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Cu-based FeTi-reinforced metal matrix composites (MMCs) were produced with FeTi reinforcement
additions of 6, 9, 12, 15 and 18wt.% by powder metallurgy. Microstructural characterization of
Cu-based FeTi-reinforced composites was made by using scanning electron microscopy, energy-
dispersive spectroscopy, X-ray di®raction and hardness test. The e®ect of sintering temperatures on
the densi¯cation of the synthesized powders was investigated. Sliding analyses were conducted to
determine the wear behavior. The interface microstructure between FeTi and Cu at 1000�C showed
a signi¯cant di®erence. The hardness changed proportionally with the increase in the FeTi particles.
The formation of the intermetallic phases CuTi, CuTi2, Cu4Ti3 and TiCu4 after sintering caused a
higher wear resistance. A 75% reduction in wear rate was achieved by adding 18-wt.% FeTi to pure
copper powder.
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1. Introduction

Copper (Cu) is preferred due to its high electrical and

thermal conductivities, ease of fabrication, high

melting point and good corrosion performance.1,2

Small amounts of ceramic reinforcements dispersed in

the copper matrix signi¯cantly increased the strength

and wear properties. Ceramic particles such as oxides,

carbides and borides are used to add more strength to

pure copper. Copper alloyed with ceramic particles

is largely used in the manufacturing of welding

electrodes, engine sets, airframe and electric connec-

tions.3–5 Titanium–copper (Ti–Cu) alloys are pre-

ferred over the Cu–Be alloy, which is commonly used

in electronic components in the form of connectors
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and relay controls.6,7 High-performance alloys can be

manufactured by utilizing the wear resistance of hard

phases and the energy absorption properties of soft

phase.8 Hard particles and dispersed carbides transfer

the sliding energy to the soft matrix and the energy

consumed for wear is decreased. Ti–Cu intermetallic

compounds are advanced technological materials

with hardness. They improve the properties thus

resulting in good sound absorption and high electrical

conductivity and biocompatibility. There are studies

on the tribological properties of intermetallic com-

pounds as new wear-resistant materials.9–11 Due to

the magnetic shielding performance of Fe, Cu–FeTi
(ferro titanium) alloys with more than 20% of Fe

content are very popular in the ¯eld of marine com-

munications. More than 30% of Fe provides high

electromagnetic shielding and corrosion resistance,

and it is preferred in the heat sink parts of commu-

nication equipment.10 The Cu–Fe alloy forms two

liquid regions rich in Cu and Fe during solidi¯cation.

This leads to macrosegregation and inhomogeneity of

the Cu–Fe alloy after solidi¯cation. In the conven-

tional casting, the increase in Fe quantity causes the

macroscopic separation of the Fe phase. Therefore, a

homogeneous Cu–TiFe alloy can be produced by

powder metallurgy.11 Božić et al. reported that the

Cu–Ti–TiB2 composite can be hardened by aging.

The metastable Cu4Ti and TiB2 particles were a se-

rious factor in increasing the hardness.12

The purpose of this study is to examine the mi-

crostructure, hardness and wear properties of a new

Cu alloy composite namely the Cu–FeTi intermetallic

composition dispersed within the matrix and grain

boundaries by dissolving FeTi particles in Cu.

2. Experimental Procedure

The ferro titanium powders (72% Ti–24% Fe–4% Al;

size: 48�m) and copper powders (99.9% purity; size:

48�m) were selected as the test materials. Cu–FeTi
and zinc acetate were mixed and homogenized in an

alumina laboratory ball mill for 2 h at 90 rpm and

then cold pressed uniaxially with a pressure of up to

200MPa. Zinc acetate was used to prevent cold

welding and to form a precursor for the reinforcement

particles. The composites and process conditions se-

lected for the test samples are given in Table 1. Sin-

tering temperatures were selected as 600–1000�C.
Samples were sanded using a series of SiC sand-

papers from 180 grit to 2000 grit and polished with

1-�m diamond paste. For the characterization of

microstructure, the samples were etched with the

solution of 95% FeCl3 and 5% HCl. Microstructural

characterization of Cu-based FeTi-reinforced com-

posite was made with the scanning electron micros-

copy (SEM; ZEISS EVO LS10) and energy-dispersive

spectroscopy (EDS). Microhardness analysis was

performed on a Qness Q10M microhardness tester

using a 100-g load at 0.5-mm intervals on the Vickers

scale. Phase analysis with X-ray di®raction (XRD)

was performed using Rigaku X-ray di®ractometer,

with 40-kV voltage, 40-mA current and 0.02� scan-

ning step. The wear experiments of the samples were

done on a pin-on-disc wear machine (model: UTS-

Tribometer T10/20) with the loads of 10, 20 and 30N

and a sliding distance of 1200m according to the

ASTM-G65 Standard. The wear surfaces of the

samples were analyzed by optical microscopy (OM;

LEICA DM750).

