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Abstract:

Improving microstructural, mechanical, and thermal properties of Ni-Co-Bronze
composites is crucial for various applications. In this study, five Ni-Co-Bronze (CuSn)+XTiC
(0, 3, 7, 10, and 15 wt.%) composites were produced by using the hot pressing method. The
effect of TiC reinforcement rate on each of their microstructure, wear, hardness, and thermal
properties was investigated. Within the scope of microstructure analysis, the scanning
electron microscope (SEM), electron dispersive spectrometer (EDS), and XRD analysis were
employed. Thermal analyses were carried out for thermal differences between the samples.
Furthermore, microhardness, impact, and wear tests were run to estimate mechanical
behaviors of Ni-Co Bronze+XTiC composite. Experimental results indicated that TiC rate had
an important effect on the microstructure, wear-resistance and microhardness of Ni-Co
bronze composite. As the TiC reinforcement rate increased, the hardness of Ni-Co
Bronze+XTiC composites varied between 180 HV and 450 HV. Consequently, microstructure
analysis revealed that there was a serious interaction between reinforcement and matrix.
Wear resistance increased with a TiC (7-10) wt.% rate but decreased at high TiC rates. It was
clearly seen that the wear pattern was both oxidative and abrasive.

Keywords: Ni-Co Bronze+XTiC composites; Hot pressing;, Thermal analysis; Impact
toughness; Worn surface analysis.

1. Introduction

The usage of traditional engineering materials is limited due to their features like
weightiness, density, strength, and hardness. However, composite materials have precise
distribution of reinforcement rate in the applications. Metal matrix composites (MMC) have
physical and mechanical properties in a wide range of engineering applications [1-3]. MMCs
are manufactured using various methods such as metal spraying, in-situ composites, powder
metallurgy, and hot pressing. Among these methods, powder metallurgy (PM) is particularly
common [4,5]. Due to its simplicity, the PM is used commonly to produce composite
materials with magnesium alloy matrix [6], aluminum alloy matrix [7], and copper matrix [8-
15]. Being one of the production methods using PM, Hot Pressing (HP) provides advantages

“ Corresponding author: ikirik @bingol.edu.tr


https://doi.org/10.2298/SOS220404007I

172 A.Imak et al.,/Science of Sintering, 55(2023)171-187

like full densification capability, short processing time, uniform dispersion of the reinforcing
element, and shape production [16,17]. For bronze, two basic production methods are used;
the first one is cast onto the steel and the other is powder metallurgy (PM) to produce a
bimetal strip [18,19]. While conventional bronze contains nickel as an alloying element,
copper is one of the basic components [20]. When nickel bronze is applied, refines the grain
texture in the microstructure, enhances the mechanical properties and facilitates cold rolling.
Furthermore, bronze composites with 5% nickel do not oxidize, do not change and have good
resistance to rapid steam flows. Due to excellent wear resistance, microhardness and
toughness, particle-reinforced MMCs are used for structural and high-temperature
applications. Alumina and silicon carbide-based MMC do not lose their wear resistance and
hardness [21-25]. Tin bronzes, Ni/Al bronzes and Cu alloys are the most commonly used
bronzes. Tin bronzes are less frequently used compared to other kinds of bronze because of
their high density and (consequently) high costs. These bronzes are used for bushings
operating at low and high speed, worm screw, gear manufacturing, slipper, press bushing and
slide bearings and they are used as gearbox replenishment pins in heavy vehicles that operate
with high stroke [26-29]. Sn bronzes are the preferred copper alloys in many tribological
applications due to their wear resistance and lubricating properties [30,31]. Ni/Al bronzes are
accepted as perfect materials for applications requiring superior wear, high corrosion
resistance, and high electrical/thermal conductivity. Ni has an attractive matrix due to its heat
resistance. However, nickel catalyzes carbon crystallization when heated, resulting in
degradation. Thus, the strength of Ni-matrix composites decreases sharply above 600°C [30].
As a result, it is reported that adding Ni to bronze improves good characteristics and SiC,
B4C, WC, Al,0;, and TiC reinforcements improve mechanical properties of MMCs [32-43].
From this point of view, it has been observed that there are a limited number of studies on
nickel-doped bronze and TiC-reinforced composites.

