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Abstract
The densification behaviour, microstructural changes and hardness characteristics
during spark plasma sintering of CP-Ti reinforced with TiC, TiN, TiCN and TiB. were
investigated. Commercially pure Ti powders were dry mixed with varied amounts (2.5
and 5 wt. %) of the ceramic additives using a T2F Turbula mixer for 5 h and at a speed
of 49 rpm. The blended composite powders were then sintered using spark plasma
sintering system (model HHPD-25 from FCT Germany) at a heating rate of 100°C
mint, dwell time of 5 min and sintering temperature of 950°C. The sintering of CP-Ti
was used as a base study to select the proper spark plasma sintering temperature for
full density. Densification was monitored through analysis of the recorded punch
displacement and the measured density of the sintered samples using Archimedes
method. High densities ranging from 97.8% for 5% TiB> addition to 99.6% for 5%
TICN addition were achieved at a relatively low temperature of 950°C.
Microstructural analyses show a uniform distribution of the additives and finer
structure showing their inhibitive effect on grain growth. An improved hardness was
observed in all the cases with highest values obtained with TiCN as a result of the
combined effect of TiC and TiN. A change in the fracture mode from trans granular to

intergranular was also observed.
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Introduction

Titanium matrix composites (TMCs) have recently attracted a lot of attention owing to
their ability to retain their high strength and modulus at elevated temperatures as well as their
good creep resistance and non-burning characteristics which made them materials of choice in
many engineering applications. Discontinuously reinforced titanium may be obtained by
embedding ceramic particles in a titanium matrix. This would result in an improvement on the
mechanical and physical properties of the TMCs arising from their isotropic characteristics
[1]. As such, the nature of the reinforcement, its particles’ size and shape and amount
influence the matrix/particle interfaces and therefore affect the physical and mechanical
properties of the MMCs. Small reinforcement dimensions provide better mechanical
properties and thermal stability, whereas large dimensions and high volumetric quantity
improve wear resistance [2].

The choice of a suitable ceramic material for TMC production is very important as
reinforcing ceramic can both affect the processing technique and service performance. For
example SiC may partially dissolve in titanium and form non-stoichiometric unstable
compounds, which is detrimental to the stability and mechanical properties of the TMCs. This
applies as well to oxide as titanium cannot withstand oxygen levels above 0.4 wt. % [3]. This
is not the case for other carbides, nitrides and elemental carbon whose dissolution by the
titanium matrix forms stable carbide, boride and the metallic elements form a solid solution.

Ceramic particulates such as titanium carbide (TiC), titanium nitride (TiN), titanium
carbonitride (TiCN) and titanium diboride (TiB:) reinforced Ti matrix have been investigated
in order to improve the mechanical properties. Among other technologies adopted is arc
plasma [4], high energy electron-beam irradiation [5] and laser alloying [6] techniques.
Makuch et al. [7] used Laser surface alloying to produce hard ceramic phases reinforced
composite layers, titanium borides and titanium carbides, applying boron and carbon on
commercially pure titanium. This led to the formation of TiB, TiB2 and TiC, which resulted

in high micro hardness as depending on the percentage of these ceramic phases in more
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plastic eutectic mixture, a high cohesion and significant increase in wear. Yazdi and Kashani-
Bozorg [8] worked on the coating of h-BN-based powder mixture on commercially pure (CP)-
Ti substrate using Tungsten inert gas (T1G) technique. The reaction of h-BN with titanium led
to an in-situ hybrid composite layer formation showing near stoichiometric dendrites of TiN,
platelets of TiB and interdendritic regions of a-Ti marten site crystal structures with improved
micro hardness and a wear resistance four times greater than that of CP-Ti. Some researches
considering a combination of these ceramics have also been reported. Yang et al. [9] in order
to explore the in-situ synthesis of TICN/TIN composite coating on the Ti-6Al-4V substrate
used pulsed Nd:YAG laser and a precursor of Ti/C mixture powder with a certain mole ratio
and a pure nitrogen gas. They also investigated the phase constituents, microstructure, micro
hardness and wear resistance of the formed ceramic coating. The formation of TiCo3No.7, TiN,
and TiNo.3 with relative amounts depending on the laser power density, led to a significant
improvement of both micro hardness and abrasion resistance.

