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HIGHLIGHTS

® By increasing the graphite content in the initial powder mixture, the synthesis mechanism changed from combustion to gradual mode.
® Increasing the combustion time caused more progress in the synthesis.

® The pre-activation process resulted in the increase of the combustion time.

® Extra graphite acted as an inhibitor and resulted in the lengthening of the combustion time.

® By increasing the combustion time, the total synthesis time was reduced.

ARTICLE INFO ABSTRACT

In the present study, the effects of preactivation stage and graphite content on the reduction and synthesis
mechanisms of ZrO2-NiO-Mg-graphite system were evaluated. For this purpose, the powder mixture with stoi-
chiometric ratio was exposed to milling process. After the combustion it was found that the synthesis did not
occur completely. By adding 10 wt% Mg to the mixture and further milling, the synthesis was completed and
NiZr intermetallic compound was formed. Preactivation stage was carried out to complete the synthesis and
reduction process of the composite samples. It was determined that after 6 h of preactivation, combustion time
increased due to increase of oxide particles surface area and presence of graphite as a barrier between Mg and
oxide particles. To confirm this, the mechanochemical process was performed with different graphite contents. It
was realized that by increasing the graphite content as a postponing agent to levels higher than the stoichio-
metric limit, the synthesis was completed after 1200 min of milling without the presence of intermetallic
compound.
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1. Introduction cermets with different components that results in thermal fatigue [4].

It was reported by Landwehr et al. [5-7] that thermal shock re-

Cermets containing ZrC are among the ultra-high-temperature
composites that provide elevated temperature strength, high hardness,
thermal shock resistance, high modulus, and wear resistance [1-3].
Cermets are mainly used in aerospace industries, especially for solid-
fueled rocket nozzle, engine parts, and cutting tools [3]. Utilization of
high-temperature cermets as cutting tools causes thermal shocks and
stresses when exposed to rapid temperature changes. Additionally,
thermal stresses cause change in thermal expansion coefficients of

sistance of ZrC-Mo cermet increased by adding 30 wt% Mo to ZrC. In
addition, Zhang and Liu [8] investigated the synthesis of TiC-ZrC-Co-Ni
cermet. They prepared the cermet by milling the powder mixture for
24h and sintering it at 1430°C for 1h. It was concluded that the
thermal shock resistance enhanced due to the presence of the metallic
phase.

By reviewing a number of different studies, it was discovered that
existence of a metallic phase accelerated the formation of ceramic
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powder due to declining the melting point. Moreover, the presence of a
metallic phase controls the size and morphology of the powder particles
[9]. Zhang et al. [10] used the combustion of Co-Zr-B,C powder mix-
ture to synthesize the ZrC-ZrB, composite. In their study, Co controlled
the size and morphology of the particles and its presence resulted in the
formation of Co,B and ZrCosB, phases during the synthesis. Their re-
sults revealed that increasing Co led to the decrease of the particle size
and acceleration of ZrC and ZrB, formation.

In order to produce high temperature ceramics and their related
composites, high purity nanosized powders, high chemical affinity be-
tween the starting materials and proper sintering ability of the mate-
rials are required [11]. So far, different techniques have been utilized
for these ceramics. These methods include hot pressing [12,13], spark
plasma sintering [14,15], in-situ reaction sintering [16,17], displacive
compensation of porosity (DCP) [18,19], high temperature -car-
bothermal reduction [20-22], solution-based processing [23-26], me-
chanical alloying [27-31] and solid-state metathesis route [32]. These
techniques have been employed in different conditions which directly
affect the mechanical properties. In the abovementioned techniques,
ZrC has been usually used as a reinforcement phase where it plays the
role of grain refiner and load transfer factor from matrix to reinforce-
ment.