Therefore, the aim of this study is to add nickel, cobalt, and TiC to Cu/Sn bronze and
to investigate how the TiC content affects the microstructure, thermal properties,
microhardness, impact toughness, and wear behavior of the composites.

2. Materials and Experimental Procedures

In this study, Cu, Sn, and Co powders were commercially obtained from Nanokar, Ni
and TiC powders from Alfa Aesar. Table I shows the size dimensions, purity and physical
properties of the powders. TiC-reinforced Ni-Co Bronze matrix composites were produced
with the hot press technique (Fig. 1). Before hot pressing (HP), the powders were prepared in
groups at the rates (in Table II) and mixed in the powder mixing machine at 25 rpm 1/min in
stainless steel cylindrical box with a steel ball for 30 min. The mixtures of the powders were
poured into a graphite die (5 x 10 x 25 mm) and produced at 800°C under 16 MPa load for 15
min in an Argon atmosphere. In order to determine microstructure, the samples were
prepared according to standard metallographic procedure and etched with a chemical mixture
(50 ml of nitric acid and 50 ml of glacial acetic acid). SEM, XRD, and EDS analysis were
carried out for the detection status of phase contents and microstructure. Moreover,
microhardness was applied on the polished surface with Imm interval according to the
indentation method with the load of 0.1 kgf. In order to determine the thermal transmissions,
the samples were cut in the sizes of 1 x 3 x 6 mm from the Ni-Co bronze+XTiC composites
using wire erosion method. Thermal Analysis of Ni-Co bronze+XTiC composites was
performed using Perkin Elmer Phyris TG/DTA thermal analysis system at the heating rate of
20°C 1/min in air atmosphere in the temperature range of 30°C and 950°C using a platinum
crucible. Ni-Co bronze+XTiC composites were subjected to a wear test using the Turkyus
Podwt pin-on disk device in accordance with the ASTM G99 standard. The wear test was
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conducted under loads of 5, 7.5 and 10N at the sliding speed of 31.41 m/s, trace diameter of 6
mm and sliding distances of 500 m.
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Fig. 1. The schematic illustration of PM Ni-Co-TiC composite production.

Tab. I The powder size distribution, dimensions, purity and physical properties of the
powders.

Powder  Particle Size Purity Density
(um) (Wt.%) (g*em™)
Sn 45 >99.7 3.70 £0.30
Cu 45 >99.7 1,60 £ 0,10
Co 1.8+0.2 99.7 8.86-8.90
Ni 44 99.8 0.60-0.75
TiC 45 99.5 4.5

Tab. II Quantities of powder used in the experiment (wt. %).

Material TiC Nickel Cobalt Bronze Total
(2 (€:9) (CuSn90/10)(g) (€:9)
Sample 1 0 5 5 15 25
Sample 2 3 5 5 15 25.75
Sample 3 7 5 5 15 26.75
Sample 4 10 5 5 15 27.5
Sample 5 15 5 5 15 28.75

3. Results and Discussion
3.1 Macro- and Microstructure examination

Fig. 2 shows the optic image of samples produced by adding 15 wt.% TiC. The image
clearly shows that there were three different regions. The first of these regions was the matrix
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phase (A), the other was the reinforcement phase (B), and the third was the region where the
reinforcement phase and the matrix phase were combined (C). The Ni-Co bronze+XTiC
composites could be produced perfectly by using hot pressing method at 800°C under 16 MPa
for 15 minutes. When the microstructure images of Ni and Co-based TiC reinforced bronze
were examined, it was observed that zones with different compositions formed in the
microstructure at different rates of TiC. In the non-reinforced sample, only two zones formed,
but from the picture and the EDS results obtained in the sample with TiC added, it was seen
that there were three different regions between the matrix phase (white region) and TiC
reinforcement, and Co, Ti and Cu elements were dominant in the interphase.

