MMCs today are very important in different fields such as military, medical and especially in
aeronautic fields. This is due to the combination of high strength, hardness and high thermal
resistance of ceramics and the unique mechanical properties of metals in terms of ductility and
weight. The main objective of creating MMCs is the demand for materials with high tensile
and/or compressive strength at high temperatures, in addition to creep and fatigue resistances
at high temperatures.
Different manufacturing processes are employed in manufacturing MMCs (Arc melting,
pressure infiltration, CVD, squeeze casting). While these traditional techniques could be
employed to manufacture parts with non-complex shapes, they are not suitable candidates when
it comes to the manufacturing of parts with highly complex geometries and precision. AM
simultaneously offers the possibility of manufacturing complex parts, and the ability to produce
tailored microstructures and mechanical properties through reinforcements incorporation.
Thus, a lot of research is being carried out on TMCs made with titanium borides (TiBx)or
titanium carbide (TiC) due to their chemical stability at high temperature in the titanium matrix.
However, only few works concern zirconia reinforced TMCs.
Taking in account all these points, the objectives of the thesis were defined as follows:
-

Investigation of powder blends made of Ti6Al4V reinforced by different yttria stabilized
zirconia content in order to create a TMC

-

Microstructural and mechanical characterization of the manufactured TMC parts at room and
high temperature.

-

Investigation of the effect of HIP post treatment on microstructure and mechanical properties
of the manufactured TMC parts.
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Chapter II: Characterization and experimental techniques

This chapter is divided into two parts: in Section II.1 we briefly show the experimental technics
used in this thesis to successfully characterize all materials from density, microstructure to
finally mechanical properties. In Section II.2, we show the powders preparation steps and their
characteristics in addition to the SLM process optimization of Ti64 reinforced by nYSZ
particles for the sake of manufacturing free-crack parts.
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Section II.1: Experimental techniques and facilities

1.

Density measurements

Density was measured using two techniques: the first one is the well-known Archimedes
method following ASTM B31 standard and employing o-Xylene solution with a density of
0.877 g/cm3 for parts impregnation; the second method is based on the use of a He pycnometer
Accupyc ii 1340 (Figure II.1) (further information about the method is found in [1]). For both
techniques, cubic parts were detached from the building platform and then polished from all
sides using a 600-grid paper. Next, the parts were put in an ultrasonic bath to remove particles
generated from polishing. Finally, the parts were dried in an oven at 70°C for 24 hours before
starting trials.

Figure II.1: (a) A picture of the helium pycnometer found in LSPM, (b) a Scheme of a
helium pycnometer[2]

2.

Metallography

2.1

Classical polishing protocol

For each microstructural characterization, supports of parts were first removed and ground
using a series of SiC grinding papers following ASTM E3-11 standard. The polishing steps are
the following for the European Federation of Abrasive Procedures (FEPA): 180 – 320 – 600 –
1200 – 2500 – 4000 and the European/USA grit grades comparison guide is shown in Table
II.1. Each step takes approximately from 2 to 5 min and specimens are rotated 45° after each
step to make sure scratches from the previous step have been completely removed. An Oxide
Polishing suspension (OPS) mixed with 5% concentration hydrogen peroxide (H2O2) is then
used to obtain an optimal surface for microscopic observation.
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Table II.1. grit abrasive guide for European and the USA

ANot

found in the FEPA grading system. ANSI - American National Standards Institute. AMI - Coated abrasives

Manufacturers Institute. FEBA - European Federation of Abrasive Producers

2.2

Advanced polishing protocol

There are other techniques for post-analysis specimen preparation. For instance, in order to
prepare a specimen for TEM analysis, other advanced methods should be applied in addition to
classical protocols. So, we used the Precision Ion Polishing System (PIPS) to achieve a uniform
surface without introducing too much mechanical stress into the samples. This technique
operates under secondary vacuum and uses ion beam etching technology (IBE); a schematic of
this technic is shown in Figure II.2.

Figure II.2: (a) A picture of the used PIPS machine, (b) a Scheme showing the
working principle of PIPS technology [3]
The starting thickness of samples was about 100 µm. The chamber was filled with high purity
argon gas while the process chamber was held at a pressure of 10−4 mbar by pumping using a
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turbo pump. The sample platform was water-cooled and was rotated at 10 revolutions per
minute.

3.

X-ray diffraction analysis (XRD)

X-ray diffraction (XRD) originates from the consistent diffusion of X-ray photons from an
incident beam on a crystal. The electronic clouds of the material's atoms are excited by the Xphotons and diffuse a coherent wave, the waves emitted by these atoms then interfere with each
other. Due to the periodicity of the crystal, we can see an intense diffusion in discrete directions
(Figure II.3). The diffraction peaks are then the result of the interference figures of the X
photons diffused by the electrons of the atoms of the mesh. Since atoms are periodically stacked
in the same grain, the families of planes (hkl) are defined. The spacing between diffracting (hkl)
planes is called the dhkl distance. The dhkl distance being of the same order of magnitude as the
wavelength of X-photons, the phenomenon of diffraction follows the law of Bragg indicated in
Figure II.2.

Figure II.3: X-ray diffraction on a crystal according to Bragg's law (From ThermoFisher
website)
There are different XRD setups but the most common one is the Brag-Brentano one:
-

XRD θ-θ setup where the analyzed specimen is fixed and only the X-Ray tube and its
detector that moves.

-

XRD θ-2θ setup where the specimen and the detector are moved from a θ angle and 2θ
angle around the tube which is fixed.

Different X-Ray tubes are available such as Copper, Cobalt and Molybdenum…etc. Also, a
monochromator is necessary to eliminate the fluorescence background Kα and Kβ lines.
The equipment used for our measurements is a Thermo Fisher Inel EQUINOX 1000 X-Ray
diffractometer used in asymmetric θ-2θ geometry (Figure II.4). The X-Ray monochromatic (Cu
Kα1 radiation, Long Fine Focus X-Ray tube) incident beam makes an angle of around 6° with
the samples. Two crossed slits are placed at 60 mm before the samples. Line profiles are
collected on a curved linear detector (0°-115°) placed at 180 mm from the samples. Actual
diffractometer parameters are:
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-

A Monochromator tilt angle: 27.283°

-

Actual Caglioti parameters: U:0.082241535; V:-0.14528316; W: 0.123053625

-

Important distances:
-

Monochromator/sample: 305 mm

-

Sample/detector 180 mm

-

Slit’s aperture: 0.1 mm* (0 to 10 mm)

All these parameters are needed in order to determine Caglioti parameters and Rietveld
refinement analysis that was performed with MAUD (Material Analysis Using Diffraction)
software to extract the lattice parameters of the various phases.

Figure II.4: A Thermo Fisher Inel EQUINOX 1000 X-Ray diffractometer (Picture from
Thermo Fisher’s website)

4.

Microscopy techniques

4.1

SEM Imaging

Scanning electron microscopes (SEM), ZEISS FEG-SEM SUPRA 40VP (Figure II.5a). The
FEG SEM can offer a very good resolution and precision at low voltage (approximately 1.5 nm
at 1 kV and 2.5 nm at 0.2 kV). The principle of SEM is as follow: an incident electron beam is
focused at the surface of the sample analyzed through an electromagnetic lenses and then a
detector will receive the emitted secondary (SE) or backscattered electrons (BSE) generated
from the analyzed sample. Using a CCD camera, the signal is treated and then an image is
screened. The microscope is equipped with secondary electrons (SE) detector and backscattered electrons (BSE) detector. One should know that SE and BSE are the main signals
produced from electron interaction with the surface of the sample (Figure II.5b). SE detector
was used for surface analysis whereas the backscattered electrons (BSE) mode was used to
obtain chemical contrast images and to separate the α and β phases in the manufactured alloys.
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(Settings are listed in Table II.2). Bulk parts were cut using wire cutting in order to produce
samples, and polished following metallographic procedures.

Figure II.5: (a) SEM equipment at the LSPM laboratory, (b) Electron interaction with
matter

Table II.2. Settings used for SEM image acquisition
Equipment
Accelerating voltage
Area of polished samples
Temperature
Focus distance
4.2

MEB-FEG
15 kV
1 cm2
18-20°C
10 mm

Electron backscatter diffraction (EBSD)

EBSD technique operates by arranging a flat, mirror polished sample at an angle typically 70°.
With an accelerating voltage of 10–30 kV, and incident beam currents of 1–50 nA, electron
diffraction occurs from the incident beam point on the sample surface and a EBSD pattern
emanates spherically from this point (Figure II.6a).

Figure II.6: (a) Setup and principle of EBSD, (b) Schematic of the diffracting cones with
respect to the reflecting plane, the specimen, and the phosphor screen (From Xi'an Jiaotong
University)
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When the primary beam interacts with the crystal lattice, backscattered electrons are emitted
and are subject to path differences that lead to constructive and destructive interference, that’s
Kikuchi bands (Figure II.6b). When more than one Kikuchi band is considered, the angles
between the projected plane normal orientations correspond to the interplanar angles, and the
angular width of a Kikuchi band {hkl} is twice the Bragg angle θhkl. Thus, the width of the
bands is related to the interplanar spacing, dhkl, according to Bragg’s law.

Using this technique allows us to have important information such as crystallographic
orientation, texture and grain size. To prepare samples, we cut samples from bulk parts and
polished them using standard metallographic procedures, next all samples were subjected to
electropolishing which is a very important step to flatten the surface of all prepared samples.
To do so, Lectropol 5 machine was used, samples were mounted on a conductive electrode and
put in contact with the polishing electrolyte A3 (55-75% Methanol and 25-45% 2Butoxyethanol), the main electropolishing parameters are listed in Table II.3.

Table II.3. Electropolishing settings used in this study.
Equipment
Electrolyte
Area of polished samples
Temperature
Flow rate
Voltage
Time

LectroPol-5
A3
0.5 cm2
18-20°C
12
35 V
20 sec

Samples were next mounted on a SEM equipped with EBSD for analysis. Table II.4 shows the
EBSD parameters used in our case; for EBSD result indexation, we used a TSL OIM DC,
software.

Table II.4. EBSD settings used in this study
Accelerating Voltage
Specimen Tilt
Hit Rate
Speed of Acquisition
Step size
Magnification
Scan size
4.3

20.00 kV
70º
99.60 %
40.52 Hz
0.08-0.4 μm
200-300x
0.1-0.55 mm2

Energy-dispersive X-ray spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy is a SEM based technique used for quantitative and
qualitative analysis of each element present in a sample. The data that are generated by EDX
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analysis consists of spectra with peaks corresponding to all the different elements that are
present in the sample. In our case we used a LEICA S440 (Figure II.7) microscope equipped
with an X-ray detector and the settings are listed in Table II.5.

Figure II.7: SEM equipment used for EDX analysis found in LSPM laboratory

Table II.5. EDX settings used in this study
Accelerating Voltage
Specimen Tilt
Hit Rate
Current
Magnification
Scan size
4.4

15.00 kV
70º
98.60 %
1500 pA
300x
0.5µm2

TEM imaging

In the AM world, titanium alloys present mostly a very refined microstructure which makes
them difficult to investigate using SEM. Transmission electron microscopy (TEM) offers the
highest resolution amongst other electron microscopes. Samples preparation for TEM analysis
is very delicate and high-speed polishing is to be avoided because it can introduce micro
deformations to samples and therefore falsify the results. In our case we used a JOEL JEM
TEM. For imaging purposes, the electron beam is focused into a thin coherent beam. This beam
is restricted by the condenser aperture, which excludes high angle electrons. The beam then
arrives at the sample surface and a fraction of it is transmitted depending upon the thickness
and electron transparency of the sample. This transmitted fraction is then focused by the
objective lens into an image on phosphor screen or charge coupled device (CCD) camera.
Figure II.8 shows the setup of TEM and the equipment found at the LSPM laboratory.
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Figure II.8: TEM setup in (a) imaging and (b) diffraction modes, (From the University of
Warwick), (c) is a picture of the TEM equipment found in LSPM laboratory

For diffraction purposes however, when electrons pass through the sample, they are scattered
by the electrostatic potential produced up by the constituent elements in the sample. Once
passing through the sample, these scattered electrons pass through electromagnetic lens which
focuses most of the scattered electrons from one point of the specimen into one point in the
image plane. Figure II.8b shows a schematic of the diffraction mode of TEM. The scattered
electrons (dotted) are collected into a single point. This is the back focal plane of the objective
lens and is where the diffraction pattern is formed.
In our case we investigated only one reinforced sample, the polishing protocol is mentioned in
2.1 and 2.2 of this chapter and the TEM operating parameters are listed in Table II.6
Table II.6. The main TEM settings used in this study
Beam voltage
Beam current
Camera length in diffraction mode
Magnifications used

5.

Mechanical characterization

5.1

Vickers microhardness

200 KV
109 µA
10 cm
30 000, 80 000 and 100 000

Vickers microhardness was measured using a DuraScan automatic indentation machine (Figure
II.9). Microhardness was measured according to ASTM standard E348-10. A diamond-shaped
indenter was used, with a load of 0.2 kg force applied for 15 seconds. Magnification was
maintained at 40x. Following ASTM F3001 – 14, twenty indentations were taken along both
the building (XOZ) and scanning (XOY) directions of polished 10x10x10 mm3 parts. The
software used then to perform the indentation measurements was provided with the system
(Duramin software).