Xu et al. [33] synthesized ZrB,-ZrC-Ni composite powder with the
size of 50-75 pm after 6 h mixing of Ni-Zr-B,C system via self-propa-
gating high-temperature synthesis (SHS) method. Moreover, Landwehr
et al. [6] reported that ZrC cermet with Mo matrix can be produced by
hot pressing technique. They also found that by increasing the Mo
content from 20wt% to 40 wt%, the flexure strength and fracture
toughness increased. In another investigation conducted by Zhang et al.
[34], W/ZrC cermet was synthesized via DCP method with the fracture
toughness seven times higher than pure ZrC.

In a similar vein, Lim et al. [20] used ZrO,, C, and WC precursors to
synthesize W/ZrC and W-Zr (CN) cermets. The cermets were prepared
after 20h of milling and heat-treating at 1300-1500 °C for 2h and
1600 °C for 1 h under vacuum. Formation of isolated phases and coarse
grains was considered as a problem, which occurred due to the appli-
cation of conventional methods. The coarse carbide grains were refined
by oxide phases which resulted in the change in thermal properties of
the cermets [20,35,36].

In most of these methods, high temperature technology is required.
According to the combustion during reaction in mechanically-induced
self-sustaining reaction (MSR) method, this method was developed as a
novel route. The MSR technique has been successfully utilized for
preparation of ceramics, intermetallic compounds, and composites be-
cause of high-energy efficiency, short time, and low cost features. In
this case, the conditions required for the production provide ultra-high
cooling rate and formation of structural defects that offer availability of
high chemical activity and ability of suitable sintering [11].

Further, Aoyon et al. [11] surveyed the ZrC synthesis through the
SHS method and used nanosized ZrO, and magnesium powder and
C12H5501; as the starting materials. ZrC was prepared after milling for
3h, placement in oven at the temperature of 80 °C for 12h and even-
tually heat treatment at 800 °C was applied for 10 min. In a different
study, Davoodi et al. [37] synthesized ZrC by magnesiothermic method
after milling for 30 h at low temperature without any heat treatment.

In the literature, to the best of our knowledge, there is no evidence
of in-situ synthesis of ZrC-Ni cermet. In addition, it is evident that in
most of the methods that are employed for synthesis of ZrC and its
cermets, ultra-high temperature and high-tech equipment or MSR long
time method are required; moreover, in both methods, the processes are
costly.

In the present study, attempts were made to prepare high purity
ZrC-Ni composite with nanosized particles using ZrO,, NiO, Mg, and
graphite raw materials via mechanochemical synthesis in the shortest
possible time and without post-synthesis heat treatment.
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Table 1

Properties of raw materials.
Material Purity (%) Particle size (1) Company
ZrO, 99.8 100 Merck
NiO 99.8 40 Merck
Mg 99 20 Merck
Graphite 99 5 Merck

Fig. 1. Morphology of raw materials: (a) ZrO,, (b) NiO, (c) graphite, and (d)
Mg.

2. Experimental
2.1. Nanocomposite synthesis

A mixture of NiO, ZrO,, Mg and graphite powders was used to
synthesize ZrC-Ni nanocomposite according to M1, M2, and M3 reac-
tions. Properties and morphologies of the raw materials are given in
Table 1 and Fig. 1, respectively. The synthesis was carried out by mil-
ling process with powder-to-ball ratio of 1:20 at 600 rpm under argon
(99.99% purity) atmosphere. To prevent the temperature elevation
during milling, the ball mill was stopped every 45 min for 15 min.

ZrO, + NiO + 3Mg + C = ZrC + Ni + +3MgO0 (M1)

ZrO, + NiO + 3Mg + (1 — X)C = (1 — X)ZrC + Ni + XZr + 3MgO
M2)

Zr0; + (1 + X)NiO + 3Mg + (1 + X)C = ZrC + (1+X)Ni + XCO(,
+ 3MgO (M3)

In order to study the effective processes in the synthesis and re-
duction of ZrC-Ni composite two processes of pre-activation and gra-
phite addition were employed in a way that pre-activation stage is re-
ferred as a process which the initial milled powders were milled to
produce fine particles and increase of particle effective surface area and
provide surface area for further processes.