Figs 3a-e shows the SEM images of the samples S1, S2, S3, S4, and S5 manufactured
with addition of Co using a hot pressing technique. Table III shows the EDS marks taken
from these samples, respectively. The SEM microstructure image of Ni-Co bronze+XTiC
composite showed that there was no cavity or defect in the interface of TiC reinforced Ni-Co
bronze composites of all the samples. Fig. 3a shows preferably agglomerated zones with
completely irregular and different sizes. However, the EDS results of different zones showed
that when Co was added to the Ni-bronze, there were two regions that did not dissolve in each
other and preferably unite in different ways. One of them was Ni-based (zone A) and the
other was Co-based (zone B). Although these regions were seen as different formations, the
boundaries of these two regions were clearly visible in the image (in Fig. 3a). When
examining the SEM image of these TiC-reinforced composites (Fig. 3b-e), it was observed
that the microstructure was composed of three structures; the preferably clumped plain light
gray zones, regularly distributed zone containing TiC, and dark gray and sharp-edged grains
representing TiC. Titanium carbides accumulated outside the bronze and Ni-containing
regions. TiC and Co were both almost never seen within bronze grains. They were
accumulated more in the boundaries of grains. When the SEM image of the sample containing
7 wt.% TiC was examined (Fig. 3d), it was observed that as TiC rate increased, Co-based
zone was expanding and more regular. Despite higher density of the TiC grains, they still
failed to enter the bronze phase (Fig. 3e). Buytoz et al., and Lee et al., [27,28] stated that the
mechanical, thermal, and electrical properties of the composites were negatively affected by
the randomly distributed reinforced particles. When the SEM image taken at high
magnifications was examined (Fig. 3f), it was observed that the interphase bonding was good
and it existed in a Co-rich region that held the matrix and reinforcement phases together.

Tab. III EDX results of Ni-Co bronze-XTiC composites (wt.%).

Elements Marks

A B C D E F G H I J K
Ti 0.62 027 052 201 7032 18.64 4199 0.16 417 1 30.46
C 6.30 7.06 5.74 10.80 28.69 16.19 3044 6.57 924 790 26.64
Ni 279 0 278 028 08 0 0 346 064 363 O
Co 0 71.05 0 7198 0 5149 0 0 75.79 0 26.58
Cu 83.28 19.48 84.24 13.63 O 11.14 2392 83.68 9.16 81.63 14.42
Sn 7.01 213 662 130 0.0 174 365 6.13 101 578 196

A

Fig. 2. Microstructure of Ni-Co bronze + wt.% 15 TiC composites.
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Fig. 3. SEM photographs of Ni-Co bronze+TiC, composites: a) Ni-Co bronze no-reinforced,
b) Ni-7Co bronze wt. % 3 TiC, c¢) Ni-Co bronze+wt.% 7 TiC, d) Ni-Co bronze+wt.% 10 TiC,
e) Ni-Co bronze+15 wt.% 15 f) high magnification of S5 (e).

3.2 EDX and XRD analyses

EDX analyses taken from different zones are marked as A-K in Figs 3a-e. Based on
the analyses, it is plausible to assert that Cu and Sn preferably agglomerated to form bronze
(zones marked by A, C, F, H, and K). However, the Ni-Co bronze matrix, which was the
main structure, existed in zones other than TiC particles (zones marked by B, D, G, I, and J).
XRD analysis was performed for each composite to determine if there were phases
supporting the formation of bonding between reinforcement (TiC) and matrix (Ni-Co
bronze). As seen in Fig. 5, new phases such as NiTi, Ni3Ti, CuTi, CoNi, CuSn, and TiC were
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determined from XRD analysis. From these new phases and the locally collected elements
that clumped in EDX analysis (see in Table III), there was a chemical bonding between the
TiC (reinforcement) element and Ni-Co bronze (matrix). The presence of carbides and oxides
is common in PM-prepared materials [39]. NiTi, Ni3Ti and CoNi phases were formed
between titanium carbide and Nickel-based alloy. Based on XRD graphs of Ni-Co
bronze+XTiC composites, no oxide was determined and when TiC rates increased, the peak
of the graphs decreased.
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Fig. 4. XRD analysis of Ni-Co bronze+TiC, composites.
3.3 Microhardness tests