54

Figure II.9: Microhardness equipment fount in the LSPM laboratory

5.2

Compression tests

5.2.1 Compression tests at room temperature
In order to investigate the mechanical properties of our materials at room temperature, we
performed uniaxial compression tests on an MTS machine with a maximum load of 100 KN
(Figure II.10). The strain rate was set to 0.001s-1. Compression tests were performed on the
bulk parts according to ASTM E9 standard. All samples were covered by a Teflon type sheet
to reduce friction generated by the anvils-samples contact. As no extensometer could be used,
and because the machine stiffness was not available, the mechanical behavior was best
described in terms of macroscopic true stress (𝜎) versus plastic true strain (𝜀𝑝 ) plots. For each
bulk sample, the compression true stress and true strain were first computed. Then, the plastic
true strain was estimated with the following expression.
𝑏

𝜎

𝜀𝑝 = 𝜀 − (𝑎) − 𝑎

(Equation II.1)

where b and a are two constants estimated from the linear extrapolation of the elastic part of
the true stress – true strain curve, σ(ε).
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Figure II.10: An MTS compression equipment found at the LSPM laboratory

5.2.2 Compression tests at 850 °C
In order to investigate the mechanical properties of our materials at high temperatures, we used
a Gleeble type simulator. A Gleeble is a dynamic testing machine that can simulate a wide
variety of thermal/mechanical metallurgical situations. Starting with the basic treatment of
metals to obtain specific structures and proceeding through the testing of specimens taken from
finished products, the Gleeble can simulate and provide test data on almost any
thermal/mechanical exposure the material sees during its life. The Gleeble easily reproduces
thermal/mechanical phenomena of the real world. Thermally, both the temperature of the test
zone and the computerized program are available for recording and analysis. The stroke, force
and computer programs are directly available, while simultaneously from the test zone, the
crosswise strain, lengthwise strain, true stress and specimen cross-section area are all available
for control, recording and analysis when equipped with the appropriate options. There are many
series of Gleeble systems, but the most advanced system so far is the 3500. The Gleeble 3500
is capable of 10 tons force in compression or tension. The 3500 Gleeble system is the result of
over 45 years of evolution and refinement in the design and manufacture of high-speed thermal
and mechanical testing machines. The result is a well-developed machine combining both the
latest in technology and reliable experienced designs. Figure II.11 shows the equipment of the
Gleeble 3500 found in the LSPM laboratory.
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Figure II.11: Gleeble 3500 simulator equipment found in the LSPM laboratory

This system is divided into three main parts; a mechanical system which can perform tensile
and compression tests, a control interface that commands most of the Gleeble tasks such as the
mechanical system, vacuum, heating, cooling …etc. And finally, a PC unite that serves for
introducing the input data and recording the experimental conditions of the mechanical tests.
The mechanical experiments in this Gleeble can be done in Argon protected environment or
secondary vacuum. The latter environment was chosen for our experiments.
The heating system in the Gleeble 3500 is a joule heating type with a closed-loop control direct
resistance and the thermocouple used was a type-K made of nickel-chromium alloy that could
be used up to 1250 °C. Depending on the nature of the materials (steel, titanium, nickel …)
and testing temperatures, other thermocouples could be used such as Type-S, Type-R and TypeB, but the most used one is a Type-K thermocouple. In our case, we chose the Type-K and it
was attached to all specimens prior to hot compression via a welding machine (Figure II.12).
No dilatometer was used in this study due to the small dimensions of the cylindrical samples.
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Figure II.12: Thermocouple welding machine used to weld the K-thermocouple to all
cylindrical specimens before hot compression tests, in addition to a schematic of the
heating system of the system in both tension and compression tests and finally a table
representing the maximum available heating rates of the Gleeble system.

Before starting all hot compression tests, the mechanical system was cleaned using an ethanolimpregnated tissue to remove impurities remains generated from other tests performed on other
materials. The cylindrical samples were produced and stress – relieved and then machined in
order to achieve 6 mm in diameter and 9 mm in height and later mounted on the mechanical
system (Figure II.13) A summarized description of the experimental protocol is found in Table
II.7.

Figure II.13: A closer look inside the mechanical system before starting hot compression
tests
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Table II.7. Experimental protocol used for hot compression tests
Testing machine
Heating speed
Holding time before test
Maximum strain
Cooling rate
Working environment
Testing speed
Temperature °C

Gleeble 3500
10 °C/s
150 seconds for microstructure and temperature
homogenization
50%
Air cooling
Vacuum (~10-5 mbar)
0.1 s-1
0.01 s-1
0.001 s-1
850 ±10

Figure II.14 shows a schematic of the experimental protocol of the hot compression tests. First,
vacuum had to be established which took around 5 minutes, and then heating started until 850
°C was achieved. Next, hot compression tests started and finally cooling was performed using
air quenching. We performed the hot compression tests on different strain rates ranging from
0.001 to 0.1 s-1. It should be known here that maximum strain rate adapted for this Gleeble
system is 0.1 s-1.

Figure II.14: The hot compression steps used for this study
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Section II.2: Powders’ preparation, parts manufacturing and post heat treatment

1.

Introduction

The mastership of additive manufacturing processes requires optimization of the starting
materials which is the powder in the present case. The laser-powder interaction is an important
parameter to achieve high quality parts. In this section, we show the results of the
characterization of the powders and their blends in addition to the strategy adopted to melt the
powder mixtures.

2.

Powder blend preparation

2.1

Matrix

Only Ti64 alloy powder was used for the matrix with a particle size distribution of d10, d50 and
d90 of 27.52, 41.11 and 59.87 µm, respectively. (d10 means that the portion of particles with
diameters smaller than 27.52µm are 10%, d50 means that the portion of particles with diameters
smaller and larger than 41.11µm are 50%, d90 is the portion of particles with diameters below
59.87µm is 90%). The powder was provided by TLS Technic (Germany) company. The
chemical composition of the Ti64 powder is listed in Table II.8 in accordance with ASTM Ti64
Grade 23 ELI.

Table II.8. Chemical composition of the provided Ti64 grade 23 ELI powder
Elements Ti
wt%
bal

Al
6.01

V
3.87

N
0.009

C
0.008

H
0.002

Fe
0.04

O
0.08

The Ti64 powder was produced using Electrode Induction-melting Gas Atomization (EIGA).
The characteristic of the process is that it uses gas atomization (generally argon) and it is a
crucible free. Therefore, no or little contamination is noticed. A cylindrical electrode (generally
around 45~90 mm Ø max) is mounted, and then melted by an induction coil using high melting
frequency. The gas flow is ejected directly at the moment when a droplet of molten metal is
liberated from the electrode. Finally, the gas gives rise to spherical shape of the powder while
it is falling into the container due to gravity effect (Figure II.15)
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Figure II.15: (a) SEM image and (b) particle size analysis of the as-received Ti64 powder.

2.2

Reinforcements

The effect of reinforcement size over the melting process in very important to achieve high
density parts and good melting conditions. In our case, it was decided to use nanoscale powder.
Therefore, reinforcement powder with less than 100 nm was used.
The reinforcement is a zirconia nanopowder stabilized by 3%mol of Yttria (nYSZ), provided
by USnano (USA). The chemical composition of the as-received powder is shown in Table II.9.
Table II.9. Chemical composition of the 3%mol of the as-received yttria stabilized
tetragonal zirconia nanopowder.
Element
Content (ppm)

ZrO2
Bal

Al
20

Mg
65

Si
102

Ca
75

S
165

Nb
119

The characteristics of the nYSZ are provided in Table II.9. In Figure II.16b, we show a SEM
image of the nYSZ is not easy to obtain because zirconia powder tends to absorb secondary
electrons very fast, therefore the image intensity contrast is increased very fast (charging
phenomena). Figure II.16a shows one TEM image provided by USnano and one obtained at the
LSPM laboratory.

Table II.10. the YSZ powder spec sheet (data provided by USnano comapny)
nYSZ
Crystal phases
APS
Surface area
Morphology
True Density

3%mol Y203 is added (5%wt) to zirconia for stabilization
purposes
mostly tetragonal
40 nm
10-25m2/g
Spherical
5.88 - 5.91 g/cm3
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Figure II.16: (a) TEM image of YSZ powder provided by USnano company, (b) SEM image
of YSZ powder after being put on a conductive silver lacquer.

2.3

Ti64 / nYSZ powder blend

The powder blend preparation was made through different steps. First, using an argon protected
glove box, the nYSZ powder was carefully removed from its package, dried, weighted, then
separated and put into different metallic containers and finally sealed. These containers served
as prepared doses for further use. As the for the mixing technique, we used a 3D mixer known
as Turbula T2C, shown in Figure II.17a with a maximum load/volume of 5 kg / 2 liters. Turbula
T2C is equipped with several mixing speeds of 23, 34, 49, 72 and 101 rpm. It also uses 3
dimensional movements (translation, rotation, and inversion) in order to achieve high blend
homogeneity. This technology was chosen instead of other centrifugal or planetary mixing
technics for which a higher mixing energy is generated from the process, because these technics
(i) may alter the spherical shape of powder and (ii) could oxidize the starting metallic powder,
because of the high-mixing speed and turbulence generated. For batches with high powder
volume, we used the T10 Turbula model (Figure II.17b) with a maximum load/volume of 10
kg / 17 liter. The powder recipient in both Turbula T2F and T10B were made of plastic and
stainless steel, respectively. This powder preparation using Turbula was performed at Z3DLAB
without grinding media. Protocols used for powder batches preparation are summarized in
Figure II.18.
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Figure II.17 : (a) Turbula T2C and (b) T10B Turbula mixer

Figure II.18: Steps used for powder batches preparation

Three powder batches were prepared and summarized in Table II.11. After powder batches
preparation, we investigated the blend morphology and homogeneity via SEM; Figure II.19
presents the Ti64 powder after addition of 1%wt and 2.5wt% of nYSZ. It is quite apparent that
the powder morphology was not altered by the blending process, and thus a homogenous
powder blend was obtained.

Table II.11. Powder batches compositions.
Ti64 (wt%)
100
99

YSZ (wt%)
0
1

Abbreviation for powder batch
Ti64 powder
ZTP1 powder

97.5

2.5

ZTP2.5 powder
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Figure II.19: SEM images of (a,b) ZTP1 powder and (c,d) ZTP2.5 powder blends

3.

Mechanism of SLM-processed Ti64/nYSZ

3.1

Introduction to Titanium/Zirconia thermodynamics reactions

In order to select the most adequate powder melting parameters, it is very important to
understand the thermodynamic reactions that could happen between titanium and zirconia at
elevated temperatures. These reactions are well documented by researchers since the 70 th. For
instance, Teng et al. in [4] studied the titanium-zirconia system at elevated temperatures, and
recorded the following reactions: 2Ti + ZrO2= 2Ti2O2 + Zr. The formation free energy was
estimated about -81.12 (kJ) at 1800 °C. In addition, the bonding strength was increased between
titanium and zirconia. From these results, it was deduced that titanium can react with zirconia
in order to produce TiOx-Zr composite materials. However, according to Ellingham diagrams
(Figure II.20), titanium should not reduce zirconia, in contradiction with what Teng et al. [4]
deduced at 1800 °C. Lin and Li [5] performed an advanced study on titanium-zirconia system
using TEM microscopy. They found out that at 1500 °C, the reaction products were found to
be: α-Ti(Zr, O), Ti2ZrO and Y2Ti2O7, with no trace of free zirconium for more than 10%mol
of zirconia addition. These results are in contradiction with those of Teng et al. [4], making it
therefore very complicated to understand and predict the final products generated from this
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complex system. It is worth noticing, however, that the experiments that led to these
conclusions were performed using conventional manufacturing technics such arc melting and
casting. To our knowledge, there is no thermodynamic study on additively manufactured
titanium-zirconia system.

Figure II.20: Ellingham diagram of titanium-zirconia system [4]

3.2

SLM process of Ti64/nYSZ

-

First trials using standard Ti64 SLM parameters

Trials were first performed on powder with the highest nYSZ content (ZTP2.5 powder) in order
to obtain high bulk density and also to evaluate the limits of the melting process and to select
the most adequate SLM process parameters. It is worth noting that SLM melting ceramic
reinforced titanium powders is not easy because of the high thermal mismatch between the
matrix and reinforcement that mostly leads to parts cracking during SLM process. So we, first
of all, tried to realize simple parallelepiped parts using standard Ti64 melting parameters. The
resulting parts are shown in Figure II.21. We notice several long cracks appearing on parts walls
and a very different melt pool behavior compared to that of Ti64 powder during melting. In
AM, this type of crack could be related to several reasons. For instance, in titanium matrix
composites, the following phenomena are highly suspected to form cracks.
(1)

Non-homogenous powder mixture that leads to the agglomeration of powder

reinforcements.
(2)

Non-homogenous powder mixture that leads to an incomplete melting of reinforcements

and therefore results in poor bonding of matrix-reinforcement interface.
65

(3)

High impurity content present in the powder, and especially humidity, oxygen (higher

than 5wt%) and hydrogen.
(4)

Inadequate melting parameters which increase the residual stress magnitude and

therefore produces cracks after cooling.