3. Experimental Results

3.1. Microstructural analysis

Figure 1 describes the microstructures of composite

structures. The ¯gure shows FeTi-reinforced primary

�-Cu grains together with the CuTi intermetallics.

Gray areas indicated FeTi deposits and dark areas

indicated �-phase. Figure 1(a) shows precipitation

along the boundaries of �-phase and formation of a

net-like structure after sintering at 600�C. At lower

sintering temperatures, Ti deposits were homogeneously

dispersed in the microstructure [Fig. 1(b)]. The structure

Table 1. The process conditions of the experiment samples.

Sample nos. S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12

Cu (wt.%) Bal. Bal. Bal. Bal. Bal. Bal. Bal. Bal. Bal. Bal. Bal. Bal.
FeTi (wt.%) 12 12 12 12 12 12 12 6 9 12 15 18
Sintering (�C) 600 700 800 850 900 950 1000 900 900 900 900 900
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of the sample sintered at 800�C [Fig. 1(c)] was sub-

stantially di®erent from those sintered at lower

temperatures. At a sintering temperature of 800�C,
the precipitates exhibited increased coarseness.

The precipitates were dispersed both at the grain

boundaries and within the grains. The precipitates

tended to split at the primary particle boundaries at

high sintering temperatures, and the grain growth

(a) (b)

(c) (d)

(e) (f)

Fig. 1. SEM micrographs of the experiment samples: (a) S1, (b) S2, (c) S3, (d) S4, (e) S5 and (f) S6.
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was limited [Fig. 1(c)]. When the sintering tempera-

ture was up to 950�C, TiCu °uid appeared and was

spread at the interface. This raised the di®usion of Ti

and Cu into the liquid phase.13,14 Thus, as seen in

Fig. 1(d), more liquid phase was formed and the so-

lution of Ti–Cu intermetallics accelerated. Figures 2

and 3 con¯rm the presence of elements Cu (JCPDS

Card No. 02-1225), Ti (JCPDS Card No. 89-5009),

compounds CuTi2 (JCPDS Card No. 72-0441), CuTi

(JCPDS Card No. 65-2807), Cu3Ti2 (JCPDS Card

No. 65-6822) and Cu4Ti (JCPDS Card No. 20-0370)

obtained by the XRD analyses.15 The sintering tem-

perature a®ected the interface features of di®usion

between the grains and enabled the di®usion of Ti

atoms. At a temperature of 950�C, the Ti–Cu inter-

metallic increased in size, and then decreased signi¯-

cantly. The dimension of the Ti–Cu intermetallic

increased at a temperature of 950�C and then de-

creased remarkably. Due to the creation of the Ti–Cu
eutectic liquid phase or the low melting point of Ti–
Cu intermetallics, the Ti–Cu intermetallics were

melted by the liquid composite formed during the

di®usional degradation phase when the temperature

was 1000�C or above. As seen in the Ti–Cu diagram,

a liquid phase with a low melting point above 875�C
could have occurred between Ti and Cu due to the

eutectic transformation. Although the eutectic point

was 900�C, the eutectic structure did not have a

distinctive feature. This demonstrated that no liquid

phase was formed at the Ti–Cu interfaces during

sintering at 950�C and below. Interface microstruc-

ture between FeTi and Cu showed a signi¯cant

di®erence at 1000�C sintering temperature. CuTi

intermetallic size was drastically reduced. As seen in

Fig. 1(c), only the CuTi2 phase was determined at the

FeTi–Cu interface. For a sintering temperature of

1050�C, Ti–Cu compounds were absent. This showed

that a liquid phase was created at 1000�C. FeTi

content a®ected the ratio of Cu and Fe phases and the

microstructure. FeTi is a hard phase and Cu is a soft

(a)

(b)

Fig. 2. XRD patterns of samples (a) S5 and (b) S12.