Microhardness measurements were carried out at 1 mm intervals from a total of 17
points in the middle regions of the samples. Fig. 5 shows the results. The measured micro-
hardness values varied between 180 and 540 Hv depending on TiC rates. Increasing TiC
resulted in an increase in the microhardness value for all TiC-reinforced samples. As can be
seen in this result, a significantly different trend was observed in the microhardness profiles.
The hardness increased relatively with the reinforcement of TiC and this increase was almost
twice in the TiC-reinforced samples compared to non-reinforced sample.
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Fig. 5. Microhardness results of Ni-Co bronze+TiC (S1-S5).
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3.4 Wear Behavior

The dry sliding wear test of Ni-Co bronze + XTiC composites was carried out using a
stainless steel ball (¥6 mm) in a pin-on-disc tester at room temperature. Fig. 6 shows the
weight losses of composites from the wear tests. Increasing TiC rate also increased the
hardness, which was effective on the decrease in the weight loss [20,21]. The wear resistance
of the composites was contributed by adding TiC particles. The weight loss of the samples
without TiC was 2-3 times higher than other samples with TiC. The weight loss decreased
with increasing reinforcement rate under the loads of 5N, 7.5N, and 10N. The higher the load
and/or sliding distance is caused the higher weight loss and wear rates [20-25]. Tyagi
investigated the tribological behavior of Al/TiC composites in terms of the applied load and a
constant sliding velocity. Moreover, the hard TiC particle blocked the metal flow from the
surface of MMCs and improved their wear resistance [24,31]. When the content of TiC
reinforcing phase in the composites reached 15 wt.%, the wear resistance of the composites
decreased due to the separation of TiC particles from the surface depending on the effect of
friction.
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Fig. 6. The amount of mass loss depend of load Ni-Co-bronze + TiC, composites.

Friction coefficient plots were determined during the wear tests depending on TiC rates and
wear parameters. Fig. 7 shows the friction coefficients of the coating layers tested under SN
loads and different TiC rates. There were fluctuations in the friction coefficient depending on
the sliding time. These fluctuations were big at the beginning. Over time, they increased (got
even bigger) as the TiC rates increased (Fig. 8). When the abrasion coefficients were
examined, the highest friction coefficient occurred in the sample containing no TiC and the
friction coefficient decreased with the increasing TiC rate. The TiC reinforcement contributed
to the reduction of the friction coefficient of Ni-Co bronze+XTiC composites. Even though
the friction coefficient of the composites was lower than the friction coefficient of the
material containing no TiC, the change in surface abrasion widely varied depending on the
applied load. The EDS and XRD tests performed after wear revealed the friction coefficient
decreased since the oxide formed on the surface and the carbides separated from the matrix
during wear caused a lubricating effect on the surface. As a result, for increasing wear
resistance in Ni-Co bronze, the TiC powder could be a reinforcement element candidate.
Other studies [24,27,33] reported that the main reason for this behavior could be the presence
of a lubricating layer forming on the surface, which did not lead to cohesive wear mechanism.
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Fig. 7. Coefficient of friction depending on TiC rate composites.
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For further investigation of wear morphology, SEM analysis and EDX mapping taken from
the surface of the samples were performed after the wear test (Fig. 9 a-e and Fig. 10a-e). The
wear marks on the wear surface of the TiC-free sample were deeper and like a daisy. As the
weight loss from the wear results was higher in this sample, the addition of TiC to Ni-Co
bronze alloy will be an ideal reinforcement to gain wear resistance. In the image, the TiC
grains broke from their places due to the effect of temperature and fracture that occur during
wear and they were embedded in the bearings, where the ball passes, in the direction of
successive rows. The reason of obtaining different wear rates and COF results was the
carbide and oxide layers that formed due to the heat during wear between the steel ball and

the composites. These layers prevent losses due to wear by making a lubricating effect.
[4,20].
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Fig. 9. SEM analysis of the worn surface of composites, a) Ni-Co bronze no-reinforced, b)
Ni-Co bronze wt. % 3 TiC, c¢) Ni-Co bronze wt. % 7 TiC, d) Ni-Co bronze wt. % 10 TiC, e)
Ni-Co bronze wt. % 15 TiC.
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Fig. 11. XRD results of the worn surface of composites, a) Ni-Co bronze no-reinforced, b)
Ni-Co bronze wt.% 3 TiC, c¢) Ni-Co bronze wt.% 7 TiC, d) Ni-Co bronze wt.% 10 TiC, e) Ni-
Co bronze wt.% 15 TiC.