Very recently a similar work using the reinforcement of Ti with TiC, TiN, TiCN
particles processed by powder injection moulding (PIM) [10] was reported. After two hours
of sintering in vacuum at 1300°C, the addition of TiC, TiN and TiCN resulted in good
adhesion between the matrix and reinforcement, providing some benefit in terms of
densification with a highest value of 97.2% relative density, strength and hardness, but only a
slight improvement in ductility was noticed. So far the use of TiC, TiN, TiCN and TiB: to
reinforce Ti-based materials was focused on surface composites fabrication by depositing the
ceramic powders on a Ti alloys substrate. However, their additions on Ti and processing by
spark plasma sintering have been seldom reported.

The SPS system which combines a hot press and a pulse current generator has proven
to be particularly suitable for sintering metals with highly stable oxides, as titanium and
aluminium [11-14] even if no reducing atmosphere is used. The peculiarity of the heating
mechanism in SPS which is induced by the application of a pulsed continuous current [15-16]
is a prerequisite to densify materials of low self-diffusion rate such as TiB2 which makes it
difficult to sinter by conventional routes despite its excellent hardness, corrosion resistance
and electrical conductivity. The temperature in SPS is measured in two regions: at low
temperature (from room temperature to 1200°C) using a thermocouple inserted inside the die
wall and at high temperature (600-2000°C) a pyrometer placed at the surface of the die is
used. The measured temperature is therefore mostly different from that inside the sample.
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This difference in temperature has been fully documented using finite element methods [17-
18]. Despite the numbers of reported studies on SPS technique for producing a variety of
ceramics reinforced metal matrix composites (MMC) and on Ti-based composites, it is
observed that no studies have been reported on its application in sintering TMC.

The present work therefore aims at processing titanium reinforced with TiC, TiN, TiB:
and TIiCN using the SPS technique. The influences of the additives on densification,
microstructure, phases, sintering and mechanical properties of the spark plasma sintered
titanium are studied. Pure titanium, as a base material, was preliminarily sintered at different
temperatures 900, 950 and 1000°C to select the proper sintering temperature for full density.
The singularity of the SPS model used in this research (model HHPD-25 from FCT Germany)
resides in the position of the pyrometer at the upper punch at 5 mm of the surface of the

sample which records temperatures close to that of the inside of the sample.

Materials and method

A commercially pure titanium (cP-Ti) powder (Alfa Aesar, -325 mesh, purity 99.5%),
pure TiC (Alfa Aesar, 2-6 um, purity 99.5%), TiN (Alfa Aesar, 1.15 pm, purity 99.5%), TiCN
(HC Starck, < 4 um, 50/50 C) and TiB2 (HC Starck, < 4 um, purity 99.5%) powders were
used to produce Ti-based reinforcing ceramics additives. The four additives (TiC, TiN, TiCN
and TiB2) were dry mixed at room temperature with the cP-Ti using a Turbula Shaker Mixer
T2F in varied mass ratios (2.5 and 5 wt. %) at a speed of 49 rpm for 5h. Scanning Electron
Microscope (SEM) analysis was carried out to account for the dispersion of the additives,
related microstructural changes and fractographic features using field emission gun scanning
electron microscope (FEGSEM) (JEOL JSM-7600F).

The morphology of the as-received titanium powder can be observed in Fig. 1. The
SEM micrograph show non-spherical particles in the range of — 44 um with differences in

shape.
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Figure 1. SEmich the staig CP-Ti

X-ray diffraction (XRD) (model PANalytical EMPYREA) was carried out for phases
and possible phases change using X’Pert HighScore Plus software. The XRD measurements
were performed using CuKa radiation, a step size of 0.0821 and a counting time of 1 s in the
20 range of 5 — 90 degrees.