2.2. Leaching process

In magnesiothermic reactions, Mg was employed as a reduction
agent that reduced the oxide materials (ZrO, and NiO) and was con-
verted into MgO which was a reaction byproduct. To remove this un-
desirable phase from the final powder, the leaching process was done
by HCI 9% for 30 min at 80 °C [38].

2.3. Characterization

In order to characterize the phases, X-ray diffraction analysis (XRD,
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Philips model PW30-40, Netherlands) was utilized at 26 = 10-80° and
step size of 0.05° under the voltage of 30 kV and 30 mA current. In all
the experiments, Cu-Ka irradiation (A = 1.5405 10\) was used.

X'pert HighScore software was employed to determine the phases of
the produced nanocomposite. To study the morphology and particle
size of the prepared composite powder, scanning electron microscopy
(SEM, Cam Scan model MV2300) and transmission electron microscopy
(TEM, Philips model CM120, Netherlands) were utilized under the
voltage of 120 kV.

2.4. Thermodynamic calculations

Prediction of thermodynamic behavior was carried out according to
free energy, enthalpy of formation and adiabatic temperature of the
reactions, and the obtained data were extracted from HSC Chemistry
software (Version 5.0), according to Equation 1 [39].

Tn Tad
AQ = —AHyy, + j' > Cp(Solid). dT + AH,, + j' > C,(Liquid). dT = 0
298 Tin

(@)
Where, C,, AH’298, AQ and AH,, are specific thermal capacity, change
of standard formation enthalpy at 298 °C, total heat of reaction and
change of melt latent heat, respectively. Microstructural characteriza-
tion included internal strain (due to the induced strains during the
milling process) and the crystallite size of ZrC-Ni composite. These were
calculated via Rietveld method in MAUD software, which was carried
out using precise fitting of the XRD patterns. The precise fitting of the
patterns was conducted by GoF function.

3. Results and discussion
3.1. Evaluation of thermodynamic behavior of possible reactions

In order to have a better understanding of thermodynamic condi-
tions of possible reactions, the possibility of reaction occurrence was
determined. Moreover, to predict the type of mechanochemical process
from gradual or instant points of view, adiabatic theoretical tempera-
tures of the reactions were calculated by thermodynamic data and type
of reaction in the milling vial. Theoretical approach for the production
of ZrC-Ni nanocomposite via mechanochemical process and using oxide
raw materials can be divided into the following stages. It should be
noted that the whole procedure has taken place in a fraction of a second
after combustion in the milling vial.

3.1.1. Carbothermic reactions

In the presence of carbon, thermodynamically, reduction of NiO and
ZrO, phases is not possible. The standard enthalpy and Gibbs free en-
ergy data for these reactions are shown in Table 2. These reactions are
endothermic and their occurrence as MSR is not possible. In this case,
each of the materials should be milled for long periods of time or a
finalizing process such as heat treatment should be employed [40]. The

Table 2

Thermodynamic data of carbothermic reduction reactions.
No Reaction AG (%) AH (%)
1 ZrOy + 2C = Zr + 2CO (g) +768.173 +879.216
2 ZrOy + C = Zr + COx(g) +648.143 +706.795
3 ZrO; + 3C = ZrC + 2C0O(g) +574.982 +682.567
4 ZrOy + 2C = ZrC + COz(g) +454.951 +510.146
5 ZrO; + C = ZrC + 05(g) +849.315 +903.652
6 NiO + C=Ni + CO(g) +74.433 +129.158
7 2NiO + C = 2Ni + CO»(g) +28.836 +85.895
8 2NiO + ZrOz 4+ 2C = 2Ni + Zr + 2C0,(g) +676.979 +792.690
9 NiO + ZrO; + 3C = Ni + Zr + 3CO(g) +842.607 +1008.374
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ternary system of graphite, ZrO, and NiO have conditions similar to
binary systems and oxide phase reduction is not practically accom-
plished by graphite.