Figure II.21: Part manufactured by ZTP2.5 powder using Ti64 SLM melting process
parameters. (a)SD: scanning direction; (b)BD: building direction

In our case the powder blend was homogeneous and minor if none nYSZ agglomeration was
noticed. Next, the powder batch preparation was done under argon protected environment.
Oxygen measurements were, however, performed using inductively coupled plasma mass
spectrometry (ICP) on all powder batches (Table II. 12). Results showed that the oxygen content
increased from an average value of 0.0657 wt% to 0.2515% after addition of nYSZ. This
increase in oxygen content is directly related to the oxygen content of nYSZ. Still ZTP2.5
powder could be processed at such oxygen level. Thus, the SLM melting parameters are the
only remaining ones which could have an influence on the quality of the elaborated part.
According to Figure II.21, it seems that Ti64 standard melting parameters are not adapted in
this case. But we notice in Table II.12 that after SLM+HT, that oxygen level of ZTP2.5 HT
increased to 0.69% which is a critical value known to induce cracks within the parts.
Table II.12. Oxygen measurements of powder batches using ICP

-

Measurement n#1 (wt%)
Measurement n#2 (wt%)
Average (wt%)

Ti64 powder
0.064
0.068
0.066

Ti64 powder
ZTP1 powder
ZTP2.5 powder

After SLM
0.14
-

ZTP1 powder
0.193
0.188
0.190

ZTP2.5 powder
0.253
0.250
0.252
After SLM+HT
0.19
0.37
0.69

Second trials using optimized SLM process parameters

66

In order to avoid parts cracking, the SLM process must thus be optimized. Table II.13
summarizes the SLM processing parameters used for Ti64 and nYSZ reinforced Ti64. The main
changes in parameters concern the speed and trajectory of the laser. These two parameters are
very important to completely ensure the melting of nYSZ particles and to reduce residual
stresses generated from the SLM process in addition to stresses generated from introducing
reinforcements into the matrix.
Table II.13. SLM processing parameters used for Ti64 and nYSZ reinforced Ti64
SLM processing parameters
Laser power (w)
Scan speed (mm/s)
Hatch distance (mm)
Beam focus diameter (mm)
Scanning strategy
Atmosphere
Oxygen content (wt%)
Specimens size (mm)

Ti64 standard parameters
100-200
750
0.09
0.8
Stripe
Argon
<0.1
10x5x5

nYSZ reinforced Ti64
200
440
0.09
0.8
Chess
Argon
<0.1
10x5x5

Figure II.22 represents a visual of the parts before and after process optimization. In this case
we used the ZTP2.5 powder, i.e. the most reinforced material, for which we expect not to see
any stress formation. It was observed that using Ti64 standard melting parameters on ZTP2.5
powder resulted in a linear crack starting from the edges of the part and following the laser
scanning path (Figure II.22c). Recent studies showed that reducing laser scanning vector was
advantageous to prevent parts from cracking [6,7]. Changing the laser scanning speed and
trajectory appeared to give suitable results, as no cracks were observed neither on the surface
nor on the edges of the parts. Using the “chess” laser scanning strategy was the adequate choice
thanks to its small scanning vectors in addition to the 45° and 90° alternating strategy that
require turning the orientation of each over building layer by 45° and 90°.

Figure II.22: Parts manufactured from ZTP2.5 powder using (a,b,c) standard Ti64 vs.
(d,e,f) optimized SLM process parameters. Numbers written in white color represent the
laser scanning order.
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-

SLM processing of complex parts

It is worth noting that complex structures such as over-hanged parts are not easy to manufacture
using standard SLM parameters. To our knowledge, there are few studies that report the work
on optimizing the SLM parameters to be adapted for the manufacture of complex structures
using advanced powders. Several points need to be taken in consideration such as: (i) part
orientation, (ii) laser scanning strategy and (iii) supports structure. During the last fifteen years,
many papers were issued about additively manufactured TMCs (e.g.[8,9]). In these papers,
researchers only reported work performed on simple geometry parts such as cubes and
cylinders. However, to our knowledge few research papers report studies on complex and over
hanged geometries of parts made of TMCs and manufactured using AM. Complex parts
production is a very important step toward manufacturing of component structures and
facilitating the industrialization process by increasing the technology readiness level (TRL).
During SLM building of TMC complex parts, a significant amount of thermal and mechanical
stresses is generated which lead to cracking phenomena. This is mainly attributed to (i) material
properties (thermal and mechanical mismatch between the matrix and reinforcements) and
(ii)AM process (melting process parameters optimization).
For the sake of enhancing the TRL scale of our TMC powder and its SLM process, we
performed a case study by manufacturing a complex part using the powder with the highest
content of nYSZ (ZTP2.5 powder) and two different sets of SLM parameters shown in Table
II.14. As shown in Figure II.23, the manufactured parts presented the following characteristics:
a- 50 mm in height.
b- Unsupported overhang angle of about 45°.
c- Thin wall of about 0.6 mm.
d- Narrow (1 mm in diameter) but hallow cylinder inside the bulk part.

Table II.14. SLM processing parameters of CP N#1 and CP N#2
Laser power (w)
Scan speed (mm/s)
Hatch distance (mm)
Beam focus diameter (mm)
Scanning strategy
Atmosphere
Oxygen content (wt%)
Supports type

CP N#1
200
440
0.09
0.8
Chess
Argon
<0.1
Block

CP N#2
200
440
0.06
0.8
Chess+ Stripe
Argon
<0.1
Block+Dense wall

CP N#1 & CP N#2 refer to parts names given at Z3DLAB facilities
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Figure II.23: (a) a visualization from AutoFab® software of the complex parts (circled in
solid and dotted red is CP N#2 and CP N#1, respectively), (b) complex parts after
manufacturing

After parts manufacturing, we noticed that CP N#1 presented severe cracking as shown in
Figure II.24. However, CP N#2 presented no traces of cracking. These results indicate that
support structure and scanning strategy play a major role in manufacturing free crack complex
parts.

Figure II.24. Complex parts manufactured using process parameters
(a) CP N#1 and (b) CP#2
3.3

Post-Heat treatment protocols

After SLM process validation, all parts except for as-built Ti64 (parts abbreviation are listed in
Table II.14) were subjected to stress relief heat treatment (600°C for 2 hours) in an argon
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protected environment. Nabertherm 350A oven was used (Figure II.25a). Later, all parts
without exception were subjected to a HIP post-treatment (920°C/100 MPa/2 hours) (Figure
II.25b). The HIP post-treatment was performed following three stages; the first stage consisted
in a heating stage with a 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 cooling, at a rate of about 5 °C/min. During the
cooling stage, the parts remained inside the HIP chamber until 40°C was reached. The HIP
experimental protocol is found in Appendix A

Figure II.25: Post heat treatment equipment (a) Nabertherm 350A oven for stress relief heat
treatment (b) Hot isostatic pressing equipment in LSPM laboratory

Table II.15. Powder blend compositions (HT: stress relief heat treatment,
HIP: Hot isostatic pressure) and designation of the various elaborated
parts
Ti64
(wt%)

nYSZ
Powder batch
(wt%)

100

0

Ti64 powder

99
97.5

1
2.5

ZTP1 powder
ZTP2.5 powder
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Parts

Parts + HIP

as-built Ti64
Ti64 HT
ZTP1 HT
ZTP2.5 HT

Ti64 HIP
Ti64 HT+HIP
ZTP1 HT+HIP
ZTP2.5 HT+HIP

4. Conclusion
This chapter was dedicated to the description of the experimental techniques used in this thesis
in one hand and powder blends and melting process in the other hand.
The choice of a nanocrystalline reinforcing powder (nYSZ) was justified by the need to avoid
the matrix-reinforcement interface debonding, very often encountered in metal matrix
composite processing.
Since the use of Ti64 standard melting process was shown not to be adapted to the production
of free crack parts made of Ti64/nYSZ powder blends, the SLM process parameters have been
optimized to obtain a satisfactory quality. These parameters should be optimized as soon as a
change in parts scale or/and geometry is required.
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Chapter III: Results and discussions

This chapter is divided into two parts. Section III.1 and Section III.2 are about investigating the
microstructure and mechanical properties at room and high temperature, respectively.
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Section III.1: Room temperature characterization

1.

Introduction

Nowadays, additive manufacturing technique is widely deployed for parts fabrication in several
fields such as aerospace, petrochemicals, and medical fields. According to the ASTM
committee F42 standard, AM is a laser-based manufacturing process aiming to synthesize parts
with full density and net-shaped components. SLM technology is an AM technique also known
as powder bed fusion (PBF) which consists of depositing and melting thin powder layers on a
metallic substrate.
SLM technology is known for producing parts using a wide choice of powder feedstock such
as aluminum and its alloys, stainless steel and titanium alloys. In the latter case, the two-phase
α+β titanium alloy, Ti64 is the most optimized alloy for AM due to its interesting properties
under various loading conditions. This alloy 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 SLM melting process of Ti64 is well understood, and standard parameter sets are
available for numerous commercial SLM machines.
At room temperature and optimized melting process, Ti64 parts produced by SLM, possess a
tensile strength and an elongation of about 1211 MPa and 6.5% respectively [1]. However,
ASTM F136 standards state that elongation 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, conventionally fabricated or as-built SLMed Ti64
still does not satisfy the needs from several fields for which high strength alloys are highly
demanded, especially in the aerospace industry. In order to enhance the mechanical properties
of Ti64, few attempts were made via SLM 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 increases but at the expense of the ductility.
A recent study [2] has been carried out on SLMed Ti64 with 0.25wt% boron powder blend.
After processing, the manufactured part exhibited a relative density of about 99.5% along with
a hardness of about 392 HV0.5, which is 30HV0.5 higher than that of unreinforced SLMed Ti64.
No data was provided, however, on the tensile or compression behavior of the reinforced alloy.
Huber et al. [3] reported on SLMed Ti64 with 2%Fe powder mixture. Their results showed an
increased hardness of about 534 HV after heat treatment and exceptional compressive strength
of about 1857 MPa. However, a drastic reduction of the ductility from 20% to 4.3% only was
observed in compression, due to the formation of nm-scale α-precipitates and/or to the α phasestabilizing effect of the higher amount of aluminum of the alloy.
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Among the different heat treatments that are generally employed to enhance the ductility (and
other physical characteristics), HIP post-processing seems to give the best combination of
optimized microstructure and mechanical properties. While many studies on the influence of
HIP post-processing on the microstructure and mechanical properties of SLMed Ti64 have been
carried out over the past years [4–7], the influence of HIP on the microstructure and mechanical
properties of particle-reinforced SLMed Ti64 parts has seldom been studied.
In a recent study, Hattal et al.[8] reported on the microstructure and mechanical characteristics
of SLMed nYSZ-reinforced Ti64. Although a good strength and ductility ratio after room
temperature compression tests was reported, it appeared that both microstructure and
mechanical properties could still be improved. Therefore, the present work focuses on the effect
of HIP post-treatment on microstructure and mechanical properties of SLMed nYSZ-reinforced
Ti64 alloy.

2.

Results and discussion

2.1

Bulk density measurements

Figure III.1 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 (𝜌𝑒𝑥 )
to a reference (𝜌𝑟𝑒𝑓 ) density. The reference density, taken from the literature [9] for Ti64 in an
annealed state at room temperature, is set equal to 4.43 g/cm3. For the reinforced materials, a
reference density has been calculated from the reference Ti64 value, by adding 1 and 2.5 wt%
of nYSZ, respectively and by taking 𝜌𝑛𝑌𝑆𝑍 = 6.05 𝑔/𝑐𝑚3 [10]. Using these values, the
reference densities are calculated to be 4.44 g/cm3 and 4.46 g/cm3 for the two reinforced
materials.
It is seen in Figure III.1 that all samples present a relative density between 99.2 and 99.5%
before HIP due to the homogeneous powder distribution (See Appendix B) and the optimized
SLM process. Also, and that there is a significant increase of the density after HIP for all
samples. The percentages of β 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 surprising. 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 α and β phases, whose variations during HIP (see below) will strongly affect the density of
the material. It can, however, be assumed that the increase in density after HIP for all samples
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reflects in part the elimination of structural defects, mainly encapsulated porosities inherited
from atomization process as previously discussed [11–13].

Figure III.1: Effect of nYSZ addition and HIP post-treatment over parts relative density.
The percentages of α and β phase in all samples are also indicated, in red for the XRD
measurements and in black for the EBSD characterizations.

2.2

XRD analysis

2.2.1 Phase analysis
Figure III.2 presents the XRD data for theTi64 powder and ZTP2.5 powder blend, along with
that of the SLM-processed and post-HIP treated parts. It is known in SLM that as-built Ti64
shows α martensite (α’) dominated microstructure due to high cycles of heating and cooling.
According to these XRD data, it is first seen that the Ti64 powder is essentially composed of
-titanium, whereas the ZTP2.5 powder blend is constituted of both α-titanium phase,
tetragonal and monoclinic nYSZ phases. After melting by SLM, the as-built Ti64 parts are also
essentially composed of α-titanium (α’ in this case) and it contains residual stresses due to
SLM process, in line with a previous study [14]. It is the same after stress relief heat treatment
(Ti64 HT) the α’ grains should decompose (at least partially) to stable α grains and some
residual β grains. Indeed, in most of these cases, the percentage of the β phase remains below
5%, according to the EBSD data indicated in Figure III.1, a percentage which is hardly
detectable by XRD. Also, the crystallite size (Figure III.3) increased after HT which is a sign
of defects reduction such as residual stresses found in the as-built Ti64. One can notice that the
peaks of the α phase are shifted to lower 2θ values, indicating lattice parameter variations, as
detailed below. In addition to the α phase, the XRD patterns measured on ZTP1 HT and ZTP2.5
HT specimens indicate the presence of a β phase reaching volume fractions of 10.33% ± 0.57%
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and 14.24%± 1.07%, respectively [8] [15]. These percentages are in very good agreement with
those measured by EBSD, as seen in Figure III.1. The formation of the β phase at this stage
could be attributed to the β-stabilizing effect of zirconia [16]. However, the dissolution of nYSZ
particles to zirconium and oxygen could lead to the α-stabilizing effect of oxygen.
After a HIP post-treatment, the Ti64 parts clearly present a dual α - β structure. This could be
attributed to the high HIP post-processing temperature, as reported by Qiu et al. [4]. On the
opposite, the percentage of β phase strongly decreases after HIP and could not be detected by
XRD in Ti64 HT+HIP, ZTP1 HT+HIP and ZTP2.5 HT+HIP samples, and, was detected only
by EBSD. This difference could be due to the fact that the microstructure of the Ti64 sample is
metastable after SLM, whereas it is closer to an equilibrium state after heat treatment.

Figure III.2: (a) XRD patterns of the powders and melted parts (α: ●), (β: ▼), (T:
Tetragonal ♦ and M: Monoclinic ♣). (b) Is an enlarged area of 2θ = [26°-46°].

