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Influence of Sintering Temperature on the Properties of in-Situ Carbide-
Reinforced Hybrid Copper-Based Composite
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Abstract

The aim of this research is to investigate the influence of the sintering temperature on the properties of the
in-situ carbide (Nb,Ti)C in a copper matrix synthesized via mechanical alloying and powder metallurgy from
elemental powders of Cu, Nb, Ti and graphite. The mixture of starting powders with compositions
corresponding to Cu-15vol.% (Nb, Ti)C was mechanical alloyed using a planetary ball mill for 20 hours. The
as-milled powders then were uniaxial cold pressed at compaction pressure of 800 MPa and sintered in a
vacuum sintering furnace for 1 hour at different temperatures from 700 to 1000°C. The obtained results
revealed that sintering temperature was an important factor to produce a bulk in-situ Cu-(Nb, Ti)C
composite. Higher sintering temperature led to an increase in density and electrical conductivity of the bulk
composite with a decrease in microhardness as a result of higher rate of recrystallization and the elimination
of dislocation at higher sintering temperature.
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Tém tat

Bai bao trinh bay nghién ctru dnh huwéng cta nhiét do thiéu két dén tinh chét cua vét liéu kh6éi compozit nén
dbng cét hat cacbit hop kim (Nb, Ti)C tw sinh duoc téng hop béng phuwong phap hop kim héa co hoc va
luyén kim bét tir bot cta céc nguyén té thanh phan bao gém Cu, Nb, Ti va graphit. Hon hop bét duwoc trén
v6i ty 16 tuong duong véi 15% vé thé tich cda cachit (Nb, Ti)C va hop kim héa bdng méy nghién hanh tinh
trong 20 gio. Bot nghién sau dé duwoc ép ngudi mot chiéu véi ap luc ép 800 Mpa va thiéu két trong 16 chan
khéng trong 1 gi¢ & nhiét dé trong khodng ttr 700 dén 1000°C. Két qua nhén duoc cho thay nhiét do thiéu
két Ia mot théng sb quan trong dé ché tao vat liéu khéi compozit Cu-(Nb, Ti)C. Nhiét do thiéu két téng thic
day qué trinh két tinh lai va loai bé cac khuyét tat mang tinh thé dan dén lam téng ty trong va dé dan dién
trong khi lam gidm do cirng cda vét liéu.

T khoa: ddng, cacbit hgp kim (Nb, Ti)C, hop kim héa co hoc, nhiét d6 thiéu két.

1. Introduction

In the last few years, the synthesis of in-situ
copper nanostructured composite reinforced by
ceramic particles using mechanical alloying has been
successfully achieved [1-6]. Such solid state powder
processing is normally performed in a high-energy
ball-mill, enabling it to synthesize homogeneously
dispersed composite particles. Ceramic particles that
have NaCl-type crystalline structure, such as niobium
carbide (NbC) and titanium carbide (TiC), have
thermal stability, extremely high melting point and
high hardness [7-9] and therefore can potentially be
used as reinforcing phases in metal matrix composite.
Marques et al. [6] have produced in-situ
nanostructured copper composite with 10 and
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20%vol. of NbC at room temperature by mechanical
alloying.

The conventional route for fabricating the bulk
in-situ Cu-(Nb,Ti)C composite includes synthesis of
the in-situ composite powder from elemental powders
via mechanical alloying, compaction by uniaxial cold
pressing and sintering. In addition to mechanical
alloying parameters, powder consolidation steps also
have significant influence in determining the final
properties of the in-situ copper matrix composite
prepared by powder metallurgy. Sintering
temperature is believed to be one of the most crucial
parameters for developing a process to produce a bulk
in-situ  Cu-(Nb,Ti)C composite with a good
combination of strength and electrical conductivity.
Increasing the sintering temperature greatly increased
the rate and magnitude of any changes occurring
during sintering [10]. It remarkably influenced the
densification of the green compacts and thus
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influenced the final
metallurgical products.