In the presence of Mg, the conditions are different so that the re-
action of NiO and ZrO, with Mg is highly exothermic. Regarding
Table 3, reduction of NiO and ZrO, during milling is thermo-
dynamically possible and releases 361900 J/mol and 102899 J/mol
heat, respectively. The calculated adiabatic temperatures of the men-
tioned reactions were 3106 K and 1125.1 K, respectively. This shows
the possibility of self-progressive synthesis reaction in high tempera-
tures. If thermodynamic data for simultaneous presence of NiO and
ZrO, with Mg are examined, it would be seen that in this system, the
reaction is exothermic with adiabatic temperature of 2797.55K and its
spontaneous occurrence is possible during the milling process.

According to Table 4, after reduction of NiO and ZrO,, their re-
activity with graphite was investigated and it was found that the pre-
sence of ZrO, either in quaternary system or in ternary system can
possibly form ZrC. The regarded reactions were both exothermic and
their adiabatic temperatures of 2095 K and 3396 K showed their
spontaneous occurrence, respectively.

3.2. Experimental study of the systems

The results of XRD analysis based on the stoichiometric ratio of M1
reaction after milling for different times (5, 60, 90, 300 and 600 min)
are presented in Fig. 2. In the XRD pattern of the initial powder mixing
(Fig. 2a), the peaks of ZrO,, NiO, Mg, and graphite are evident. After
milling for 1h, the ZrO, peaks are still observed (Fig. 2b), but their
intensities are reduced and the peaks are broadened due to fine powder
particles, formation of crystalline defects, and increase of lattice strain
[41]. The combustion happened after 90 min of milling which resulted
in the appearance of MgO, ZrC, and Ni peaks in the pattern presented in
Fig. 2c. As can be seen in this figure, the reaction did not completely
occur because ZrO, peaks still remained in the pattern.

Another point here is the existence of Ni,Zr3 intermetallic phase in
the system. According to reaction M1, ZrC should have been fully
formed, but practically this did not occur because a part of reduced Zr
had reacted with Ni in the combustion process instead of reacting with
graphite according to proper conditions, which was due to the released
heat and formed intermetallic compounds. It can be said that due to the
combustion process, a part of graphite in the system turned into carbon
monoxide (CO) instead of participating in the Zr 4+ C=ZrC reaction (Eq.
13). As a result, the reaction did not fully occur. To complete the ZrC
synthesis, 10 wt% Mg was added to the powder mixture after the
combustion and the milling process was continued for 5 h.

According to Fig. 2d, it is evident that a part of ZrO, remained as a
trace in the system and the synthesis did not completely occur. Also, it
was observed that the peak intensities were significantly reduced and
the peaks were broadened. This implies that the crystalline structure or
the particle sizes reached to nanoscale dimensions. To complete the
synthesis, 10 wt% Mg was again added to the powder mixture and the
milling was continued for 10 h. According to Fig. 2e, it is obvious that
the remained ZrO, was reduced by Mg and that it produced a composite
consisting of ZrC, Ni, Ni,Zr3, and MgO phases.

The powder mixture was exposed to the leaching process after 10 h
of milling in order to eliminate the MgO phase and the final composite
consisting of ZrC-Ni-Ni»,Zr; was prepared (Fig. 3). Since the oxide
particles were reduced by Mg particles, surface contact of oxide and Mg
particles was essential. However, in this system, Mg and graphite par-
ticles randomly covered the surface of oxide particles and practically
graphite acted as a barrier on the surface of oxide particles and pre-
vented the contact of Mg and oxide particles. This process determined
the time of combustion. In other words, by increasing the Mg contact
with oxides, combustion took place faster. However, this was not true
about the reaction progress. For better understanding of this process, a
schematic has been illustrated in Fig. 4. By adding extra Mg after the
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Table 3
Thermodynamic data of magnesiothermic reduction reactions.
. kJ kJ
No Reaction AG () AH () Tag (K)
10 NiO + Mg = Ni + MgO —357.769 —361.900 3106
11 ZrOy + 2Mg = Zr + 2MgO —96.231 —102.899 1125.1
12 NiO + ZrO; + 3Mg = Ni + Zr + 3MgO —454 —464.799 2797.555
Table 4
Thermodynamic data of the synthesi reactions.
No Reaction kI kI Tad (K)
AG (mul) AH (mol) “
13 Zr + C=ZrC —193 —196.8 3440
14 Zr0, + 2Mg + C= ZrC + 2MgO —289 —299 2095
15 NiO + ZrO; + 3Mg + C= Ni + ZrC + 3MgO —647.191 —661.447 3396
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Fig. 2. XRD patterns of ZrO,, NiO, Mg and graphite powder mixtures after: (a)
5 min milling, (b) 1 h milling, (¢) 1.5 h milling and combustion, (d) 5h milling
after combustion with extra 10 wt% Mg, and (e) 10 h milling after combustion
with extra 10 wt% Mg.