2.2.2 Lattice parameters
Figure III.3a-b shows the evolution of a, c and c/a lattice parameters of the α phase in all
samples, and all measured values are reported in Table III.1.
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Table III.1. Lattice parameters (in Ǻ) of the studied materials, results extracted from
Rietveld refinement analysis using MAUD software.
Material

Ti64
powder
as-built
Ti64
Ti64 HT
ZTP1 HT
ZTP2.5
HT

a lattice parameter
(HCP)
Before After
HIP
HIP
2.9261 -

c lattice parameter
(HCP)
Before After
HIP
HIP
4.6616 -

c / a (HCP)

a lattice parameter
(BCC)
Before After
HIP
HIP
-

Before
HIP
1.5931

After
HIP

2.9387

2.9239

4.6708

4.6689

1.5894

1.5968

-

3.2084

2.9355
2.9390
2.9289

2.9263
2.9274
2.9314

4.6985
4.7002
4.6790

4.6702
4.6794
4.6895

1.6006
1.5993
1.5975

1.5959
1.5985
1.500

3.2148
3.2008

-

The Ti64 powder c/a ratio was found equal to 1.593 ± 10-4 as seen in Figure III.3c, i.e. smaller
than the ideal ratio of 1.633 for the hexagonal close-packed (HCP) crystal structure [17].
According to the literature, the c/a value of Ti64 powders is highly affected by impurities [18]:
these authors mention e.g. a c/a ratio varying from 1.5950 to 1.5970 for an oxygen content
varying from 0.13 to 0.35wt%. The c/a values of Ti64 powder obtained here are thus consistent
with those reported by Oh et al. [18], since our powder contains 0.13wt% of oxygen. After
powder melting by SLM, the lattice parameters a and c of the as-built Ti64 parts increase,
indicating a lattice expansion during SLM, sometimes reported in the literature [19]. This
expansion is associated with a slight decrease (0.2%) of the c/a ratio, compared to that of the
powder (see Figure III.3c). 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) during stress relief heat treatment, as mentioned above in Table II.11. 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 the a parameter. This is in agreement with our findings. 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 2.4.1 of this chapter. The addition of 1% of nYSZ causes an increase in both a
and c lattice parameters of the ZTP1 HT sample compared to Ti64 HT. The addition of 2.5%
of nYSZ, however, results in a drastic reduction of a and c lattice parameters of the ZTP2.5 HT
sample. It is worth mentioning that this strong decrease of lattice parameters is indeed quite
consistent with the observed strong increase in density for this material (see Figure III.1). It is
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challenging in this case to understand the reasons behind this particular evolution of both lattice
parameters and density, which could e.g. be due to a strong interaction between Ti64 and nYSZ
particles during SLM process, resulting into high local stresses, present even after HT. In
addition, nYSZ contains yttria element within its structure which is an impurity scavenger [20].
This question will be explored in the future.
The β phase lattice parameter is also modified by the addition of nYSZ, and is determined to
be equal to 3.2148 ± 10-3 Å and 3.2008 ± 10-3 for the ZTP1 HT and ZTP2.5 HT samples
respectively, i.e. lower than the value generally measured on dual phase and annealed TI64 at
room temperature, which is equal to 3.221 Å [17].
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 a refinement of the XRD peaks and an
increase in crystallite size as shown in (Figure III.3d) which means that HIP post treatment
successfully induces a reduction of defects quantity in the HIPed samples. This increase of the
crystallite size is especially spectacular for the ZTP2.5 HT+HIP, for which it is associated
though to an increase of the lattice parameters. We thus observe that, whatever the cause of the
density evolution (addition of interstitial elements, stress relief or reduction of defects within
the materials), this evolution is generally consistent with that of the lattice parameters, except
for the ZTP2.5 HT+HIP sample, for which the XRD determination revealed to be difficult and
possibly less precise than for the other materials.
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Figure III.3: Evolution of (a)“a” ,(b) “c” lattice parameters, (c) “c/a” ratio and (d) crystallite
size of the α phase for all investigated samples before and after HIP post-treatment.

2.3

Microstructure investigation

2.3.1 SEM analysis
Figure III.4 depicts the microstructure of the SLMed parts before and after HIP post-processing.
The microstructure of parts before HIP is composed of α lamellar grains with different
thicknesses and lengths in accordance with literature [21]. Figure III.4 reveals precipitates with
white contrast observed at the lamellar α boundaries that could be indexed as β phase. Indeed,
it is known according to the available literature [22] that Kroll etchant attacks preferentially the
α phase rather than the β phase of titanium alloys and thus the β phase is revealed as clear white
entities under backscattered electron microscopy. It is thus clear from these pictures that a small
percentage of β phase is indeed present in all materials, but the specific location of the phase
which is quite dispersed 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 β phase percentages determined in ZTP1 HT and ZTP2.5 HT which is
higher than 10%). Such a high percentage of β phase was also reported by Hausmann et al. [23]
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in SLMed and then HIPed Ti64 alloy. Contrariwise, in the present study, the β 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 β precipitates in the case of
ZTP2.5 HT HIP compared to Ti64 HT HIP and ZTP1 HT HIP. In addition to β phase, we found
out that some nYSZ particles were not completely melted and therefore are located between α
and/or β grains (See Appendix C for TEM analysis). These unmelted or partially melted nYSZ
particles could be the result of nYSZ reflecting the laser beam [37].

Figure III.4: 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. (β phase here is in white colored precipitates.)
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2.3.2 Grain size evolution
2.3.2.1 Evolution of α phase grains prior to HIP post-treatment
According to literature, SLMed Ti64 usually presents a hierarchical structure of α grains [19]
[24]. Four types of α grains are thus identified based on their size, and more precisely according
to the length of the major axis which can be greater than 20µm, between 20 and 10µm, between
10 and 2µm or less than 2µm. The associated α grains are then called primary, secondary,
ternary and quartic α grains respectively. This hierarchy is associated with the thermal history
of the SLM process [19]. Based on the above-mentioned classification, it is noticed from Figure
III.5a-g that secondary α 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
secondary α grains form in the early stages of the thermal history [19]. Similarly, from Figure
III.5a-g, ternary α grain fractions are estimated to be about 29.7%, 28.2%, 33.5% and 19.7%,
while quartic α 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 α quartic grains estimation
in ZTP2.5 HT is limited due to the insufficient resolution of SEM equipment. The formation of
ternary and quartic α grains is assumed to occur during the later stage of the thermal history,
while the growth process is inhibited by the boundaries of previously precipitated α grains as
well as the absence of subsequent thermal cycles [19]. According to the results reported here,
the addition of nYSZ seems to favor the formation of α ternary and quartic grains. This in an
indication that nYSZ plays a significant role in inhibiting the α grain growth during SLM
process.
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Figure III.5: α-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 β
phase or/and not well indexed small grains. Min & Max here refer to the minimum and
maximum axis of α grains. Total Fraction represents the fraction of these α grains.
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2.3.2.2 Evolution of α grains after post-Treatment by HIP
It is seen from Figure III.5b-h that grain coarsening occurs during HIP post-treatment: the
secondary α grain fractions increase to 4.5%, 10.3%, 7.2% and 1% for Ti64 HIP, Ti64 HT+HIP,
ZTP1 HT+HIP and ZTP2.5 HT+HIP, respectively. However, no significant change in the
secondary α grains fraction is observed within the ZTP2.5 HT+HIP sample compared to the
ZTP2.5 HT one as shown in Figure III.5g-h. As for the ternary α grains, their fractions are
estimated to be 45.4%, 48.4%, 40.9% and 33.3% while quartic α 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 α grain evolution follows the same
tendency as the one observed before the HIP post-treatment (see previous section), although
larger α secondary and ternary grain fractions were found after HIP post-treatment. During HIP
post-treatment, the fraction of the ternary α 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%, respectively. It is well known
that α grains become thicker and smaller in length after HIP post-treatment, as reported e.g. by
Hausmann. et al. [23] in the case of the Ti64 manufactured via SLM 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 discussed in the next section.

2.4

Mechanical properties

2.4.1 Microhardness tests

Figure III.6: Effect of nYSZ addition and HIP post-treatment on the average microhardness
of SLMed samples.
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According to Figure III.6, 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
[25] or/and the reduction in grain size [26] . While the presence of Ti3Al phase was not
investigated/found in the present study. At first sight, one must notice that grain refinement has
been favored during HT in Figure III. 5a-c, which according to Hall-Petch theory would mean
a strength increase, but one should pay attention to Figure III. 5a which clearly shows that the
as-built Ti64 is not well indexed after EBSD analysis, mainly because of residual stresses that
interfere during results EBSD acquisition and that after stress relief heat treatment (Figure III.
5c, the microstructure is more stable and 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. In the other hand, this increases the microhardness after stress relief heat
treatment. In addition, this could also be related to the pronounced increase in c/a ratio of Ti64
HT compared to as-built Ti64 (Figure III.3c), which is presumably due to impurities introduced
during stress relief heat treatment and that induces in turn a solid solution strengthening
mechanism [27]. In the same line, it is also seen that the addition of 1wt% and 2.5wt% of nYSZ
results in an increase in microhardness of the fabricated parts to 440±3 and 510±8 HV,
respectively. This increase can be attributed to both the reinforcing effect 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 [23] 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 β phase [28], clearly seen in Figure III.2 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 microhardness of Ti64 alloys after a thermo-mechanical treatment such as HIP will
depend on the proportion, shape, size and distribution of both α and β phases. According to
Figure III.4b, β grains seem to be homogeneously distributed along α grain boundaries. This
will allow dislocations to recombine, leading to a decrease in their density and a decrease of
microhardness in turn [29]. Finally, it is seen in Figure III.6, 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 Figure III.6, the general trend of the present study is thus a clear decrease
of the microhardness after HIP for all tested materials, essentially linked to the grain size
evolution. Some possible additional influence of the texture on microhardness evolution is
discussed in 2.4.3 of this chapter.
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2.4.2 Room temperature quasi-static compression tests

The complete true stress-strain compression curves of the SLM and HIP processed as-built
Ti64, Ti64 HT, ZTP1 HT, and ZTP2.5 HT parts are presented in Figure III.7a-b. From these
curves, the plastic part of the curves has been extracted and presented in Figure III.7c-f. In order
to do so, plastic deformation has been calculated by assuming a classical additive
decomposition of the total strain between elastic and plastic strains, and thus by suppressing the
apparent elastic strain from the total one [15]. The curves have also been smoothed in order to
calculate the strain hardening rate (SHR) 𝜃 = 𝑑𝜎⁄𝑑𝜀. 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 (𝜀𝜎𝑚𝑎𝑥 ), as well as the maximal plastic strain (𝜀𝑚𝑎𝑥 )
achieved (which characterizes the ductility) have also been determined. All these quantities are
listed in Table III.2.
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Figure III.7: Effect of nYSZ addition and HIP post-treatment over the stress-strain response
during room temperature compression tests at a strain rate of 0.001 s-1. (a,b) and (c,d,e,f)
represent the true stress-total strain and true stress – plastic strain for the reinforced and
unreinforced parts before and after HIP post-treatment, respectively

It is quite clear at first sight that the HIP treatment has the double effect of reducing the stress
level (one single exception is found for the ZTP1 HT material) and increasing strongly the
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ductility of all materials. Increasing the percentage of zirconia has, however, the opposite effect:
the stress level increases, but the ductility decreases with increasing percentage. We also notice
on these curves that both HT and HIP post-treatments have a favorable effect on the ductility
of the as-built material.
The values of YS0.2% and CS are now plotted in Figure III.8 for all materials, before and after
HIP. It is seen that both quantities evolve generally in the same way with the post-treatment
and the addition of reinforcements. We tried to estimate the YS using the contribution of
different strengthening mechanisms. In Ti64 alloys, the main contributors for strengthening are
Hall-Petch (𝜎𝐺𝐵 ), solid solution hardening (ss) due to dissolved elements (mainly oxygen) ,
dislocation hardening (DS) and precipitation hardening (PH), (calculations and references are
presented in Appendix E). For example, the estimated yield stress value of the as-built Ti64
was about 956 MPa which is slightly higher than the engineering YS (949 MPa) and lower than
the YS (840 MPa) deduced from the true stress-strain. However, in the case of our reinforced
materials, the Orowan strengthening (𝜎𝑜𝑟 ) must be taken in consideration (because
reinforcements particle size is less than 0.1µm). But even after adding the latter to the other
strength mechanisms, the final estimated YS was 1216 and 1494 MPa for ZTP1 HT and ZTP2.5
HT respectively, being slightly higher than the engineering YS value measured from stressstrain curves which is 1201 and 1429 MPa for ZTP1 HT and ZTP2.5 HT, respectively. One
should carefully trade with the formulas of strengthening mechanisms, because most of them
do not take in consideration the effect of texture (discussed in 2.4.3 of this chapter), density and
β phase content (which is higher than 10% in our reinforced materials). As for our reinforced
parts, the increase in strength is mainly attributed to 𝜎𝑜𝑟 strengthening due the effect of nYSZ
particles blocking dislocation’s movements and therefore presenting higher micro-strains inside
the matrix and to the refinement of α grains translated by 𝜎𝐺𝐵 strengthening. Whereas the only
main strengthening mechanism of the unreinforced parts was found to be related to 𝜎𝐺𝐵 .
Table III.2. Mechanical data extracted from the compression tests.

as-built Ti64
Ti64 HT
Ti64 HIP
Ti64 HT+HIP
ZTP1 HT
ZTP1 HT+HIP
ZTP2.5 HT
ZTP2.5 HT+HIP

YS
(MPa)
840
960
837
925
1110
1190
1301
1200

YS0.2%
(MPa)
977
1082
960
1060
1171
1270
1469
1370
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CS
(MPa)
1280
1346
1309
1331
1456
1545
1834
1705

𝜀𝜎𝑚𝑎𝑥
(%)
14
18
39
28
12
22
10
15

𝜀𝑚𝑎𝑥
(%)
17.3
25.9
43.5
28.9
16.3
29.4
11.6
17.8

Figure III.8: Effect of nYSZ addition and HIP post-treatment on the yield and compression
stresses of SLMed samples.