properties of the powder

The aim of the present work is to study the
sintering behaviour, microstructure and properties of
the bulk in-situ Cu-(Nb,Ti)C composite. The hybrid
in-situ Cu-(Nb,Ti)C composite was synthesized by
mechanical alloying and consolidated using powder
metallurgy techniques of cold pressing and sintering.
The sintering temperature were varied in order to
investigate the changes in properties, such as density,
microhardness and electrical conductivity, of the
sintered in-situ Cu-(Nb,Ti)C composites with a
correlation with phase and microstructure evolution.

2. Experimental procedure

The starting powders used were pure elemental
Cu, Nb, Ti and C powders with mixture composition
corresponding to Cu-15vol.%(Nb-Ti)C. The copper
powder was of 99.8% purity with an average particle
size of 32.93 um; the niobium powder was of 99.9%
purity with an average particle size of 4.74 pum; the
titanium powder was of 98% purity with a particle
size of 30.15 um; and the graphite powder was
99.99% pure with an average particle size of 4.08 pm.
The mixture of powders was milled using a Fritsch
Pulverisette 6 planetary ball mill in an argon with a
rotation speed of 400 rpm. The ball-to-powder ratio
was 10:1 with 10mm-diameter stainless steel balls.
After 20 hours of milling, the as-milled powders were
extracted for further characterization by X-ray
diffraction (XRD) analysis, scanning electron

microscopy (SEM) and energy dispersive X-ray
were

(EDX) analysis. The as-milled powders
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compacted in a cylindrical steel mould and then the
compacted composites were sintered by vacuum
sintering. To study the effects of sintering
temperature the sintering temperature was varied
from 700 to 1000°C with a fixed compaction pressure
of 800MPa. The density of the sintered in-situ Cu-
(Nb,Ti)C composite was determined based on
Archimedes principle using a Satorious electronic
analytical balance and reported as relative density.
Micro-hardness and electrical conductivity of the
composite were measured using a Shimadzu Vickers
micro-hardness tester at a load of 100 g and a four-
point probe Changmin Tech CMT-SR2000N,
respectively.

3. Results and discussion

X-ray diffraction patterns of the sintered Cu-
(Nb,Ti)C composite at 20-hour-as-milled powder in
the range of 700-1000°C are shown in Figure 1.
These XRD patterns indicated the presence of (Nb-
Ti)C peaks after sintering and no evidence of any
other phase was found. As can be seen, the diffraction
peaks of (Nb-Ti)C are more intense and well-defined
with the increase in sintering temperature indicating
the increase in fractional volume of the formed
carbides in the copper matrix.

Figure 2 presents a SEM image in backscattered
mode of the sintered pellet surface from 20h-as
milled powder. EDX analysis indicates that the fine
white spot consists of a high weight fraction of Nb, Ti
and C, which suggests that these white spots in the
SEM image were (Nb,Ti)C particles.
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Fig. 1. XRD patterns of the Cu-15%vol.(Nb,Ti)C bulk composite of 20-hour-as-milled powder sintered at (a)

700, (b) 800, (c) 900 and (d) 1000°C
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Fig. 2. SEM micrographs of sintered in-situ Cu-
15%vol.(Nb,Ti)C composite powder after 20hours of

milling and EDX pattern corresponding to
“(Nb,T1)C” area. Sintering temperature is 900°C.
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Fig. 3. Evolution of crystallite size of copper matrix
of different milling time with sintering temperature

Figure 3 shows the effect of sintering
temperature on the variation in crystallite size of the
composite sintered in the temperature range of 700-
1000°C for 1 hour. Copper crystallite size was
determined by the Scherrer method based on the
XRD patterns of the sintered composites with
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different milling times and sintering temperature. It
can be seen that the crystallite size of copper grew
slowly and steadily below 800°C. Above 800°C, the
crystallite growth accelerates dramatically. The rapid
grain growth during this stage of sintering must be
controlled to minimize grain coarsening. The
crystallite  growth  with increasing sintering
temperature can be understood by the coarsening
effect. The driving force of sintering is the reduction
of the total interfacial energy. Hence the reduction in
total interfacial energy occurs via densification and
grain growth.