The spark plasma sintering (SPS) system (model HHPD-25 from FCT Germany) with
pulsed DC voltage (pulse cycle: 12 pulses ON/2 pulses OFF, duration 3 ms) was used to
produce disks of 30 mm diameter and 5 mm height using graphite die and punches. A
pressure P = 50 MPa was applied throughout the SPS cycle at a heating rate of 100°C and a
dwell time of 5 min at the sintering temperature. The cP-Ti was preliminarily sintered at
different temperatures 900, 950 and 1000°C to select the proper sintering temperature for full
density which was found to be 950°C.

The density of the sintered specimens was measured with the Archimedes method
using the following equation (1):

Pa 0
Pa =Py (1)

P =

Where pa is the mass of the composite in air, py is the mass of the same composite in distilled
water and po is the density of the distilled water at room temperature (0.998 g/cm?).

The relative density was calculated with reference to the theoretical density of the
starting powders constituents using the rule of mixtures (Table 1). For microstructural
analysis, the samples were cut and their cross-section was mounted, ground and polished and
then etched using Kroll’s reagent (3 mL HF, 6 mL HNO3 in 100 mL H.O) prior to optical
metallography (OM) examinations using a Nikon Eclipse LVV150 optical microscope. Vickers
micro hardness (Micro hardness tester FM — 800) was measured using a load of 0.5 N
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(HV0.5, 500 gf) and a dwell time of 15 s. Ten (10) measurements were carried out on each
specimen to have a better representation and around the middle of each specimen to avoid

near-surface effects.
Results and discussion
Density and densification behaviour
The effect of TiC, TiCN and TiN at different mass ratios on density of the composites

are shown in Table 1.

Table 1. Theoretical and relative densities of Ti reinforced with TiC, TiN, TiC and TiB:

Initial composition |Theoretical density| Measured density | Relative density
(g/cm®) (g/cm®) (%)
Ti 451 4.51 100.0
Ti-25TiC 4.52 4.49 99.3
Ti—5TiC 4.53 4.50 99.3
Ti—2.5 TiN 4.53 4.50 99.3
Ti—-5TiN 4.54 4.50 99.1
Ti—2.5 TICN 4.52 4.50 99.6
Ti-5 TiCN 4.53 4.48 98.9
Ti-2.5TiB> 4,51 4.46 98.9
Ti—-5TiB> 4,51 441 97.8

It can be seen from Table 1 that full density for Ti can be reached with a sintering
temperature of 950°C at a heating rate of 100°C/min and pressure of 50 MPa. Table 1
indicates a decrease of the relative density of Ti with the additions of the Ti-based ceramics.
The relative density of the samples is above 99% of the samples except for the composite with
5wt.% TICN, 2. 5 wt.% TiB2 and 5 wt.% TiB2. Compositions with 2.5%TiC and 2.5%TiN
attained a relative density of 99.3% while that of 2.5%TIiCN additions is increased up to
99.6%. However, for 5% additions of the additives the obtained relative densities of TiC, TiN
and TiCN reinforced titanium are 99.3, 99.1 and 98.9, respectively. The results showed that,
except for TiC, an increase in the additions of Ti-based ceramics from 2.5 and 5 wt. % led to a
decrease in the relative density of the resulting composite. This could be due to the fact that
both the a-Ti and B-Ti phases dissolve carbon, nitrogen and boron but more of nitrogen and
boron than carbon much more nitrogen than carbon [19]. The dissolution of nitrogen leads to
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the formation of N2 gas which results in pore formation and therefore to a density decrease.

TiB2 resulted in the formation of B2O3 (because of the strong affinity of boron for oxygen)

which can only be totally removed at above 1500°C (30).