2.4.2.1 Effect of stress relief and HIP post-treatments on the strength and ductility of the unreinforced parts
According to Figure III.7 and Figure III.10, we see that after stress relief heat treatment, both
CS and YS0.2% of Ti64 HT increase, compared to the values found for the as-built material. This
is expected from the observed grain refinement, as already shown in another study [30]. Indeed,
it is observed in Figure III.5a-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 analysis that there was possibly an additional solid solution strengthening, due
to the increase of the impurity content.
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 unreinforced materials, producing generally a slight decrease of these
values. One exception is found for the value of CS of the as-built material, which slightly
increases after HIP (but it corresponds to a quite large strain value). It is worth mentioning
though that the curves of the unreinforced materials after HIP are so flat that the precision on
the determination of the maximum stress strongly depends on the smoothing procedure.
Previous studies [25],[31] also found a yield strength decrease after HIP post-treatment in Ti64,
that was attributed to the complete transformation of α martensite to a more stable and twinfree α phase, the coarsening of the α grains and the appearance of β phase [19] [25]. In the
present study, all three reasons may be valid: an increase of the β phase percentage has been
identified by XRD in Ti64 HIP; EBSD results (Figure III.5 have clearly shown a grain size
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increase for the as-built Ti64 and Ti64 HT after HIP post-treatment. This was also followed by
an increase in crystallites size as shown in Figure III.3d, which implies a reduction of defect
density after HIP post treatment, and thus a more stable microstructure.
It is also seen in Figure III.7c that the plastic compression strain of Ti64 HIP is about twice
(40%) higher compared to as-built Ti64 (~18%). The poor ductility of as-built Ti64 (see
Appendix D for fracture analysis) may be attributed to the presence of defects after elaboration,
whereas the enhanced ductility of Ti64 HIP may be attributed to both grain size increase and
defect reduction. In addition, fracture analysis showed a dimple-like surface which is a
signature of a ductile behavior (see Appendix D for fracture analysis). Perhaps the most
important thing in this fracture analysis is the fact that HIP post-treated materials presented
more elongated dimples compared to their un-HIPed counterparts. Also, the presence of a welldistributed β phase within the matrix tends to homogeneously distribute 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 β phase (whose content is estimated at 8%), is
homogeneously distributed (see Figure III.4b). Since β grains are usually softer than α grains,
we can conclude that the presence of this β phase enhances the deformation mechanisms of
Ti64 HIP. It is observed from Figure III.7d that the compression plastic strain is, however,
almost unchanged after HIP for the HT sample, for which we find 27% and 30% for Ti64 HT
and Ti64 HT+HIP, respectively.

2.4.2.2 Effect of stress relief and HIP post-treatments on the strength and ductility of the
reinforced parts

From Figure III.7 and Figure III.8, we see that both YS 0.2% and CS increase with nYSZ content,
as a result of the effect of grain refinement (see Figure III.5) and of the reinforcement effect of
nYSZ. We also notice that a HIP post-treatment has a more pronounced effect on reinforced
materials than on the Ti64 samples and that the strengthening influence of a nYSZ addition is
still quite clear after HIP. For the ZTP1 HT sample, both CS and YS 0.2% increase after HIP,
whereas they decrease for the ZTP2.5 HT sample. It is worth mentioning, though, that the
possible contributing parameters 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 Figure III.7 that there is again a clear increase of the compression plastic strain
after HIP for the two reinforced materials; 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
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and ZTP2.5 HT+HIP respectively. Clearly, the obtained microstructures characterized by a
limited amount of β phase homogeneously distributed within the αmatrix Figure III.4f-h and by
a slight grain size increase within the α phase are quite ductile; while these two elements are
necessary for an improved ductility, 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 Appendix
D for the fracture analysis), this combination of surfaces is a sign of a less fragile fracture.

2.4.2.3 Effect of stress relief heat treatment, composition and HIP post treatment on hardening
The hardening curves 𝜃(𝜎) are now plotted in Figure III.9 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 decreasing, which allows eliminating the elastic-plastic transition, while 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 (Figure III.9a) and reinforced parts (Figure III.9b). We can
see that all the curves have the same overall shape, composed of three stages, a first one
associated with a slow decrease of 𝜃, followed by a long stage associated with a faster decrease
of 𝜃, and a final one again characterized by a slow decrease of 𝜃, before reaching the maximal
stress value. It may be hazardous to make assumptions about the possible hardening and
recovery mechanisms from the sole analysis of these curves without any observation of the
dislocation microstructures, but we can say that 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. 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 [32], characterized
by a strong decrease due to more active recovery (dislocation annihilation through e.g. crossslip), before the final stage which could correspond to the onset of different recovery
mechanisms or to structural 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 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 [32]. Of
course, the precise evolution of dislocation storage and annihilation depends in a complex way
90

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.

Figure III.9: Hardening curves deduced from the stress – strain curves (Figure III.7). (a) unreinforced and (b) reinforced parts

The hardening capacity of the various materials can, however, be quantitatively assessed by
e.g. calculating a strain hardening coefficient [33] within the initial plastic ranges. This
coefficient n is defined as the slope of the curve ln 𝜎 = 𝑓(ln 𝜀). For simplicity and in line of
previous studies [8,33] 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 III.3 for the ranges 0 – 1% and 1-2% plastic strain.

Table III.3. Estimated hardening coefficients for two plastic strain ranges for all materials.
Sample
as-built Ti64
Ti64 HT
ZTP1 HT
ZTP2.5 HT

as-built Ti64
Ti64 HT
ZTP1 HT
ZTP2.5 HT

n (plastic strain from 0 to 1%)
Before HIP
0.0803
0.0624
0.0638
0.0652
n (plastic strain from 1 to 2%)
Before HIP
0.07
0.065
0.059
0.084

After HIP
0.0513
0.0608
0.0524
0.0677
After HIP
0.05
0.0608
0.038
0.14

It is interesting to note that this strain hardening coefficient is systematically lower after HIP
than before (in consistence with the hardening curves presented in Figure III.9, but not with the
available literature [33], except for the ZTP2.5HT sample for which the experimental curve
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before HIP is quite noisy (see Figure III.9). This observation could be the sign of different
hardening and storage capacities of the various samples, associated with the different
microstructures. The observed grain growth after HIP post-treatment may play a major role in
these mechanisms.

2.4.3 Texture evolution and its effect on mechanical properties

Pole figures were extracted from EBSD analysis performed on an area of about 550 x 550 µm2
and parallel to the building direction (Z-axis). A1 and A2 represent here the X and Y directions
respectively, as referred in ASTM F3001-14, and A3 represents the building direction Z. The
(101̅0) , (0002) and (112̅0) pole figures have been plotted for the α phase, and the (110)β,
(200)β and (222)β pole figures have been plotted for the α 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 Figure III.10 that the texture intensity is low (around 2 for the (0002) 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) and (112̅0) pole figures present a higher intensity which
is further increased after HIP post-treatment in addition to a preferential orientation close to
𝑍 = [112̅0]𝛼 𝑎𝑛𝑑 𝑋 = [0002]𝛼 . This increase in texture intensity after HIP post-treatment
may have affected the mechanical properties of Ti64 HT+HIP. Most researchers mention a loss
of about 25% in strength associated with an increase in ductility after HIP post treatment in the
case of Ti64 manufactured via SLM and HIPed at 900°C [25] [4]. 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 during HIP post-treatment as seen in Figure III.10b-f [34], 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 Burgers mechanism that classically governs the  →  phase transformation
and

which

can

be

described

by

the

crystallographic

relationship

(110)𝐵𝐶𝐶 ‖(0001)𝐻𝐶𝑃 ; [1̅11]𝐵𝐶𝐶 ‖ [112̅0]𝐻𝐶𝑃 . This is especially clear for the texture of the
Ti64 HT+ HIP sample, even if the presented data are not sufficient to estimate the number of
possible α variants generated from a single  grain.
b-

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

The intensity of (0002) and (112̅0) 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
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around the Z-axis (Figure III.10c-g). This strong texture intensity is to be compared with the
observed strength increase of about 10% after HIP, which could partly due to this texture and
which was only observed in this material. The increase in texture intensity after HIP posttreatment is, however, much lower for ZTP2.5 HT (Figure III.10d-h), but still visible. In both
reinforced materials, the Burgers crystallographic relationship is again respected. As for unreinforced materials, the increase in texture intensity after HIP could be due to specific
nucleation and growth mechanisms during HIP, but particle stimulated nucleation [35] 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.

Figure III.10: Pole figures of SLMed 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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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
material (𝑀𝑡𝑒𝑥𝑡𝑢𝑟𝑒 ) or from an isotropic texture (𝑀𝑖𝑠𝑜 ). In each case, the texture is represented
by a set of 2160 orientations regularly spaced within the Euler space and associated volume
fractions. 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> slip systems were active, with relative reference
shear stresses of 1, 5 and 4 respectively [36]. The influence of the texture was then suppressed
from the experimental data by dividing the mechanical values (microhardness or YS0.2%) by the
ratio. 𝑀𝑡𝑒𝑥𝑡𝑢𝑟𝑒 ⁄𝑀𝑖𝑠𝑜 .
We see from Figure III.11a 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 samples. 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 Figure III.11b. We notice first a small influence of textures on the YS

0.2%

variation during HIP for the unreinforced 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,

however, this calculation has to be refined by considering different values of critical resolved
shear stresses for the different materials. This will necessitate a new experimental investigation.

Figure III.11: Effect of texture over (a) microhardness and (b) yield stress at 0.2%
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3.

Conclusion

To our knowledge, this paper presents the first investigation of the influence of HIP posttreatment on SLMed Ti64 reinforced by zirconia addition. From an extended microstructural
and mechanical characterization, the following conclusions can be drawn:
-

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

reinforced parts. This may contribute to reducing the risks of parts premature failure, usually
due to lack of fusion and powder inherited porosities.
-

The microstructural investigation has shown that a HIP post-treatment has the triple

effect of (i) reducing the β phase percentage, (ii) increasing the grain and crystallite sizes and
(iii) producing a more homogeneous distribution of α and β grains (especially in the Ti64
material), than before HIP.
-

As a result, the ductility is strongly increased, whereas the compression strength is

decreased 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); nYSZ reinforced Ti64 could therefore be a
promising alternative to the use of currently available Ti64 in aerospace and medical fields.
-

The mechanical properties of nYSZ reinforced and HIPed Ti64 parts also show higher

values than titanium reinforced with other ceramics such as TiB2 and B4C. This is probably due
to the high fracture toughness of zirconia and the high wettability titanium-zirconia system
which results in matrix reinforcement affinity. In addition, nYSZ particles did not change the
deformation mechanism.
-

The texture evolution during HIP, mainly due to recrystallization 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.
-

Strain hardening is lower during the first stages of plasticity after HIP than before, for

most of our samples. Although these samples still present an extended ductility in compression,
the mechanical behavior of our unreinforced and reinforced materials should now be explored
in tension, to see if the observed hardening behavior is similar in tension and compression and
whether it affects the development of plastic instabilities or not.
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Section III.2: High temperature characterization

1.

Introduction

For titanium alloys, the investigation of their mechanical behavior at high temperatures may be
of primary importance in several industrial sectors. In aeroengines for example, the effect of
temperature is a critical subject. Many researchers performed hot compression test using a
Gleeble thermal simulator machine, and established then Arrhenius constitutive equations by
using stress-strain data, and processing maps [1–5]. Among titanium alloys, Ti64 represents
almost 52% of its use in an aeroengine. This is due to its high corrosion and strength resistance
in addition to thermal stability at high temperature. However, at temperatures of 600°C and
above, Ti64 will no longer be good for aeroengine uses. Other alloys are used nowadays to
overcome these drawbacks such as Titanium IMI series which possess the highest creep
resistance at high temperature among other titanium alloys.
Studying the microstructure-mechanical relationship of titanium alloys at high temperature
could be very challenging because several mechanisms could occur simultaneously making it
tricky to determine the predominant mechanism in order to explain mechanical properties.
McQueen and Jonas [4] were among the pioneers to establish a proper explanation of the
different microstructures that could be generated from hot deformation experiments. In their
studies, based on the shape of the experimental curves, they were able to show that, during hot
deformation of soft metals such as titanium, two independent microstructural mechanisms
could take place: (i) dynamic recovery and/or (ii) dynamic recrystallization. These two
mechanisms may lead to different microstructures and thus to different mechanical properties.
It is thus of primary importance to identify them during high temperature tests before being
able to derive a proper constitutive law.
In the current chapter, we investigate the effect of nYSZ addition on microstructure and
mechanical properties of Ti64 at near-transus temperature.
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2.

Introduction to hot deformation mechanisms

2.1

Dynamic recovery (DRV)

This phenomenon can happen at high temperatures on metals with high-stacking fault energy
(SFE) such as magnesium alloys. The stress-strain curve in this case is typically characterized
by a rise to a plateau followed by a constant or steady-state flow stress as shown in Figure
III.12a. Also, the microstructural changes occurring during dynamic recovery are summarized
in Figure III.12b.

Figure III.12: Stress-strain curves for Al-1%Mg at 400°C [6]

2.2

Dynamic recrystallization (DRX)

In contrast to dynamic recovery, DRX occurs in metals associated with low or medium stacking
fault energy, such as titanium, and only when a critical true deformation (𝜀𝑐 ) is reached. The
stress-strain curve is generally characterized by a broad peak that is different from the
monotonic rise to a plateau stress. Several stress oscillations could appear in this curve due to
the repeated initiation of grain nucleation, principally at grain boundaries (Figure III.13).