The evolution of morphology of sintered Cu-
(Nb,Ti)C is demonstrated in Figure 4, which shows
the cross sectional surface of the sintered composites
obtained by sintering at 700, 800, 900 and 1000°C.
The samples sintered at lower temperatures (700 and
800°C) consist of fine particles with high fraction of
large sized pores, indicating that the densification of
powder particles is partial at lower sintering
temperatures. In contrast, the microstructures of the
samples sintered at higher temperatures (900 and
1000°C) show dense packing with no clearly defined
particle boundaries and low fraction of small sized
pores which are responsible for the high density.

Figure 5 shows the density of the Cu-(Nb,Ti)C
composite with different milling time as a function of
sintering temperature, ranging from 700°C to 1000°C.
It is clear that the density of the composite increases
linearly with increasing sintering temperature at all
milling times. The density of the bulk Cu-(Nb,Ti)C
composite after 20 hours of milling increases from
6.57 g/em® (corresponding to 86.8% TD) after
sintering at 700°C to 7.04 g/cm’ (93.0% TD) after
sintering at 1000°C.

An increase in temperature causes more
densification and produces less porous bulk
composite. According to Ravinder [11], the number
of pores was reduced at a higher temperature as a
result of the individual grains coming closer to each
other and the effective area of grain contact increased.

The increase of density of Cu-(Nb,Ti)C
composite with higher sintering temperatures can also
be explained by Equation 1, which shows the
dependence of diffusion to sintering temperature [12].

D = Dyexp(32) (M

where D is the diffusion coefficient, Do is
constant, Q is the activation energy, R is Boltzman’s
constant and T is the sintering temperature.
According to Equation 1, at higher sintering
temperatures, higher diffusion rates are achieved
resulting in a denser structure [13].
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Fig. 5. Effect of sintering temperature on the density
of Cu-(Nb,Ti)C composite with different milling time

The effect of sintering temperature on the
microhardness of Cu-(Nb,Ti)C composite with
different milling time is shown in Figure 6. The
microhardness of the composite increases
considerably when the sintering temperature rises in
the range 700 to 800°C and varies little from 800 to
900°C. The composite achieves a maximum value of
microhardness at 900°C. At higher sintering
temperature (above 900°C), the microhardness of the
composite decreases. The porosity of the sample of 5-
hour-as-milled powder sintered at 700°C was too high
(about 21%), thus its hardness as well as electrical
conductivity measurements could not be performed.
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The change of the microhardness of composite
with sintering temperature is controlled by three main
processes including the precipitation of carbides (in
the case of sample of the 5- and 10-hour-as-milled
powders), densification, and recrystallization of the
copper matrix and growth of the copper grains. These
processes take place during sintering and influence
the hardness of the composite. In particular, the
precipitation of the carbides and densification lead to
an increase of the microhardness and, conversely, the
recrystallization process and grain growth result in a
decrease in microhardness.

The rapid increase in microhardness of the
composite in the range of 700-800°C could be mainly
due to the effect of the densification and the
formation of carbides in the copper matrix rather than
the recrystallization process. In the temperature range
between 800 and 900°C, the effect of densification
somewhat compensates for the effect of the
recrystallization process leading to a slight increase
of microharness. The significant drop in
microhardness of the composite with higher sintering
temperature (up to 1000°C) can be attributed to the
higher recrystallization process and grain growth of
the copper matrix, which according to Hall-Petch
theory has led to lower strength and microhardness
[14].
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Fig. 6. Effect of sintering temperature on the

microhardness of Cu-(Nb,Ti)C composite with
different milling times
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Fig. 7. Effect of sintering temperature on the
electrical conductivity of Cu-(Nb,Ti)C composite
with different milling times