combustion and according to the decrease of graphite content in the
system (a part of it participated in ZrC formation in the combustion
stage and the rest was turned into CO), the milling increased the pos-
sibility of Mg and oxide particles contact to complete the reduction.

3.3. The effect of pre-activation of the starting materials on the synthesis
time

In order to examine the effect of pre-activation on the reaction time
and progress, the oxide powders were milled for 3h and 6h. Early
milling caused the NiO and ZrO, powders to be finer and increased the
crystalline defects which resulted in the increase of effective surface
area and activated the powders surfaces. After pre-activation, Mg and
graphite were added to the powder mixture and milling was continued
until the time of combustion. Schematic of pre-activation stage is pre-
sented in Fig. 5 for a better understanding. Combustion occurred after
100 min and 120 min for the samples which were pre-activated for 3h
and 6 h, respectively. It can be predicted that the increase of combus-
tion time for 6 h pre-activated sample, as compared to 3 h pre-activated
sample, was due to the fineness of oxide particles during milling. By
reducing the size of these particles after addition of graphite and Mg to
the system, since the graphite particles are finer than Mg particles, they
covered the surface of oxides that resulted in less contact of Mg with the

2 Theta (deg.)

Fig. 3. XRD patterns of ZrC-Ni-Ni»Zr3 system: (a) before leaching and (b) after
leaching.

oxides. This resulted in a more required time for combustion compared
to both of the samples which were not pre-activated
(Tcombustion = 90 min) and the sample which was pre-activated for 3 h.

The XRD results in Figs. 6a and 7a show that the synthesis did not
fully occur and ZrO, peaks were observable and the existence of NiZr,
and Ni,Zr, intermetallic compounds in the system was also confirmed.
10 wt% Mg was added to both samples and they were milled for 7 h.
According to Fig. 6b, the XRD results show that although the intensities
of ZrO, peaks were reduced, ZrO, still existed in the system. But ac-
cording to Fig. 7b, it was observed that the synthesis was completed for
the 6 h pre-activated sample, the ZrO, peaks were fully removed and a
composite with ZrC, Ni, Ni,Zr, and MgO was produced. This shows that
by increasing the pre-activation time, the particles were refined; these
particles contacted extra Mg in a secondary milling stage which com-
pleted the reduction process. This was not observed for the sample
which was pre-activated for 3 h for the same finalizing milling time.

For better understanding of the mentioned mechanism in Fig. 5, at
first the powder mixture of Mg, NiO and ZrO, was milled based on M2
reaction with different percentages of graphite (X = 0, 0.25, 0.5, 0.75,
1) and then the effect of graphite content on the combustion time was
studied. As can be seen in Table 5 and Fig. 8, by increasing the graphite
content, the combustion time increased, too.

The results showed that when the powder mixture was milled
without graphite (X = 1), this opportunity was given to the oxide
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* Graphite
(b) ® MgO
o ZrC
0 O Ni
\.\“, +10% Mg ® ZrO:
e

N

Fig. 4. (a) Contact schematic of oxide, Mg and graphite particles with stoichiometric ratio during milling, (b) schematic of extra Mg addition after initial milling to

reduce the remaining ZrO2 in the system during secondary milling.

powder to be in full contact with oxide particles and subsequently cause
quicker combustion and the process time reduced to the minimum. By
adding graphite to the powder mixture, graphite acted as a barrier and
increased the required time for milling. By increasing graphite, its effect
was more evident, so that for X = 0.75, the synthesis time practically
increased by 1 min. But for X = 0, the combustion time increased by
64 min (schematic of the step-by-step addition of graphite is shown in
Fig. 9).