Figure III.13: The effect of temperature on the stress flow for 0.68%C steel compressed at
constant strain rate[6]

97

In order to facilitate the reading of hot deformation curves, we show in Figure III. 14a the
different mechanical entities as proposed by Belkebir et al. [8]. 𝜀𝑐 and 𝜎𝑐 are the critical strain
and stress respectively required for DRX initiation. 𝜎𝑝 is the peak stress attained at the strain
𝜀𝑝 . 𝜎𝑐𝑠 characterizes the beginning of the continuous softening or linear softening (and
associated with

𝑑 𝑆𝐻𝑅
𝑑𝜎

= 0 ) [5]. Finally, a strain (𝜀𝑠 ) and the associated stress 𝜎𝑠 characterizes

a final steady state regime. Figure III.14b represents the strain hardening rate (SHR) vs. the true
stress. SHR values are calculated based on Equation III.1
𝑆𝐻𝑅 =

𝑑𝜎

(Equation III.1)

𝑑𝜀

Figure III.14: A schematic example of (a) True stress-true strain and (b) Strain hardeningtrue stress curves

3.

Results and discussion

3.1

Mechanical characterization

3.1.1 High and medium strain rate (0.1 & 0.01 s-1)
Figure III.15 shows the true stress – true strain curves of Ti64 HT, ZTP1HT and ZTP2.5 HT at
high and medium strain rate during compression at 850 °C. It is observed that the flow stress
first increases with the strain up to the maximum stress peak 𝜎𝑝 (work hardening stage), and
then decreases with further increase of the true strain (flow softening stage). A steady state is
almost achieved for a strain rate equal to 0.1s-1 (at least for 2 out of the 3 materials) whereas
softening continues to dominate even at high strain for the strain rate equal to 0.01-1. This means
that continuous formation of DRXed grains takes place, thus reducing consequently the work
hardening. It is also noticed that the shape of the true stress-true strain curves is similar to that
found for other metals deformed at high temperatures such as copper and nickel, for which a
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gradual decrease is also observed during deformation. It is therefore suggested that this
deformation behavior could be related to continuous dynamic recrystallization (DRX) as
reported in these studies [7].
We also notice on these curves the existence of a particular situation. A drop in stress around
3% deformation is observed for all materials and all strain rates, which could be related to
acquisition noise or to an abrupt multiplication of dislocations [26]. Sellars et al. [22] proposed
a phenomenological expression (Equation III.2) for identifying the critical strain (𝜀𝑐 ) and the
stress required for DRX Initiation (𝜎𝑐 ). This approximation was also confirmed by Tian et al.
[23] in the case of titanium alloys with lamellar starting microstructure.

Figure III.15: true stress-strain curves of Ti64 HT, ZTP1 HT and ZTP2.5 HT at strain rates
of (a) 0.1 s-1 and (b) 0.01s-1
In order to investigate the effect of nYSZ over 𝜀𝑐 and 𝜎𝑐 , we present in Figure III. 16 the
evolution of the strain hardening rate (SHR) as a function of the strain (𝜀𝑝 ) to the peak stress.
𝜀𝑝 corresponds to an unstable equilibrium state between hardening by plastic deformation and
softening by recrystallization. According to Figure III.16, SHR values decrease rapidly up to
the yield drop. After this yield drop, SHR values become negative before passing through a
second positive maximum which characterizes the so-called recrystallization peak. Then, the
SHR remains negative for all materials, indicating the occurrence of dynamic recrystallization
during the whole stress and strain ranges. The oscillations observed on the curves in the negative
range are due to acquisition noise (see Figure III.15).
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Figure III.16: SHR-ε curves of Ti64 HT, ZTP1 HT and ZTP2.5 HT at (a) 0.1 s-1 and (b)
0.01 s-1 strain rate
Table III.4 summarizes 𝜀𝑐 values obtained from Equation III.2. It is noticed that 𝜀𝑐 decreases
with decreasing strain rate in the case of Ti64 HT which in accordance with literature [23]. On
the contrary, it is worth noticing that 𝜀𝑐 values of reinforced parts show an increase when the
strain rate decreases.
5

𝜀𝑐 = (6 × 𝜀𝑝 )

(Equation III.2)

𝜀𝑐 is the critical deformation in order to initiate DRX and 𝜀𝑝 is the plastic deformation at peak
stress.
Table III.4. values of 𝜀𝑐 and 𝜀𝑝 following Equation III.2 for all materials at high and
medium strain rates

Ti64 HT
ZTP1 HT
ZTP2.5 HT

𝜀𝑝 (%)
0.1 s-1
6.14
6.7
7.1

0.01 s
5.6
6.81
8

-1

𝜀𝑐 (%)
0.1 s-1
5.12
5.58
6.00

0.01 s-1
4.67
5.68
7.50

Figure III.17 and Figure III.18 show the SHR vs. true stress curve of all materials at high and
medium strain rates, respectively (the first stress drop at early deformation stages shown in
Figure III.15 was removed to avoid the misunderstanding of the curves). A clear linear softening
range associated with 𝜎𝑠 was only noticed in the case of ZTP2.5 HT at 0.1s-1 strain rate. The
nucleation of new grains and the migration of the boundaries of the previously nucleated grains
become more active than the dislocation accumulation. The determination of 𝜎𝑠 is not easy as
the curve SHR-σ presents some oscillations. That is why we separated the SHR-σ curves at 0.01
s-1 for the sake of clarity. However, it is obvious that 𝜎𝑠 values are higher for ZTP1 HT and
ZTP2.5 HT at 0.1 and 0.01 s-1 than for Ti64 HT. According to Sakai et al. [24], one should be
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careful in using these curves in order to draw conclusions. In all cases, peak stress (𝜎𝑝 ) increases
with increasing nYSZ fraction which means that hardening effect is highly pronounced in the
reinforced parts during the early deformation stage, and thus a higher dislocation density should
be observed. Indeed, strain hardening is a mean of improving strength of metal alloys. In our
case we calculated the strain hardening coefficient (n) (see previous chapter for the definition)
at plastic deformation ranging from 2 to 3% using the true stress-strain curves and results are
shown in Table III. 5. The strain hardening coefficient presented here shows an increase after
the addition of nYSZ.
We also investigated the effect of temperature on n values (only at low strain rate) and noticed
that they are reduced with increasing temperature. Since n is related to dislocation density, this
means that, the dislocation density and its multiplication rate are higher at low deformation
temperature than high deformation temperature.

Figure III.17: SHR-σ curves of Ti64 HT, ZTP1 HT and ZTP2.5 HT at 0.1 s-1 strain rate and
850 °C

Figure III.18: SHR-σ curves of (a) Ti64 HT, (b) ZTP1 HT and (c) ZTP2.5 HT at 0.01 s-1
strain rate and 850 °C
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Table III. 5. Strain hardening coefficient (n) at different strain rates
-1

0.1 s at 850 °C
0.01 s-1 at 850 °C
0.001 s-1 at 850 °C
0.001 s-1 at room T°

Ti64 HT
0.301
0.195
0.085
0.124

ZTP1 HT
0.324
0.246
0.093
0.141

ZTP2.5 HT
0.378
0.262
0.119
0.171

3.1.2 Low strain rate (0.001s-1)
Figure III. 19 shows the true stress-strain curve of Ti64 HT, ZTP1 HT and ZTP2.5 HT at low
strain rate. The deformation behavior of all materials deformed at low strain rate is slightly
different from the one observed at high and medium strain rate. A very sharp drop in stress is
again seen in early stages of deformation (at less than 1% of plastic deformation), and then the
curves all present a similar shape, typical of one recrystallization cycle, with a constant decrease
of stress until the end of deformation process.

Figure III.19: (a)true stress-strain and (b) SHR-ε curves of Ti64 HT, ZTP1 HT and ZTP2.5
HT at 0.001 s-1 strain rate

Following Equation III.2, the strain required for initiating dynamic recrystallization is found to
be increasing with the addition of nYSZ fraction as shown in Table III.6. In addition, SHR-σ
curves allow to determine the peak stress (𝜎𝑝 ) and linear softening stress (𝜎𝑐𝑠 ). As the curves
are very noisy because of high acquisition frequency, it was difficult for us to smooth and/or
filter the as received curves and a minor curve modification would lead to wrong interpretation
of the curves. Therefore, the presented curves are slightly smoothed using Origin Beta 2018
software.
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Table III.6. values of 𝜀𝑐 and 𝜀𝑝 following Equation III.2 for all materials at low strain rates
𝜀𝑝 (%)
2.55
3.6
4.5

Ti64 HT
ZTP1 HT
ZTP2.5 HT

𝜀𝑐 (%)
2.125
3
3.75

Figure III.20: SHR-σ curves of all materials at 0.001s-1 strain rate
The 𝜀𝑐 value in this case is also an indication of the occurrence of first nucleation event during
hot compression. In all cases, ZTP2.5 HT showed high strain hardening effect compared to
ZTP1 HT which is due to high content of nYSZ. The increase in n values was also noticed at
room temperature compression which means that the reinforcement effect of nYSZ was not
suppressed by the increase in temperature. According to Table III. 5 we notice that n values
increase with increasing strain rate. The strain rate affects significantly the strain hardening
coefficient due to: (i) the modified grain size of predominant phase in our materials and/or (ii)
the influence of strain rate on dislocation glide. This is explored in the following via
microstructural characterization.

3.2

Microstructural characterization

3.2.1 Flow stress and generated microstructure
We performed EBSD analyses on Ti64 HT, ZT1 HT and ZTP2.5 HT in order to investigate the
resulting microstructure before and after hot compression tests and also to explain the
mechanical properties from a microstructural point of view. All EBSD scans were taken at the
center of the samples (Figure III. 21). Figure III. 22 shows the inverse pole figure (IPF) of all
materials before and after hot compression tests. Perhaps the most apparent thing to be noticed
in this figure is the disappearance of the prior β columnar grain structure after deformation
which is due to the migration of grain boundaries during hot deformation. However, it is seen
that Ti64 HT deformed at 0.01 s-1 has maintained its columnar structure. Sakai et al. [24]
proposed a phenomenological model to predict whether or not DRX takes place in HCP alloys
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at near - transus temperature. The model suggests that the shape of the true stress-strain curve
depends primarily on the ratio (RDRX) of the starting (D0) and recrystallized (DR) grain sizes
(D0/DR).
For RDRX > 2, the final microstructure could develop following a necklace-like shape, which
means that during deformation, the material is partially recrystallized except at very high
strains; the resulting stress-strain curve is then characterized by only one stress peak 𝜎𝑝 and
continuous softening as found in our stress-strain curves shown previously in Figure III. 16 and
19.
If RDRX < 2, there are not enough nucleation sites for a complete DRX mechanism to finish in
one cycle. Instead, several oscillations take place and then give rise to multiple stress peaks 𝜎𝑝
in the stress-strain curve. As materials undergo further plastic deformation, they harden (stress
increase), and then recrystallize again (stress decrease).

Figure III. 21: Geometry of the samples showing the analyzed region after hot compression
tests
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Figure III. 22: Inverse pole figures (IPF) of Ti64 HT, ZTP1 HT and ZTP2.5 HT before and
after hot compression tests at different strain rates. (BD is parallel to the compression axis);
the IPFs of ZTP1 HT and ZTP2.5 HT are shown in the next pages.
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DR could be estimated from a grain orientation spread (GOS) map. The fraction of DRX grains
can be measured from the GOS map directly [10,11] because the GOS value of DRXed grains
is lower than that of deformed grains. The dynamically recrystallized grain size (DR) was
calculated using EBSD analysis and results are summarized in Table. III.7. The blue colored
grains are associated with the highest misorientation angle, and the average grain size DR was
estimated only on the blue-colored grains. Following results summarized in Table. III.7, it is
found that the RDRX values are higher than 2 for all materials, which implies the appearance of
only one peak stress, as confirmed in our stress-strain curves.

Table III.7. RDRX values calculated from EBSD analysis
Grain size
D0
DR(0.1s-1)
DR(0.01s-1)
DR(0.001s-1)

Ti64 HT
1.8
D0 / DR
0.45 3.98
0.55 3.27
0.57 3.12

ZTP1 HT
1.67 D0 / DR
0.42 3.98
0.49 3.41
0.55 3.04

ZTP25 HT
0.95 D0 / DR
0.40 2.37
0.37 2.56
0.3
3.16

Table III.7 shows that in all materials the grain size of DRXed grains increases with the
deformation rate.