The poorer densification which is found to further reduce when the amount of

additives is increased can therefore be linked to the pore formation as a result of trapped B20Os

caused by its partial removal (Durowoju et al 2016). These results showed that an increase in

the amount of additives result in a decrease of density except for TiC.

To assess the shrinkage behaviour during sintering, the shrinkage rate and temperature

vs. time of the sintered bodies with and without additives was plotted as shown in Figure 2.
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Figure 2. Shrinkage rate and temperature vs. time plots of the sintered compacts without and
with: a) 2.5 wt. % and b) 5 wt. % Ti-based ceramic additives
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The displacement rate of the piston, which is a record of the changes in the thickness
of the specimen with respect to time, is an indication of the densification rate. During spark
plasma sintering the phenomena responsible for densification are indicated in correspondence
of three peaks of displacement rate: rearrangement of the particles, localized deformation at
the contact points, and bulk deformation of the particles [20-21].

The shrinkage curves in Figure 2 show two main peaks at 250 and 773°C and a third
peak for pure Ti at 450°C. This suggests that the three peaks observed in the case of pure Ti
would correspond to powder particles rearrangement, localized deformation at the contact
points and bulk deformation of the particles. However, in the case of the sintering of Ti with
the addition of TiC, TiN and TiCN, there seems to be an overlapping between localized and
bulk deformation phenomena as a result of the decrease of the maximum densification
temperature.

The following can also be seen in Figure 2: a decrease of the shrinkage rate, the
occurrence of the maximum densification at a shorter time and a reduction of the maximum
densification temperature with the addition of the Ti-based ceramics. It can be also observed
that the shrinkage rate decreases with an increase in the amount of the additives. These could
be attributed to the high melting point of the additives.

The decrease on the particles rearrangement rate and an earlier occurrence of the
localized/bulk deformation peak are possibly due to the hard nature of the additives and to the
facilitation of surface diffusion during sintering as a result of the interactions between Ti and
TiC, TiCN and TiN, respectively. TiB2 instead, has a similar behaviour to Ti with an extra
peak at a temperature of 952°C. At a 2.5 wt. %TiB2 addition (Figure 2a), both the localized
and bulk deformation peaks occur earlier than in the case of pure Ti as a result of the
increased surface diffusion with the addition of TiB2. An increase in the amount of TiB2
(from 2.5 to 5 wt. % TiB2) (Figure 2b), normalizes the localized deformation while slightly
delaying the bulk deformation and decreases the shrinkage rate as a result of the hard nature
of TiB2. TiB2 is found to experience parabolic oxidation kinetics below 1000°C as a result of
the formation of TiO2 and B203 [22] through the following equation: TiB2 + 5/202 = TiO2
+ B203 (Figures 5 and 6). B203 evaporates at 750°C and the formed gas may be entrapped
within the composite leading to porosity generation which therefore explains the relatively

lower relation density of Ti/TiB2 and its decrease with an increased amount of TiB2. The
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rutile form of TiO2, is a nonstoichiometric oxide with both titanium interstitial ions and
oxygen vacancies which make it prone to oxidation through cationic and anionic movements.
TiO2 also has a high Pilling Bedworth ratio of 1.95 which causes micro cracks and pores in

the oxide scale due to compressive stresses in the oxide layer [23].

Microstructure analysis and XRD measurements
Microstructure of the SPS compacts
In order to analyse the microstructural and dispersion characteristics of the
reinforcements, backscattered SEM images recorded from Ti with 2.5 and 5 wt. % of TiC,
TiN, TiCN and TiB2 are shown in Fig. 3.

10pm  TSHWAN 8/2015

Figure 3. Backscattered SEM images of a) Ti-25TiC; b) Ti-5TiC; ¢) Ti-2.5TiN; d) Ti-5TiN;
e) Ti-2.5TiCN, f) Ti-5TiCN, g) Ti-2.5TiB2 and h) Ti-5TiB2

Figure 3 show the microstructure of the spark plasma sintered Ti with Ti-based

ceramic. In all the figures two distinct regions can be observed: one darker and one lighter.