The temperature dependence of electrical
conductivity of Cu-(Nb,Ti)C composites was also
investigated. According to the results of density
measurements, one could expect the -electrical
conductivity of the composite to increase with
sintering temperature. Figure 7 shows that the
electrical conductivity of the composite is
progressively increasing with an increase in sintering
temperature and achieved a maximum value when
sintered at 1000°C. It could be attributed to the
increase of densification of the sintered composite
which is accelerated by increasing sintering
temperature. Another possible reason is due to the
higher rate of recrystallization, the elimination of
dislocation and the reduction of surface tension at
higher sintering temperature. Another important
factor influencing the electrical conductivity of such
composites is the particle size of the conductive phase
[15]. The grain growth of the copper matrix at high
sintering temperature also contributes to an increase
in the electrical conductivity of the composite.
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The microhardness and electrical conductivity
results obtained at different sintering temperatures
suggest that 900°C is the optimum sintering
temperature to produce a Cu-(Nb,Ti)C composite
with high microhardness and high electrical
conductivity.

4. Conclusion

Sintering temperature was a crucial parameter
for developing a process to produce a bulk in-situ Cu-
Cu-(Nb,Ti)C composite. Higher sintering temperature
leads to an increase in density and electrical
conductivity of bulk in-situ Cu-(Nb,Ti)C composite
but results in a decrease in microhardness. 900°C is
the optimum sintering temperature to produce Cu-
(Nb,Ti)C composite with high microhardness and
high electrical conductivity, where the microhardness
and  conductivity were 430.5 HV and
8.77x 103 (Qm)’!, respectively.

References

[1] T. Takahashi, Y. Hashimoto, Mater. Sci. Forum. 88

(1992) 175 — 182.

M. T. Marques, V. Livramento, J. B. Correia, A.
Almeida, R. Vilar, Materials Science and Engineering
A 399 (2005) 382-386.

M.T. Marques, A.M. Ferraria, J.B. Correia, A.M.
Botelho do Reg, R. Vilar, Materials Chemistry and
Physics 109 (2008) 174-180.

Z. Hussain, R. Othman, D. L. Bui, U. Minoru, Journal
of Alloys and Compounds 464 (2008) 185-189.

H. Zuhailawati, T.L. Yong, Materials Science and
Engineering A 505(2009) 27-30.

E. Botcharova, M. Heilmaier, J. Freudenberger, G.
Drew, D. Kudashow, U. Martin, L. Schultz, J. Alloys
Compd. 351 (2003) 119-125.

L.E. Toth, Transition Metal Carbides and Nitrides,
Academic Press, New York (1971) 13.

Q. Yuan, Y. Zheng, H. Yu, Journal of Refractory
Metals & Hard Materials 27 (2009) 696-700.

Zhu X., K. Zhao, B. Cheng, Q. Lin, X. Zhang, T.
Chen, Y. Su, Materials Science and Engineering C 16
(2001) 103-105.

V. Udhayabanu, K.R. Ravi, V. Vinod, B.S. Murty,
Intermetallic 18 (2010) 353-358.

D. Ravinder, Materials Letters 40 (1999) 198-203.

D.A. Porter, K.E. Easterling, Phase Transformations
in Metals and Alloys (1980), McGraw-Hill, 24.

R.M. German, Sintering theory and Practice (1996),
Wiley, New York, 56.

M. Rahimian, N. Ehsani, N. Parvin, H.R. Baharvandi,
Materials and Design 30 (2009) 3333-3337.

K.V. Manukyan, S.L. Kharatyan, G. Blugan, P.
Kocher, J. Kuebler, Journal of the European Ceramic
Society (29) (2008) 2053-2060.

(2]

(3]



Tap chi Khoa hoc va Céng nghé 117 (2017) 068-072

73