3.2.2

Evolution of dynamically recrystallized grains (DRXed)

We investigated the effect of strain rate and nYSZ content on dislocations formation. Figure
III. 23 shows the grain orientation spread (GOS). The lower the GOS value, the lower the
dislocation density [12]. Here, grains colored with blue color show the DRXed grains with low
orientation spread, and red color represents partially recrystallized or/and deformed grains with
high orientation spread [13]. The fraction of DRXed grains increases with decreasing strain rate
in all cases. It is interesting to notice that more DRXed grains appear in ZTP1 HT than ZTP2.5
HT, which could indicate a higher number of nucleation sites in these materials (i.e. grain
boundaries + nYSZ particles).
In addition, the red grains in GOS maps which represent the partially or/and deformed grains
respectively have a particular grain orientation. According to the inverse pole figure (IPF)
shown in Figure III. 22, these grains (red colored grains shown in GOS) have a near and/or a
complete (0001)α orientation. Also, at low strain rate, we observe an arrangement of small
island-like grains oriented towards c-axis, which could be an indication of discontinuous DRX
mechanisms[14].
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Figure III. 23: grain orientation spread (GOS) of all deformed materials at different strain
rates. Bleu colored grains indicate DRXed grains; red colored grains indicate partially
or/and completely deformed grains. (Black arrow indicates the compression axis which is
parallel the building direction of all parts)

a-

At 0.1 s-1 strain rate, The DRXed fraction of Ti64 HT, ZTP1 HT and ZTP2.5 HT was

found to be 50%, 30% and 25% respectively (Figure III. 23). It appears here that the DRXed
fraction and nYSZ content are independent; however, it is worth mentioning that the β grains
fraction increases with increasing nYSZ content and consequently reduces the fraction of α
grains.
b-

At 0.01 s-1 strain rate, The DRXed fraction of alpha grains in Ti64 HT, ZTP1 HT and

ZTP2.5 HT, was found to be 43%, 32% and 50% respectively (Figure III. 23). In the meantime,
β phase fraction was 10%, 12% and 3% for Ti64 HT, ZTP1 HT and ZTP2.5 HT, respectively.
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It is worth noticing here that when DRXed grains fraction increases, the β phase fraction
decreases.
c-

At 0.001 s-1 strain rate, The DRXed fraction of Ti64 HT, ZTP1 HT and ZTP2.5 HT, is

found to be 26%, 55% and 39% respectively (Figure III. 23). In the meantime, the β phase
fraction increases following nYSZ content starting from 3% in the case of Ti64 HT and 6% and
12% for ZTP1 HT and ZTP2.5 HT, respectively.
At 0.001 s-1 strain rate, there will be enough time for DRXed grains to nucleate and grow.
Therefore, this increase in DRXed grains fraction after addition of nYSZ is the reason behind
the softening mechanism occurring at 0.001 s-1. On the other hand, the existence of nYSZ
reinforcements is beneficial to the formation of DRXed grains (at least at high fractions of
nYSZ). Since nYSZ are very small to be detected via EBSD, they can, however, occupy α
grains and obstruct plastic deformation of the matrix, which results in accumulation of
dislocations inside the α grains (knowing that dislocation density near reinforcements is higher
than that found elsewhere). Therefore, DRX easily generates in the matrix near reinforcements,
that is in DRXed α grains in this case. In addition, the size of dynamic recrystallized α grains
in the reinforced parts is much smaller than that of the Ti64 HT (see Table III.7). This can be
attributed simultaneously to the increased number of nucleation sites due to the presence of
nYSZ particles, as well as to the inhibiting effect of these particles on grain growth.
d-

For comparison purposes of DRXed grains fraction evolution versus strain rate, we

observe that Ti64 HT DRXed grain fraction follows a continuous decrease when the strain rate
decreases. The reduced number of nucleation sites associated with the lower strain rate,
facilitates the grain growth and the subsequent hardening of the grown grains [15]. However,
in the case of reinforced parts, this theory is inverted at least for ZTP1 HT in which DRX
mechanism is favored mostly at low strain rate. This could be related to the evolution of β phase,
because only α grains were taken in consideration in GOS maps.
3.2.3 Evolution of α and β grains
Deformation at low strain rate results in a uniform distribution of fine almost equiaxed grains
which is typical of DRX mechanism at low strain rates. The fraction of α grains and their size
progressively decrease with the strain rate.
At high strain rate of 0.1 s-1, the fraction of β phase was 10%, 4.2 and 0.2% for Ti64 HT, ZTP1
HT and ZTP2.5 HT, respectively. It is worth noticing that β phase is gradually decreasing when
nYSZ fraction increased and almost diminished for ZTP2.5 HT probably because at 850°C,
nYSZ particles acted as pining particles for the nucleation of β phase and therefore inhibiting
its growth. In addition, it could also be related to the effect of deformation conditions as these
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affect the flow stress in the matrix and therefore the kinetic of β grains formation. Also, at high
strain rate, the flow stress tends to be un-homogeneously distributed within the matrix resulting
in an increased adiabatic temperature and consequently volume fraction of β phase[16]. One
should note that nYSZ particles have a very low thermal conductivity (2.6 Wm-1K-1 at 850°C
[17]) compared to Ti64 (18 Wm-1K-1 at 850°C [18]) , and the combination of these two materials
to form a TMC as it is in our case could play a major role in reducing the thermal conductivity
of the TMC system giving rise to a thermal barrier effect and less adiabatic heating, therefore
reducing the driving force to create β phase after cooling.
At medium and low strain rates, the β phase fraction was 10%, 12% and 3% for Ti64 HT, ZTP1
HT and ZTP2.5 HT, respectively at 0.01 s-1 strain rate and 2.5%, 6.3% and 11.5% for Ti64 HT,
ZTP1 HT and ZTP2.5 HT, respectively at 0.001 s-1 strain, following the same tendency as
observed at 0.1 s-1 strain rate.
In the case of Ti64 alloys with lamellar thin initial microstructure, Bai et al.[19] showed that
the formation of equiaxed α grains and the increase in β phase fraction were also responsible
for flow softening mechanism after the peak stress [19]. The mechanism was illustrated as
follows; thin α grains start fragmenting, whereas, in the meantime, the β phase grains grow and
interfere in between the pre-fragmented α grains in order to finish their separation; the final
microstructure is found to be β phase grains between the fragmented α grains. Indeed, it is also
similar in our case, according to Figure III. 22. In all cases, the initial microstructure is
composed of mostly α thin grains. After deformation following different strain rates, the final
microstructure is composed of small equiaxed grains leading to a decrease in the aspect ratio of
the α grains.

3.2.4 Evolution of sub-microstructure
It is known that in α-β titanium alloys manufactured via SLM, β grains are generally distributed
between the α/α interface in very small fraction. It is also the case when these titanium alloys
are subjected to hot deformation experiments and generally, α grains boundaries are always
nucleation sites for new sub-microstructures. Using EBSD analysis is not sufficient to identify
these sub-microstructures, instead they are highlighted in black color which could be mistaken
for porosities or high dislocation density regions. We reveal in Figure III. 24-26 using secondary
electrons these sub-microstructures (circled in bleu dashed lines) at low and high magnification
along the building direction. The microstructural evolution at different processing conditions
shows that α grains undergo more fragmentation and sub-grain formation than β grains. The
work conducted by Gray et al. [25] revealed that the dislocation slip during deformation is the
main reason for the sub-microstructure development within all our materials. The sub111

microstructure consists of very fine α grains varying from 800 nm to less than 100 nm in length
and from 100 nm to less than 10 nm in width. The β phase evolution could play a role on submicrostructure evolution, an increase in β phase fraction could limit the formation of submicrostructure due to the limited flow stress on α phase (β phase evolution is discussed in
section 4.3). More equiaxed and sub-microstructure grains seem to appear in both ZTP1 HT
and ZTP2.5 HT at low and medium strain rates. It is worth noting that sub-microstructure
evolution could also be governed by dislocation mobility and dislocation density. This effect is
discussed next. One should notice that sub-grains evolution is related to LAGB. Sub-grains
fraction in our case here increases (Figure III. 24-26) with decreasing strain rate. The main
mechanism responsible for such decrease is the increase in the migration rate of LAGB as found
by Humphreys et al. [20]. The evolution of LAGBs in these small sized sub-structures are not
easy to be analyzed because of the limits of our EBSD equipment (we see black regions in the
IPF figures shown in Figure III.22). Using TEM equipped with EBSD, however, should give
better results.
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Figure III. 24: SEM images at low and high magnifications of Ti64 HT microstructure
before and after deformation following different strain rates. (Sub microstructure circled in
bleu dashed lines) (b, d, f, h are enlarged images of a, c, e, g, respectively)
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Figure III. 25: SEM images at low and high magnifications of ZTP1 HT microstructure
before and after deformation following different strain rates. (Sub microstructure circled in
bleu dashed lines) (b, d, f, h are enlarged images of a, c, e, g, respectively)
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Figure III. 26: SEM images at low and high magnifications of ZTP2.5 HT microstructure
before and after deformation following different strain rates. (Sub microstructure circled in
bleu dashed lines) (b, d, f, h are enlarged images of a, c, e, g, respectively)
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3.2.5 Grain size and low angle grain boundaries (LAGB) evolution
3.2.5.1 Grain size evolution
It is important to understand the evolution of grain size for better interpretation of mechanical
properties. We show in Table III.8 the α grain size evolution at different strain rates. Perhaps
the most obvious observation is the grain size reduction after nYSZ addition and prior to hot
deformation test except for ZTP1 HT (but the difference is very small compared to Ti64 HT).
This nYSZ refinement effect was explained previously in Section III.1 of Chapter III. However,
one should pay attention to the standard deviation (Table III.8) before hot deformation tests, in
the case of ZTP1 HT, this standard deviation is higher than the other materials, this means that
ZTP1 HT presents a heterogeneity in terms of α grain size distribution. After deformation, and
in all materials, the final α grain size increased with reducing the strain rate. In other words,
slow deformation times led to enough time for grain growth. In addition, at a strain rate of 0.001
s-1, the grain size distribution is not homogeneous compared to other strain rates. Meanwhile,
the area weighted average grain size is very high which gives an indication on grains number
increase.

Table III.8. Grain size evolution for all materials before and after hot deformation
Area weighted
Average grain size (µm2)

Standard deviation

average grain
size (µm2)

Before test
0.1s-1
Ti64 HT
0.01s-1
0.001s-1
Before test
0.1s-1
ZTP1 HT
0.01s-1
0.001s-1
Before test
0.1s-1
ZTP2.5 HT
0.01s-1
0.001s-1

0.606
0.326
0.506
1.385
0.71
0.524
0.461
0.865
0.306
0.381
0.708
0.378

3.11
0.969
1.413
12.031
6.88
2.013
1.617
2.263
1.484
1.697
2.734
4.09

16.563
3.217
4.447
105.901
27.183
8.245
6.125
6.784
7.493
7.935
11.264
44.592

3.2.5.2 LAGB fraction evolution
The increase of LAGB fraction is evidence of DRX mechanism as shown in Figure III. 27. We
also noticed the occurrence of α grain growth with the decrease of the strain rate. This is indeed
quite obvious from the IPF figures shown previously in Figure III. 22.
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Figure III. 27: Fraction of LAGB of all materials at different strain rates

In the other hand, the increase in LAGB fraction was also expected and therefore these grains
with LAGBs should be found nearby grains that were completely or/and partially deformed.
For that matter, and as shown in Figure III. 28-30, we show here the GOS maps of all deformed
materials in addition to grain boundaries maps. We notice that HAGB (θ°>15°) are mainly
distributed in the DRX regions (blue-colored grains), and most of LAGB (θ°<15°) are
distributed in the completely or/and partially deformed regions (white-colored grains). Other
LAGBs can be found in the DRX regions. That means the DRXed grains are also suffering
deformation during hot compression. It is known that DRX induces a decrease of dislocations
density, but when deformed at higher strain rate (such as 0.01 s-1), there is not enough time for
DRXed grains to consume the dislocations. As a result, there are still plenty of dislocations in
DRXed grains. In the case of Ti64 HT, almost no LAGBs are found in the DRXed grains when
strain rate decreases to 0.001 s-1. Low strain rate induces almost complete DRX which induces
low density of dislocations. In other words, LAGBs found in DRXed grains shown in Figure
III. 28 are probably the stacking of dislocations. It is worth noticing also that for all strain rates,
partially or/and deformed grains shown in the GOS maps (shown previously in Figure III.23 in
̅̅̅̅0)α, (0001)α or (101̅0)α orientation; this is mostly
white colored grains) have a near (211
apparent at low strain rates of 0.001 s-1 where clusters of preferential orientations are observed.
These grains have mostly LAGBs indicating plastic deformation.
In the case of Ti64 HT (Figure III. 28), almost no LAGBs are found in the DRXed grains when
strain rate decreases to 0.001 s-1. Low strain rate induces almost complete DRX which induces
low density of dislocations. In other words, LAGBs found in DRXed grains shown in Figure
III. 28 are probably the stacking of dislocations. It is worth noticing also that for all strain rates,
̅̅̅̅0)α, (0001)α or
partially or/and deformed grains shown in the GOS maps have a near (211
(101̅0)α orientation; this is mostly apparent at low strain rates of 0.001 s-1 where clusters of
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preferential orientations are observed. These grains have mostly LAGBs indicating plastic
deformation.

Figure III. 28: Ti64 HT: IPF and their corresponding GOS images in addition to LAGB and
HAGB locations (Black arrow indicates the compression axis which is parallel the building
direction of all parts); blue-colored grains are DRXed grains; LAGBs and HAGBs are in
green and red-colored lines respectively; white-colored grains represent partially or/and
deformed grains.
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Figure III. 29 depicts the IPF and GOS images of ZTP1 HT. In addition to the increase of
DRXed grains fraction along with the decrease of the strain rate, LAGBs are dominating the
partially or/and deformed grains and the grains that are prone to deformation have a near
(0001)α and (101̅0)α preferential orientation. Compared to Ti64 HT (Figure III. 28), no
gathering of grains with shared orientation was noticed at low strain rate. In other words, no
clusters of preferential orientation were noticed in this case.

Figure III. 29: ZTP1 HT: IPF and their corresponding GOS images in addition to LAGB
and HAGB locations (Black arrow indicates the compression axis which is parallel the
building direction of all parts); blue-colored grains are DRXed grains; LAGBs and HAGBs
are in green and red-colored lines respectively; white-colored grains represent partially
or/and deformed grains.
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Continued.
Figure III. 30 shows that a significant amount of LAGB in ZTP2.5 HT is gathered in partially
or/and deformed grains at low strain rate which means a significant amount of dislocation
density is still present within the α phase grains (hard grains) suffering therefore from
deformation. The existence of high nYSZ amount in the matrix could be a major cause of this
phenomenon, as probably nYSZ tend to be distributed inside and/or in the vicinity of the
partially or/and deformed α grains due to DRX mechanism. Surprisingly, the clusters of
preferential orientation were noticed this time at low strain rate. And similarly to the case of
̅̅̅̅0)α , (0001)α and (101̅0)α
Ti64 HT (Figure III. 28) at low train rate, only grains with near (211
are prone to plastic deformation and none of these orientations are found in the DRXed grains.

Figure III. 30: ZTP2.5 HT: IPF and their corresponding GOS images in addition to LAGB
and HAGB locations (Black arrow indicates the compression axis which is parallel the
building direction of all parts); blue-colored grains are DRXed grains; LAGBs and HAGBs
are in green and red-colored lines respectively; white-colored grains represent partially
or/and deformed grains.

120

Continued.
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4.

Conclusion

In this part from Chapter III, we investigated the effect of nYSZ on mechanical properties and
microstructure of Ti64 at high temperature and different strain rates. A table summarizing the
major key values for this study is provided in Appendix F. The following conclusions were
noted:
-

nYSZ addition resulted in a stronger and more resistant Ti64 at 850 °C due to mostly nYSZ
dislocations pinning effect and increasing consequently strain hardening coefficient. In
addition, nYSZ particles did not modify the deformation mechanism in all strain rates.