3.4. Effect of adding extra graphite on the composite synthesis

The results showed that the most important factor in determination
of the combustion time was the graphite content and its distribution in
the system. By increasing the graphite content, graphite covered the
particles surfaces, so for reduction of oxide particles, the particles
should have been broken by the energy of the balls and the new created
surface had contact with the Mg particles which finally increased the
combustion time (Fig. 10). On the other hand, by increasing the com-
bustion time, tendency of reduction for these particles increased due to
the activation of oxide surfaces which caused more progression in the

e 7Zr0:

(a)

@ NiO

reaction. Additionally, it can be said that a portion of graphite in M1
reaction turned into CO after the combustion and caused the ZrC not to
be fully formed and lead to the creation of (Ni, Zr) intermetallic com-
pounds. For this purpose and in order to study the effect of extra gra-
phite in the system based on M3 reaction, the system was examined by
adding extra 20 wt% and 30 wt% graphite.

Combustion occurred after 140 min for the sample which contained
extra 20 wt% graphite. According to Fig. 11a, synthesis did not fully
occur and there was no intermetallic compound present in the system.
Synthesis continued without combustion for 600 min for the samples
which contained extra 30 wt% graphite. The XRD patterns of these
samples are presented in Fig. 11b. According to this figure, it is clear
that synthesis partially occurred without combustion in the sample
containing extra 30 wt% graphite. In fact, too high graphite content in
the powder mixture caused the synthesis mechanism to change from
combustion to gradual mode; i.e. due to high graphite content in the
mixture, a great amount of Mg particles was not simultaneously al-
lowed to have contact with the oxide particles and this prevented the
combustion. Also, by locating the Mg particles against the oxide par-
ticles in small scale and the absorption of activation energy due to

(b)

Fig. 5. Schematic of pre-activation process effect on contact of oxide, Mg and graphite particles: (a) pre-activation process which resulted in fine particles, (b)
addition of graphite and Mg powders after pre-activation process and contact of graphite and Mg with oxide particles.

355
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Fig. 6. XRD patterns of ZrO, and NiO powder mixtures which was milled for 3h
as pre-activation process: (a) after addition of Mg and graphite, milling for
100 min and combustion, and (b) 7 h milling after combustion with addition of
extra 10% Mg.

80
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] Ni
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50
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Fig. 7. XRD patterns of ZrO, and NiO powder mixtures which was milled for 6 h
as per-activation process: (a) after addition of Mg and graphite, milling for 2h
and combustion, and (b) 7 h milling after combustion with addition of extra
10 wt% Mg.

Table 5

Variation of combustion time versus added carbon.
mc (g) 0 0.072 0.144 0.216 0.288 0.35
t (min) 26 27 30 60 90 140

milling, reduction locally occurred and the released reduction heat re-
sulted in localized synthesis plus provision of the essential activation
energy for the adjacent particles.

Another powder mixture with similar conditions was exposed to
milling for 1200 min and the synthesis was fully accomplished without
formation of intermetallic compound (Fig. 11c). The XRD results after
the leaching process of the prepared composite are illustrated in Fig. 12.
This figure shows that MgO phase was completely removed from the
system and ZrC-Ni composite was produced.
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Fig. 8. XRD patterns of ZrO,, NiO and Mg powder mixtures after: (a) 26 min
milling, (b) after addition of graphite and milling for 27 min (1/4), (c) after
addition of graphite and milling for 30 min (2/4), (d) after addition of graphite
and milling for 60 min (3/4), and (e) after addition of graphite and milling for
90 min (4/4).