The darker regions which are the carbide-, nitride-, carbonitride - and boride-rich regions are

uniformly distributed throughout the Ti matrix (lighter region). A certain level of porosity
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which varies with the type of additives is observable. As SPS is a solid-state sintering process,
diffusion of C, N and B in the matrix is expected to occur for a desirable microstructure with
improved properties to be formed. The high interaction during sintering between Ti and TiC,
TiN and TiCN (Arockiasamy et al., 2011) and the essentially ionic character of TiX (where X
could be B, C, N, O, Si, P or S) bonds with only minor covalency between non-metal ions
[23] are essential to explain high density even at relatively low sintering temperature.

Figure 3a and b show fine and coarse morphologies for TiC at the grain boundaries
whereas in the case of TiN (fig. 3c) an extended diffusion of nitrogen in titanium is observed
at lower amount of TiN. However, this does not seem to be the case when the amount of TiN
is increased up to 5 wt. %. These results are in agreement with those obtained by Wood
(Wood, 1974) who stated that titanium nitride constitutes a diffusion barrier to nitrogen
diffusion. This correlates very well with the slight decrease in density as the amount of TiN is
increased. Furthermore, both the a-Ti and B-Ti phases easily dissolve nitrogen than carbon
[19] which may result in the formation N2 gas which results in pore formation. This seems to
justify the high level of pores in Figure 3f as a result of the increased amount of TiCN.

The presence of of a high level of pores especially in Figure 3g and h explains the
lower density of Ti/TiB> as a result of lower bonding which results in easy pull out during
sample preparation.

To gain insight into the structure, the optical microscope (OM) micrographs of Ti
without and with additives sintered at 950°C were recorded as shown in Figure 4.

This figure shows a microstructure with evenly distributed titanium-based ceramics.
Figure 4a which shows the microstructure of cP-Ti, reveals few small equiaxed grains along
with elongated and large grains. Figures 4b-d-f and c-e-g show the microstructures of the
samples with 2.5 and 5% Ti-based ceramic additives respectively. The two cases result in a
finer microstructure as compared to cP-Ti and the reduction of the grains is more evident in
the case of 5% addition. This illustrates the inhibitive behaviour of the ceramic additives to
grain growth [24]. Smaller grains can also be observed as the amount of the additives is
increased. This is probably due to the facilitation of surface diffusion during sintering as a
result of the interactions between Ti and TiC, TiCN and TiN. This has resulted in a

homogenized microstructure as pointed out by Arockiasamy et al. [25].
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The inter diffusion between Ti and the ceramic additives may lead to a solid solution
transition zone which results in an improved densification. However, in the present work the
observed decrease in density with the additives may suggest that the sintering temperature
considered is not high enough to promote high degree of inter diffusion as compared to the
work by Fujii et al. [26].

Ti-2.5TiCN, g) Ti-5TiCN, h) Ti-2.5TiB; and i) Ti-5TiB. (Magnification x 50)

Though the addition of TiB: resulted also in a finer microstructure as compared to that
of CP-Ti, the grain size associated with its addition are bigger than those obtain with the
addition of TiC, TiN and TiCN. An increase in the amount of TiB2 (from 2.5 to 5 wt. %)
leads to bigger grains. TiB: inhibits grain growth only to a lesser extent as compared to TiC,
TiN and TiCN. The increase in the amount of TiB2 seems to decrease the inhibitive nature of
the additive to grain growth. This may be explained by the anisotropic nature of TiB2
(hexagonal grain structure) which may result in detrimental internal stresses and the onset of
spontaneous micro cracking during cooling [27].
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XRD measurements
The XRD spectra of the samples with and without additives are shown in Figures 5
(2.5 wt. % additives) and 6 (5 wt. % additives).
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Figure 5. XRD plots of spark plasma sintered Figure 6. XRD plots of spark plasma sintered
Ti with 2.5 wt. % of TiC, TiN, TiCN and TiB2 Ti with 5 wt. % of TiC, TiN, TiCN and TiB>