When the worn surfaces were examined, it was observed that the material losses on the
surface of the Ni-Co-Bronze material were very severe. However, upon the addition of TiC to
the Ni-Co bronze, not only the material peeling from surface layer decreased, but also the
depth of the wear marks decreased. While the TiC rate increased from 3 wt. - % to 7 wt.%,
the rate of wear decreased approximately three times, remained unchanged at 10 wt.- %, but
increased slightly at 15 wt.- %. Many researchers have stated that this change is related to the
degree of oxide film layer forming on the surface of the material [33-36]. XRD results taken
from the worn surface are present in figures 11a-e, respectively. The presence of TiO, TiO,,
Ti,0s, TiyOs, TiC and TigCs compounds from the X-ray results taken from the surface
supports the oxide and carbide layers forming in the surface layer of the TiC-reinforced
samples. It was clearly seen that the oxide layer forming on the material surface not only
acted as a lubricant, but also prevented material losses [36,37,42]. The addition of TiC to the
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Ni-Co-Bronze alloy caused the material surface to heat up during friction and balanced the
stresses that occurred during wear. The result evidently indicated that although the wear
resistance increased with the increase of TiC rate (7-10 wt-%), the TiC rate had a negative
effect at 15 wt.%. Residue accumulations and plastered residues occurred on the surface of
the sample without addition of TiC. But, in the TiC-reinforced samples, scattered residue and
plastered layer were more dominant. As a result, it was clear that the wear pattern was both
oxidative and abrasive.

3.5 Impact properties

The effect of TiC contents on microstructure and charpy impact properties of Ni-Co
bronze + TiC was investigated. For this purpose, the Charpy impact tests of the composites
were carried out by using TERCO MT 3016 impact tester at the maximum energy of 150 Nm
(Fig. 12). The tests were performed at room temperature regardless of the effect of
temperature. Figure 13 shows that after the impact test, the charpy energy decreased with
increasing TiC rate and the highest absorbed energy was obtained in the sample without TiC
value (around 22J). As the TiC rate increased, the impact energy decreased sharply and then
slightly less and lastly reached the minimum of 13 J when the TiC content was 15 wt.% (S5).

22 @

Impact tester

Charpy energy(J)

S1 S2 S3 S4 S5
Samples

Fig. 12. Charpy impact test results of composites.

Fig. 13a-e shows the SEM images of fractured surfaces of the samples S1, S2, S3, S4, and S5,
respectively. When the fractured surface images were examined, various voids and drop areas
were observed in the non-reinforced sample, which were typical indicators of ductile fracture.
The 3 wt.% TiC reinforced sample showed brittle fracture compared to non-reinforced sample
(Fig. 13b). Although the fracture type of the samples S3, S4, and S5 was brittle, there is no
ductile separation with bonding phase residues on the TiC grains, it looks more like
decohesive separation. (Fig. 13c-e). It is plausible to assert that with the increasing rate of
TiC, two phases (bronze and Ni-Co bronze+XTiC) agglomerated to a finer grain in the
matrix.

3.6. Thermal properties

In this study, TG/DTA analyses were performed to determine the thermal properties
of different TiC-reinforced composites. The measurements of all the samples were made at
30- 1000°C in an air atmosphere at a heating rate of 20°C min"'. Then, TG/DTA curves were
prepared using origin pro 8 program via the help of data obtained at different temperatures
and given in Fig. 14a-b. Based on the TG analyses conducted to observe the changes in
weights of the composites depending on time or temperature, the weight loss in Ni-Co bronze
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composites with TiC reinforcement was approximately 7% greater than the non-reinforced
sample. When the TG curves were examined, the fluctuations were determined to be more in
the non-reinforced sample, but the other samples exhibited a quieter pattern. Considering that
the weight change occurs as a result of the breakage of physical or chemical bonds at high
temperatures[27,41]. Moreover, it can be asserted that the bonding between TiC particles and
matrix separated more easily at high temperatures.
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Fig. 13. SEM images of fracture surface morphologies of Ni-Co bronze with different TiC
contents, a) S1, b) S2, c) S3, d) S4 and e) S5, respectively.
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Fig. 14. a) TG curves and b) DTA curves of Ni-Co bronze + TiC, composites.