Fig. 3. EDS analysis results of the S4 sample.
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phase. With the rise of FeTi quantity, the amount of

Fe phase in the composite increased and the amount

of Cu decreased. It greatly changed the strength of the

alloy. The number of interfaces between Fe, Ti and Cu

phases increased. The grain dimensions of the two

phases were signi¯cantly re¯ned. At the same time,

soft copper was evenly dispersed in the iron (Fig. 1).

The liquid phase production temperature of the

Ti–Cu phase structure is not the eutectic point, but

the melting temperature of the TiCu alloy.14,16 The

presence of coarse Cu4Ti3 particles in the matrix was

inevitable. The typical structure of CuTi2 phase is

given in Fig. 1(b). It was determined that CuTi2 with

distinct grain dimensions was surrounded by CuTi

and Cu4Ti3. The Cu4Ti3 phase with the same layered

structure was compressed by the CuTi phases. CuTi2
phases are surrounded by CuTi and Cu4Ti3 phases.

As shown in Fig. 1, when the sintering temperature is

raised to 1000�C, Cu melted locally to become liquid,

but Ti remained as solid and was covered with the Cu

liquid. As the temperature increased further, Ti

atoms di®used into the Cu liquid, and the Ti that

occurred on the surface of FeTi grains also got dif-

fused into the Cu liquid completely. After cooling, the

CuTi2 crystals nucleated and expanded. When the

temperature reached the highest liquid temperature

of the CuTi phase (975�C), CuTi nucleated and ex-

panded (Fig. 1). At a temperature of 950�C, the eu-

tectic reaction Liquid ! CuTiþ CuTi2 occurred.

Liquidþ CuTi ! Cu4Ti3 peritectic reaction and

growth of Cu4Ti3 were observed at 900�C (Fig. 1).

When the solidi¯cation operation was completed, the

CuTi2 phase was surrounded by CuTi and Cu4Ti3
phases in the microstructure of the solidi¯ed Cu–Ti
alloy. CuTi and Cu4Ti3 formed an overlapping

structure. Residual stresses were detected in the grain

boundaries with the precipitation of Cu intermetallic

in the samples. Residual stresses might occur near the

precipitate cores at the grain boundary.16–19 Ti and

Fe ratios of the samples are given in the EDS study

results in Fig. 3. The Ti and Fe atoms were di®used

into Cu grains by atomic di®usion. The increase in

the amount of FeTi particles increased the di®usion of

Ti and Fe atoms in Cu particles and increased the

grain boundary intermetallics. In this case, the acti-

vation energy of Ti atoms increased and thus the

di®usion ratio of Ti atoms from FeTi to the matrix

increased. The spread of Ti and Fe atoms was quite

high in copper above 900�C. Due to the increase in

the di®usion of Ti and Fe atoms, FeTi particle size

decreased in the microstructure. This resulted in an

increase in the melting degree of the Cu–FeTi alloy.

3.2. Hardness

Microhardness curves of test samples are given in

Fig. 4. Surface hardness increased due to the disso-

lution of FeTi particles and di®usion of Fe and Ti

atoms in the structure. The hardness changed pro-

portionally with the increase in the FeTi particles.

CuTi2 was fragile in nature and had the highest

hardness. CuTi and Cu4Ti3 showed similar amounts

of hardness. Cu4Ti3 and CuTi phases were ductile,

but contained structural di®erences. The di®erence in

matrix strength between Cu and Cu–FeTi was that

the Cu–FeTi alloy contained a high rate of disloca-

tion. Due to the unconformity in the thermal ex-

pansion factor and the elastic features between Cu

and FeTi particles dispersed in the matrix, restricted

dislocation motion occurred at the matrix–particle
interface after cooling and hardness increased.16–19