In the samples obtained by adding TiC and TiN to Ti, no structural change was found
but C and N diffusion is expected to occur during sintering which may result in the reduction
on the amount of TiC and TiN. Carbon and nitrogen, besides their solid strengthening effect
as alfa phase stabilizers, have different individual effects on the mechanical properties [28].
In the case of TiB2 and TiCN, phase decomposition did occur leading to TB and TiC and TiN,
respectively and the presence of TiO2 and B203 phases was observed. The in-situ formation of
TiB within the matrix may be obtained from the reaction Ti+TiB, = 2TiB.

This reaction, according to Zhang et al. [29], is favored to form as long as there is
excess Ti (or if the total boron average content is below 18 wt. %) despite its slightly negative

Gibb’s free energy of formation, compared to other reactions.
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Effect of the additives on hardness

The effect of TiC, TiN, TiCN and TiB; additions and their amounts on micro hardness
(HV) is shown in Figure 7.
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Figure 5. Effect of TiC, TiN, TiCN and TiB; additions on hardness of cP-Ti

TiC, TiN, TiCN and TiB> additions cause an increase of micro hardness which is
further improved when the amount of the additives is higher. In all the cases TiC addition has
the lowest micro hardness while TiN and TiCN improve much better with close values. The
micro hardness values associated with the addition of TiB: lies between those of TiC, TiN and
TiCN. The increase in micro hardness can be explained by the high hardness nature of the
additives. It is worth noting also that, as observed from the micrographs in Figure 4, the
additives are segregated at grain boundaries, thereby inhibiting grain growth and therefore
further improving micro hardness. Despite the higher hardness of TiC compared to that of
TiCN and TiN, its addition in Ti gives a lower hardness. This could be due to the presence of
nitrogen in the case of TiN and TiCN which is more easily dissolved by Ti compared to
carbon. Previous work [30] has also demonstrated that spallation of pure TiC may occur due

to high internal compressive stress whereas TiCN offers good coating-substrate adhesion.
Fracture surface analysis

The fracture images of both Ti samples with and without additives sintered at 950°C

are shown in Figure 8.
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Figure 6. Fracture micrographs of a) Ti; b) Ti-2.5TiC; ¢) Ti-5TiC; d) Ti-2.5TiN; ¢) Ti-5TiN;
f) Ti-2.5TiCN, g) Ti-5TiCN, h) Ti-2.5TiB2 and e) Ti-5TiB;

In Ti without additive both inter- and intra-granular fracture modes are present with a
predominance of the latter. In the Ti with additives the opposite is noticed which suggests
weak grain boundary structures. The fracture mechanism in all the different situations is
mainly of trans granular cleavage and crack propagation occurring through the grains. The
presence of residual porosity within the grain boundary, as observed in the samples with
additives, and the local stress [31] weaken the grain boundaries and making them a route for

crack propagation. The cracks observed in Figure 4c, f, g and h correlate very well this.
Conclusions

In the present work, the processing of titanium matrix composites from pure titanium

and titanium-based ceramics additives using spark plasma sintering was considered.
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The study of the effect of the additives on density, densification behaviour,
microstructure and hardness of Ti has been carried out. The following conclusions can
therefore be derived:

e The addition of TiC, TiN, TiCN to Ti resulted in overlapping between localized and
bulk deformation whereas that of TiB2 follows the same trend of pure Ti.

e Relative densities ranging from 97.8 to 99.6% were achieved at a relatively low
sintering temperature of 950°C.

e The inhibitive behavior of the additives to grain growth is clearly identified and is
believed to be the cause for the improved hardness besides the hard nature of the
additives.

e The high improvement on hardness of TiCN is believed to result from the combine
effect of TiC and TiN.

e The addition of the titanium-based ceramics change the fracture mode from trans

granular to intergranular
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