4. Conclusion

In this study, Ni-Co bronze+XTiC with different TiC rates were produced by hot

pressing method and following results were obtained.
1.

2.

From the microstructure examination of Ni-Co bronze + XTiC composite, there was
no cavity and defect in the microstructure of composite.

In the SEM image of non-reinforced sample preferably agglomerated regions with
completely irregular and different sizes were seen. Moreover, the EDS results from
different regions showed that when Co was added to the Ni-bronze, there were two
regions that did not dissolve in each other, and preferably unite in different ways.
However, in the SEM image of TiC-added composites, the microstructure was
composed of three different structures. First was the preferably clumped plain light
gray areas, second was regularly distributed area containing TiC and third was dark
gray and sharp-edged grains representing TiC.

From XRD analysis, new phases such as NiTi, Ni;Ti, CuTi, CoNi, CuSn, and TiC
were determined. Based on XRD graphs of Ni-Co bronze+XTiC composites, no
oxide was determined.

These results showed that the hardness increased with the addition of TiC and this
increase was almost twice the sample of TiC free.

The wear resistance of the composites was contributed by adding TiC particles. The
weight loss of samples without TiC was 2-3 times higher than other samples with
TiC. The wear pattern was both oxidative and abrasive. When TiC reinforcement
exceeded 3 wt.%, less deep scratches and more plastered layers appeared on the
surface of composites and the material degradation area gradually decreased.

The structural features which were listed above and the properties of Ni-Co
bronze+XTiC composites such as micro hardness and wear resistance, were
increased in a controlled manner but fracture toughness decreased.
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Casxicemax: [lobobuarse MUKpOCMPYKIMYPHUX, MEXAHUYKUX U mepmuurux ceojcmaesa Ni-Co -
OpOH3a KOMNO3UMA je KbYUHO 3a paziudume npumene. Y 060j cmyouju, Memooom monioe
npecosara npouszsedero je nem Ni-Co-Oponsa (CuSn)+XTiC (0, 3, 7, 10, u 15 wt.%)
komnosuma. Mcmpaoicen je ymuyaj opsune ojauarsa TiC Ha c8aKy muxo8y MUKpOCMPYKMypY,
xabare, mepoohy u mepmuuxa ceojcmea. Y okeupy aumanuze MuxKpocmpykmype xopuuihenu
cy ckenupajyhiu enexmponcku muxpockon (CEM), erexmporncku oucnep3uenu cnekmpomemap
(EAC) u XRD ananuza. Tepmuuke ananuze cy uzspulene 3a oopehusarbe mepmMuiukux paziuxa
usmehy yzopaxa. Ilopeo moea, uzgpuiena cy ucnumusar.a Mukpomepoohe, yoapa u xabarea
da 6u ce npoyenuno mexanuuxo nonawarwe Ni-Co 6pousza+XTiC komnoszuma.
Excnepumenmanuu pesyrimamu cy nokaszanu oa je yoeo TiC umao eadxcan ymuyaj Ha
MUKPOCIMPYKIYPY, OMNOPHOCM Ha Xabarwe u mukpomsepoohy Ni-Co b6poHzanoz komnosuma.
Kaxo ce nosehasana cmona ojawara TiC, mepooka Ni-Co 6ponza+XTiC xomnozuma je
sapupana usmehy 180 HV u 450 HV. Cxo0Ho mome, aHanuza MUuKpocCmpykmype je omkpuia
0a nocmoju 030umHa eza uzmely ojavarba u mampuye. Omnoprocm Ha xabarve je nosehana
ca (7-10) mexc. % TiC, anu ce cmarura npu eucokum yoenuma TiC. Jacho ce udeno 0a je
obpazay xabara OUo U OKCUOAMUBHU U AOPAZUBAH.

Kuwyune peuu: Ni-Co Oponsa + XTiC xomnosumu, monio npecogarbe, mepmaina aHamsd,
HCUNABOCM, AHAIUZA UCTPOUUEHE NOBPULUHE.
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