EDS analysis showed that FeTi particles are trans-

formed into intermetallic phases due to dispersion of

Cu towards the center of the particle. The di®usion of

copper in titanium was faster than that of titanium in

copper. Since the sizes of di®erent atoms in the inter-

metallic phase did not match, most intermetallic

phases had independent packed atomic structures

compared to their pure elements. Thus, the di®usion of

atoms in intermetallic phases was very high. Di®usion

was eased by the formation of intermetallic layers.20–22

3.3. Evaluation of wear behavior

The wear performance of the Cu–FeTi alloy is

displayed in Figs. 5(a) and 5(b). The composite's

Fig. 4. Microhardness curves of test samples.
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properties were better than those of Cu. The resulting

microstructural di®erences, which led to the

strengthening of the composite, increased the wear

resistance.23 The wear rate of the Cu–FeTi composite

did not rise linearly depending on the load and dis-

tance. According to the wear data, the wear rate

changes were polynomial with respect to load and

sliding distance change. The intermetallic phases led

to an increase in the hardness and wear resistance,

but decreased ductility. Intermetallic phases with

large di®erences in length-to-width ratio decreased

the wear resistance. Intermetallic started to break

during wear and increased the degree of wear.21–24 A

76% reduction in wear of the Cu–18% FeTi was ob-

served. As a result, the copper matrix was in direct

contact with the opposing surfaces.

The wear rate of the material with each load ap-

plied was commensurate to the sliding distance from

the resistive medium. This was related to the linear

rule of Archard's theorem.22 The wear quantity of the

samples increased polynomially with the applied load.

The increase in the amount of intermetallic phases

increased the hardness and reduced the wear rate.

Figures 5(a) and 5(b) demonstrate the e®ects of load

and sliding length on the wear rate. The wear quan-

tity of metal matrix composite (MMC) specimens

increased linearly for the chosen weight ranges. From

the wear quantity graphs, it was determined that the

variation in sliding distance and wear rate was a

polynomial function [Fig. 5(b)]. When the critical

temperature was attained on the contact faces due to

frictional heating, the wear changed from mild to

severe.25,26 The rate of wear increased with increasing

load on all surface-treated samples. FeTi alloy had

improved wear performance compared to samples

without reinforcement. Wear rates of the samples

were observed at 300–475K. The plots between

temperature and friction coe±cient and between

temperature and wear ratio for composite samples are

given in Figs. 6(a) and 6(b). The friction coe±cient

(a) (b)

Fig. 5. Wear graphs of test samples.

(a) (b)

Fig. 6. Plots of composite samples: (a) temperature versus friction coe±cient and (b) temperature versus wear ratio.
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curves of the composites increased polynomially.

A relationship was found between the rate of wear

and the surface temperature, and between the rate of

wear and the load. The features of the composites

were protected up to 420K, where a sharp transition

was observed. When the temperature exceeded 375K,

the wear resistance decreased, and the friction coef-

¯cient increased rapidly. Above 420K, the wear

behaviors of the composites were very similar.

Wear surfaces of S1 and S12 are given in Fig. 7.

The wear surfaces of the samples exhibited a micro-

structure with gutters, wear scraps and a plastering

layer. The carbide particles were pulled above a spe-

ci¯c value of temperature. Free carbides lost their

ability to contribute to the load. Matrix was in touch

with the opposite faces. Spills occurred as a result of

the contact of the counter-abrasive surfaces with

carbide and intermetallic particles. An interface sep-

aration was not detected between the particles and

the matrix. There was no highly degraded material

layer on the contact surface. A strong interface

strength was determined.

4. Conclusions

In this study, the microstructure, hardness and wear

properties of Cu-based FeTi-reinforced composites

were investigated. The following results are obtained

from this study:

At lower sintering temperatures, Ti precipitates

exhibited a uniform distribution in the microstructure.

The structure of the alloy sintered at 800�C was

signi¯cantly di®erent from the low-temperature-sintered

alloy. The precipitates had a rough appearance.

The interface microstructure between FeTi and

Cu at 1000�C showed a signi¯cant di®erence. The

thickness of the CuTi intermetallic was considerably

reduced and only the CuTi2 phase was detected at the

FeTi–Cu interface. Ti–Cu intermetallic disappeared

at 1050�C.
The increase in FeTi ratio increased the di®usion

rate of Ti and Fe atoms and their ratio in Cu particles.

The hardness changed proportionally with the

increase in the FeTi particles. CuTi2 was fragile in

nature and had the highest hardness. CuTi and

Cu4Ti3 showed similar amounts of hardness.

The morphology of intermetallic phases led to

higher hardness and wear strength.

FeTi reinforcement was e®ective in increasing the

wear resistance of Cu-based FeTi alloy.

A 75% reduction in wear rate was achieved by

adding 18-wt.% FeTi to pure copper.
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