3.5. Proposing a mathematical model for description of relation between
added graphite and combustion time

When no graphite was added to the mixture, t, exact time was
needed. Consequently, mechanical energy was given to the raw mate-
rials to start the combustion reaction. By adding graphite, the required
time for synthesis increased. This increase was related to the required
time for diffusion of the reactants from the carbon layer around the
particles which was named as tp. Thus, the total time required for the
initiation of combustion was named as t, which is the sum of these two
time values:

t:t0+tD (2)

To calculate tp, the following assumptions were considered:

1) The raw materials particles, except for graphite, were spherical with
average radius of R.

2) Graphite surrounded the particles with a uniform layer with &
thickness.

3) The diffusion path (graphite layer) was assumed to be semi-infinite.

If m,, V and p are the mass, volume and density of graphite layer,
respectively:

mc = pV = p(4nR%5) 3

On the other hand, the diffusion depth of d in semi-finite path was
determined by the following relation [42]:

d = a\/Dtp 4

Where D is the diffusion coefficient and a is a constant value which is
dependent on the system geometry.

When d = §, raw materials contact with each other in the com-
bustion reaction. So:

me = p(4nR*d) = 4mpaR?\/ Dty 5)
Or by arranging this equation, the result is:
1 mc 2
tp= =
"D (47TpaR2) )

Therefore, according to Eq. 2, the total required time for the
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Fig. 9. Effect of graphite addition on particles contact in the systems of: (a) ZrO2-NiO-Mg, (b) ZrO2-NiO-Mg-1/4G Mg, (c) ZrO2-NiO-Mg-2/4G, (d) ZrO2-NiO-Mg-3/

4G and (e) ZrO2-NiO-Mg-G.
occurrence of combustion is:

f= it 4+ (- _y
D 4mpaR?

)

Table 5 lists the values of added graphite and the combustion time
and in Fig. 13 experimental data were fitted with the model proposed in
the present study. As can be seen in this figure, there is a proper con-
formity between these two values (R? = 0.982). The equation of fitted
curve is:

357

t =26 + 854.331 mZ (8

3.6. Particle size and morphology of prepared composite

Rietveld method is based on modelling of XRD patterns using ana-
lytical function, relates the peak intensity to phase structure directly
and presents a simulated pattern by analyzing microstructural para-
meters, peak shape, peak width and background parameters. In this
method 26 correction parameters, peak symmetry and peak broadening



D. Davoodi et al.

Materials Chemistry and Physics 222 (2019) 351-360

Fig. 10. (a) Schematic of particles contact in the powder mixture with presence of additional graphite, (b) reduction of oxide particles covered with graphite.
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Fig. 11. XRD patterns of ZrO,, NiO, Mg and graphite powder mixtures with
addition of extra graphite: (a) 20 wt%, (b) 30 wt% and milling for 600 min, (c)
30 wt% and milling for 1200 min.

80

A
" Ni
® MgOo

Intensity (a. u.)

20 50 80

2 Theta (deg.)

Fig. 12. XRD patterns of ZrC-Ni system: (a) before leaching, and (b) after
leaching.
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Fig. 13. Fitting of combustion time mathematical function based on added
carbon with experimental data. Solid points represent experimental data and
continuous line represents mathematical model.

Table 6
Crystallite size and lattice strain of synthesized composite.

Crystallit size Lattice strain

(A)

Composite synthesized from ZrC 41045 = 5 0.00251 = 0.0005
powder mixture M1 Ni 156.59 + 2 0.00036 = 0.0001

Composite synthesized from ZrC  354.66 * 4 0.00113 = 0.0005
powder mixture M1 with Ni 123.24 £ 6 0.00012 + 0.00007
preactivation

Composite synthesized from ZrC 22094 = 5 0.00499 = 0.0001
powder mixture M3 with 30%  Ni 80.08 = 3 0.00030 = 0.0002

graphite over

are achieved based on reference sample. For this reason, crystallite size
and internal strain of the powder particles are being calculated ac-
cording to the extent of broadening and peak positioning.