-

The critical strain (𝜀𝑐 ) and critical stress (𝜎𝑐 )

required for initiating the dynamic

recrystallization (DRX) increased with the addition of nYSZ therefore delaying the DRX
mechanism when compared to Ti64. This is related to dislocation density evolution near grain
boundaries.
-

The binding force between the Ti64 matrix and nYSZ reinforcements is maintained even at
high temperatures.

-

The existence of nYSZ refined the as received microstructure of all materials and eventually
resulted in fine α grains after hot deformation experiments.

-

The LAGB fraction increase with decreasing strain rate which is evidence of a dynamic
recrystallization mechanism.

-

nYSZ particles favored the nucleation of DRXed grains, as the DRXed grains amount increased
with nYSZ. Since dislocations are the driving force for DRX nucleation, this means that they
gather around nYSZ particles.

-

Not many researchers have investigated the effect of temperature on the mechanical properties
of SLMed Ti64 in terms of microstructure evolution therefore finding elements for comparison
purposes was very hard as SLM is advanced manufacturing process that produces very
complicated microstructures.

-

The findings of this work indicate that Ti64 reinforced by nYSZ particles could be a very good
candidate for high temperature endurance in many application domains such as aerospace and
military. What would be interesting in the future, though, is to perform high temperature creep
experiments which will give us information about the stability of the microstructure in function
of time under a constant load.
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Chapter IV: Conclusions and Perspectives
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The objective of this industrial thesis is about investigating, characterizing, and studying a novel
Titanium Matrix Composite (TMC) alloy manufactured exclusively by Z3DLAB company for
the sake of replacing Ti64 alloy currently dominating the aeronautic and medical markets. The
commercial name of this TMC material is ZTi-Powder®. It is a Ti64 matrix reinforced with
1% and 2.5% in weight by yttria stabilized zirconia particles.
During the first & second year of the thesis, we performed a massive campaign of various
characterizations ranging from density measurements using Archimedes and Helium
pycnometer, to microstructural characterization which included XRD, EDX, EBSD and TEM
to finally arrive to mechanical characterization at room and high temperatures. We however
faced some issues related to the additive manufacturing machine (selective laser melting –
SLM) which was out of work for about 6 months.
Along with Z3DLAB expertise in AM and the LSPM laboratory in titanium metallurgy and
characterization, we proved that it is possible to produce free-crack parts of additively
manufactured Ti64 reinforced with YSZ particles. One should note that producing a composite
by combing two materials with different thermal expansion coefficients is challenging
especially in additive manufacturing (AM) where the cooling rate could be as high as 104 k/s
resulting in residual stresses which could lead to crack formation upon cooling. In addition,
according to the available literature, one should understand that it is difficult to understand the
thermodynamics taking place between Ti64 and YSZ at high temperature. Because YSZ is in
nanoscale therefore is considered as nanomaterial and studying the thermodynamics in
nanoscale is challenging at least for now.
The first step in developing this Ti64/YSZ material was to obtain a homogenous powder blends
which was done at Z3DLAB, as a minor agglomeration of the reinforcement powder would
lead to undesired porosities during SLM process resulting therefore in sites for cracks initiation.
EDX analysis showed us that YSZ particles were evenly distributed on the Ti64 powder which
means the powder blend is homogeneous. This parameter was validated, and we concluded that
if by any chance there will be residual porosities it cannot be because of powder blend
agglomeration but because of SLM process parameters. The second step was to produce freecrack parts. For that matter we started trails on small cubic parts and we finally selected the
parts which contained no cracks. Those parts were characterized at LSPM and then the SLM
process parameters were validated. Still some porosities were found in the as-built parts, we
therefore subjected parts to HIP post treatment and left some for comparison proposes. The
results of HIP post treatment showed that most of the residual porosities were eliminated which
means that HIP parameters were adapted for such materials. Along with density increase and
porosity removal, the microstructure become more stable and easier to detect via EBSD as the
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average grain size increased in all parts after getting reduced by YSZ in the as-built state, the
texture of the parts was also intensified. The mechanical properties at room temperature were
also greatly enhanced as more stable flow stress was noticed in the HIPed parts. These results
showed us that HIP post treatment is the most efficient heat treatment so far for enhancing the
mechanical properties of such composite materials. The third step in developing the SLM
process of Ti64/YSZ material was to produce voluminous and complex parts using Ti64/YSZ
powder. We applied the same SLM parameters that resulted in crack-free of the cubic parts, but
this led to severe cracks which pushed us to reconsider our SLM process strategy. In order to
tackle this issue, we first understood the source of this cracking and it was found out that
cracking occurs during SLM process which means that SLM process parameters were not
adapted for each deposited layer. We changed the laser scanning strategy, the hatch space and
laser power strategy (the process was not described in detail in the thesis for confidentially
reasons) to finally manufacture a free-crack voluminous yet complex part.
During the third and final year of thesis, we investigated the effect of temperature and strain
rate on these reinforced materials. We performed hot compression tests using a Gleeble 3500
simulator and we found out that YSZ resulted in an increase in mechanical resistance compared
to Ti64 in all strain rates. This is an indication showing that there is a potential for YSZ
reinforced Ti64 to be used in aerospace applications. During the end of this thesis, we
performed tensile tests at hot temperatures for the sake of producing a processing map for the
reinforced parts but we did not show the results here, however, an internship report about this
work is being done. In the meantime, we are performing fatigue experiments on the reinforced
parts in the framework of a bilateral collaboration with Dr. B. Guennec, at the University of
Toyama in Japan.

As for the perspectives of this work, we will continue moving forward on fatigue experiments
and high temperature creep experiments which will take place just after my PhD. Also, the hot
compression test performed in this thesis will be profoundly investigated in order to understand
the effect of nYSZ particles.
During this thesis, another project was also carried out to deploy the reinforced powder blends
on Directed Energy Deposition (DED) machines in collaboration with Korean parties (InssTek,
KAIST and KITECH) through an Eureka labeled project. The microstructural and mechanical
properties of DEDed nYSZ reinforced Ti64 parts are interesting, and a review will be issued to
compare between the SLMed and DEDed made parts. In addition, another work is being carried
out to understand the microstructural transformations and mechanical properties of DEDed
nYSZ reinforced Ti64 parts at high temperature using the Gleeble simulator in the LSPM.
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Appendix

Appendix A: Hot isostatic pressing experimental parameters

Figure A.1: Hot isostatic pressing experimental protocol describing heating and dwelling
stages

Figure A.2: Hot isostatic pressing experimental protocol describing the final steps of
cooling
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Appendix B: EDX analysis of the powder mixtures

Figure B.1: Particle shape morphology via EDX of the mixtures ; (a-d) is the ZTP1 powder
mixture, (e-h) is the ZTP2.5 powder mixture.
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Appendix C: TEM analysis of ZTP2.5 HT specimen

Figure C.1: (a) TEM image, (b) HR-TEM showing a nYSZ particle, (c-d) mapping of
nYSZ particles, (e) refers to nYSZ particle occupying a grain boudanry, (f) is an
enlargement of (e)
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Appendix D: SEM analysis of the surface of the fractured specimen at room temperature

Figure D.1: Fractography analysis using SEM of all materials after compression tests at
room temperature. Showing, a combination of river-like surface and dimples (a sign of
ductile fracture) at least in the case of reinforced parts before HIP. The number of dimples,
however, increased after HIP in all materials, which means that HIP post treatment was
successful in increasing ductility. White circled regions indicate dimples.

129

Appendix E: Strengthening mechanisms calculations

Table E.1. All data related to strengthening mechanisms calculations
Peierls or friction stress1 (𝝈𝟎 ) (MPa)

751
as-built
Ti64

Ti64 HT

ZTP1 HT

ZTP2.5
HT

Ti64 HIP

Ti64
HT+HIP

ZTP1
HT+HIP

ZTP2.5
HT+HIP

Orowan strengthening2 (𝝈𝒐𝒓 ) (MPa)
Shear modulus G (MPa)

46000

46000

46000

46000

46000

46000

46000

46000

Burger vector b (nm)

0.295

0.295

0.295

0.295

0.295

0.295

0.295

0.295

nYSZ particle diameter D (nm)

-

-

40

40

-

-

40

40

Fraction of nYSZ (%vol)

-

-

0.0076

0.019

-

-

0.0076

0.019

Inter particle spacing λ (nm)

-

-

293.22

173.68

-

-

293.22

173.68

188.76

318.67

-

-

188.76

318.67

(𝝈𝑶𝑹 ) (MPa)

Hall-Petch strengthening3 (𝝈𝑮𝑩 ) (MPa)
α grain thickness (µm)

1.622

(𝝈𝑮𝑩 ) (MPa)

147.61

1.688

1.736

1.556

1.7

1.518

1.384

1.2

144.70

142.68

150.7138

144.18

152.58

159.80

171.61

Dislocation strengthening4 (𝝈𝑫𝑺) (MPa)
Micro-strains (Via MAUD analysis)

3.57E-05

1.53E-05

1.18E-05

1.41E-05

5.19E-07

1.75E-05

5.86E-06

6.65E-09

Dislocation density /mm2

2.11E+05

3.87E+04

2.31E+04

3.31E+04

4.45E+01

5.09E+04

5.69E+03

7.32E-03

(𝝈𝑫𝑺 ) (MPa)

2.49

1.06

0.82

0.98

0.04

1.22

0.41

0

Solid solution strengthening4 (𝝈𝑺𝑺 ) (MPa)
Strengthening parameter Bi (Oxygen)

747.41

747.41

747.41

747.41

747.41

747.41

747.41

747.41

Content of solute Xi (Oxygen)

0.0014

0.0019

0.0037

0.0069

ND*

ND

ND

ND

Strengthening parameter Bi
(Zirconium)

-

-

1201

1201

-

-

1201

1201

Content of solute Xi (Zirconium)

-

-

0.37

0.69

-

-

-

-

(𝝈𝑺𝑺 ) (MPa)

9.35

11.46

46.89

80.91

ND

ND

ND

ND

Yield strength (𝝈𝒀𝑺 ) (MPa)

956.78

953.65

1216.07

1494.69

940.47

952.7

1168.01

1322.24

*Not determined.
Precipitation hardening was not taken in consideration due to lack of data.

𝜎𝑌𝑆 = 𝜎0 + 𝜎𝑂𝑅 + 𝜎𝐺𝐵 + 𝜎𝑆𝑆 + 𝜎𝐷𝑆
𝑟

𝜎𝑂𝑅 = 0.81𝑀𝐺𝑏(2𝜋𝜆)−1 × ln (𝑏)

where:

𝜆 = 0.4𝑑[(𝜋/𝑓𝑣 )1/2 − 2]

−1/2

𝜎𝐺𝐵 = 𝑘𝐻 . δα lath
𝜎𝐷𝑆 = 𝑀𝛼𝐺𝑏𝜌0.5

𝜎𝑆𝑆 =

3
(∑ 𝐵𝑖2 𝑋𝑖 )
𝑖

where:

𝜀2

𝜌 = 14.4 × 𝑏2

2/3

M is the Taylor factor ; b is the Burgers vector ; G is the shear modulus ; r is the radius of nYSZ particles;
fv and d are the volume fraction and diameter of nYSZ particles, respectively ; δαlath is the α grains
thickness (represented by the average minor axis of α grains from EBSD analysis) ; 𝜎0 is the friction or
Peierls stress ; kH is the Hall-Petch coefficient ; ρ is the dislocation density ; 𝜀 is the microstrain
(estimated from MAUD spectrum refinement) ; Bi is the strengthening parameter of the solute i (In this
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case, we assume that only oxygen and zirconium that form a solid solution), Bi parameters are found in
Reference [4] of this Appendix ; Xi is the solute content.
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Appendix F: Hot deformation data

Table F.1. Different hot deformation data extracted from mechanical and microstructural characterization
Testing machine

Gleeble 3500 Simulator

Heating speed

10 °C/s

Holding time before test

150 seconds for microstructure and temperature homogenization

Maximum strain

50%

Cooling rate

Air cooling

Working environment

Vacuum (~10-5 mbar)

Testing speed

0.1 s-1

Temperature °C

850 ±10

0.01 s-1

0.001 s-1

Mechanical data
Maximum strength (MPa)

0.1

s-1

0.01

s-1

0.001

s-1

Yield strength (MPa)

0.01 s-1
0.001

s-1

(%)

Ti64 HT

ZTP1 HT

ZTP2.5 HT

Ti64 HT

ZTP1 HT

ZTP2.5 HT

Ti64 HT

ZTP1 HT

ZTP2.5 HT

175.21

197.869

210.260

158.03

184.22

192.862

6.14

6.7

7.1

134.66

141.320

151.750

99.83

126.383

133.92

5.6

6.81

8

73.752

85.980

97.190

51.477

61.188

71.646

2.55

3.6

4.5

Critical strain for DRX initiation 𝜀𝑐

Strain hardening coefficient (n)
0.1 s-1

Strain at maximum stress 𝜀𝑝

0.301

0.324

0.378

5.12

5.58

6.00

0.195

0.246

0.262

4.67

5.68

7.50

0.085

0.093

0.119

2.125

3

3.75

(%)

Microstructural data
Content of DRXed grains (%)

Content of β phase (%)

Content of deformed grains (%)

Ti64 HT

ZTP1 HT

ZTP2.5 HT

Ti64 HT

ZTP1 HT

ZTP2.5 HT

Ti64 HT

ZTP1 HT

ZTP2.5 HT

0.1 s-1

50.1

29.7

25.2

31.2

57.8

28.9

10.3

4.2

0.2

0.01 s-1

43.3

32.9

50.5

30.3

24

40.1

9.9

12

3

0.001 s-1

26.3

55

39

68.4

23.9

43.1

2.5

6.3

11.5
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