The results of crystallite size and lattice strain determination for
ZrC-Ni composite powder are brought in Table 6. As can be seen, the
crystallite sizes varied from 8 nm to 15.6 nm for Ni and varied from
22 nm to 41 nm for ZrC, while the lattice strain differed from 0.00012
to 0.00036 and from 0.00113 to 0.00499 For Ni and ZrC, respectively.
It can be seen that the lowest crystallite size was related to the
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Fig. 14. TEM micrograph of synthesized composites by: (a) conventional
synthesis, (b) synthesis with pre-activation stage and (c) synthesis with extra
graphite.

Fig. 15. TEM micrograph showing morphology of synthesized composites by:
(a) conventional synthesis, (b) synthesis with pre-activation stage and (c)
synthesis with extra graphite.

gradually synthesized sample.

ZrC-Ni composite powders obtained from 3 different synthesis
procedures, i.e. conventional synthesis, synthesis with pre-activation,
and gradual synthesis with extra graphite, were evaluated by TEM.

Materials Chemistry and Physics 222 (2019) 351-360

Fig. 14a displays that in conventional synthesis, the prepared sample
had a particle size of 50 + 5nm with semi-spherical morphology
(Fig. 15a). Fig. 14b is related to the sample which was synthesized by
pre-activation stage; the figure shows finer particles in comparison with
the samples which were synthesized by conventional synthesis, having
a particle size of 42 + 4nm with spherical morphology (Fig. 15b).
These results demonstrate that the pre-activation stage had a more
significant effect on the fineness of produced particles rather than
milling after combustion. According to Fig. 14c, among these three
methods the composite powder produced by the gradual method had
the smallest particle size (30 * 3nm). Furthermore, according to
Fig. 15c, it is clear that morphology of the particles was entirely
spherical. The reason for the formation of small sized particles was very
long milling time (see Fig. 16).

4. Conclusions

Synthesis of ZrC-Ni nanocomposite powder by mechanochemical
technique using ZrO,, NiO, Mg and graphite raw materials was suc-
cessfully accomplished. Performing the milling at stoichiometric ratio
of initial powder caused the combustion to occur after 90 min but
synthesis was not fully achieved and NiyZr; intermetallic compound
plus ZrO, existed in the produced powder. Adding an extra 10 wt% Mg
after combustion and secondary milling for 10h resulted in the re-
duction of unreacted ZrO, and led to the completion of the synthesis.

After reduction of the oxide phases, NiyZr3, NiZr, and Ni,Zr, in-
termetallic compounds were formed in the stoichiometric system due to
appropriate conditions, insufficient amount of graphite in the system,
and graphite conversion to CO.

Addition of extra graphite to the system caused the graphite parti-
cles to act like a barrier that resulted in postponing and completion of
the process.

In addition to refining the initial oxide powders and activation of
their surfaces, the pre-activation process resulted in covering more
oxide particles due to their finer sizes. This, in effect, caused the gra-
phite particles to act like a barrier between the oxide particles and Mg.
This phenomenon postponed the reduction process that resulted in
completion of the reduction process.

By adding extra graphite (X = 0.3) to the powder mixture, synthesis
was completed without the presence of intermetallic compound during
1200 min.

[ ZrO,-NiO-Mg-Graphite ]

X=0.75

[ Over stoichiometric I

ESlER]

X=03 ]

=60 =30 =27 =126 . . — — - - -
(oG5 Ilm ] [Seapeesciaion] [ 1i0mn | [(owomm | [woma)]
T T T
ZrziC- | | Zr-zeC- 3 bours milling 6 hours milling [ t.=90 min ] IZrC-Ni-ZrO:I [NoCmnbuslim] ’NoCombusﬁnn]
Ni- Ni- (Zr0,.N10) (Zr0,. NiO)
NiZry- | | Nize- T I T
Z0, Z0, - Adding 10% Mg, Adding 10% M, ZrC-Ni-Zr0, ZCNi
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Fig. 16. Classification of reactions based on graphite percent.
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