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Abstract: Cu\Fe-Cr—-C metal matrix composites (MMCs)
were produced with a reinforcer addition of 6, 9, 12, 15, and
18 wt% Fe—Cr-C by powder metallurgy. The effects of
sintering temperatures on Cu-based Fe—Cr-C-reinforced
composites were studied using scanning electron micro-
scopy (SEM), energy-dispersive spectroscopy (EDS), X-ray
diffraction (XRD), and hardness test. The electrical con-
ductivity and tensile and fatigue strengths of samples were
investigated by the conductivity meter and the tensile and
fatigue testing machine. The interface microstructure be-
tween Fe—-Cr—C and Cu particulates at 1000 °C showed a
significant difference. The increase in tensile strength,
hardness, and fatigue life gave a proportional change with
an increase in Fe—Cr—C particulate vol%. The precipitated
carbides and intermetallic compositions reduced electrical
resistivity depending on the sintering temperature.

Keywords: copper; fatigue testing; Fe—Cr—C; hardness;
powder metallurgy.

1 Introduction

Copper—chromium (Cu-Cr) alloys with high electrical and
mechanical strengths are used in materials such as elec-
trical contacts and cables [1-3]. The Cu-Cr structure is a
compound produced by the separation of a supersaturated
Cu—Cr solid melt [4, 5]. Due to the solubility of Cr in Cu,
rough unresolved Cr particles will cause performance
degradation when there are Cr precipitates in the Cu matrix
[6, 7]. There are many problems that can occur when
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preparing Cu—Cr alloys in a melting system. Since the
dissolution movement of Cr into a Cu melt is quite late, it
is necessary to increase the temperature to 1400 °C or a
longer dissolution period. The problem between Cr and
Cu is the large density difference (Cr = 7.19 g cm™ and
Cu = 8.95 g cm™). Therefore, solid Cr lightly floats on the
surface of the Cu liquid. This indicates that Cr is hard to mix
into the solution [7-9].

In addition, the floating Cr is easily repelled from the
solution surface during the heating process. It becomes
hotter due to stronger crossover with the induction field.
So, it can act more easily with the pot wall. Therefore, there
are distinct difficulties for this synthesis method, such as
processing, quality, and high cost. Until now, much
research on Cu-Cr alloys has aimed at improving their
properties by adding diverse elements or thermomechan-
ical treatments [10-13]. Fang et al. [14] reported that the
properties of the Cu—Cr alloy are produced by mechanical
grinding and alloying. The strong Cu/Cr interface and
dissolved Cr atoms supported the reinforcement of the
composite.

The aim of this study is to examine microstructure,
hardness, tensile strength, fatigue life, and electrical con-
ductivity for high-temperature studies of a new Cu—-Fe—Cr—
C alloy composite.

2 Experimental methods

The reinforcer was prepared as an Fe-Cr-C mixture of 64 wt% Cr,
24 wt% Fe, and 6 wt% C, and the size of the particulates were arranged
approximately about 48 pm. The Cu powders (99.9% purity, 48 pm
size) were selected as the test material. The composite and process
conditions selected for the test samples are given in Table 1. The
powders were mixed and homogenized in an alumina laboratory
ball mill for 2 h at 120 rpm, and then cold-pressed uniaxially with a
pressure of up to 200 MPa. Sintering temperatures were selected as
600-1000 °C temperature interval.

The samples were sanded using a series of SiC sandpapers from
180 to 2000 grit and polished with 1 pm diamond paste. For charac-
terization of the microstructure, the samples were etched with a solution
of 95 wt% FeCl; and 5 wt% HCI. The microstructural characterization of
Cu-based Fe-Cr—C composite was determined using scanning electron
microscopy (SEM: ZEISS EVO LS10) and energy-dispersive spectroscopy
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Table 1: Processing conditions of the samples.

Sample no S1 S2 S3 S4 S5 Sé6 S7 S8 S9 S10 S11 S12
Cu (Wt%) Bal. Bal. Bal. Bal. Bal. Bal. Bal. Bal Bal. Bal. Bal. Bal.
Fe-Cr-C (wt%) 6 9 12 15 18 12 12 12 12 12 12 12
Sintering (°C) 900 900 900 900 900 600 700 800 850 900 950 1000

(EDS). Microhardness analysis was performed using a 50 g load at
0.5 mm intervals on the Vickers scale in the QNESS Q10 microhardness
machine. Phase and carbide analyses with X-ray diffraction (XRD) were
performed using a BRUKER brand device, 40 kV voltage, and 40 mA
current. The electrical conductivity of the samples was investigated by a
D60K-1201 conductivity meter. Tensile test samples were made ac-
cording to the ASTM E8M-04 standards. The tensile test was performed
using an Instron device. Fatigue experiments were performed on the
INSTRON 8801 fatigue testing machine.

3 Results and discussion
3.1 Microstructural evaluation

The microstructure of Cu-Fe—-Cr—C-alloyed S1, S2, S3, S4,
and S5 samples consists primary M;Cs; and M,3C¢ secondary
carbides around Fe—Cr-C particles (Figure 1). In Figure 1a
and b, primary M,3Ce carbides precipitated as dark areas
around Fe—Cr-C particles. M;C; carbides occurred around
the particles in lighter colors. Figure 1 shows primary
a-dendrites with intermetallic compounds. Increasing the
sintering temperature raised the melt ratio of the particles
in the samples. Thus, the ratio of large primary M;C; and
secondary M,3Ce precipitates increased. With the disper-
sion of C, Fe, and Cr particles into the matrix, several re-
actions and phases occurred in the diffusion zone. The
microstructure images in Figure 1 show the distribution of
Cr in the Cu matrix containing distinct Cu/Fe-Cr—C ratio.
The microstructure of the S1 alloy was composed of a Cr-
rich particle in a Cu dense matrix. According to the quantity
of Cr in S1, the temperature distinction between liquid and
solid was close, and Cr atoms could be maximally dis-
solved in Cu-rich solid solution. As the Cr quantity
increased, larger phase regions nucleated. This led to the
formation of more Cr-rich phases before the existence of
Cu-rich supersaturated solid solution. Significant changes
in the microstructure are seen in Figure 1b and c. The in-
crease in Cr content caused major roughing of Cr-rich Cu
particles. The dimension and density of the Cr-rich parti-
cles increased. Abnormal forms of Cr particles were ob-
tained at S2. This was an indication that some Cr powders
were not crystallized to carbide by nucleation and crystal

growth. Cr-rich Cu particles are formed at around 330 °C
and 630 °C and are combined with the Cu matrix. Diffusion
increased as the temperature increased, and due to the less
melting time and temperature, some Fe—Cr-C particles do
not refuse into the Cu melt. Fe—Cr—C particles diffuse into
the Cu matrix and eventually form these anomalies. The
morphology of fine particles was found to be round in SEM
micrographs. Ultrafine particles were formed by diffusion
along the sintering operation. During sintering, it took a
clear time to drop the sample temperature to 400 °C. In Cu—
Cr alloys, the precipitation and growth of Cr particles begin
at 400 °C. Due to high supersaturation of the Cu-rich phase
in S2 and S3, the Cr particles precipitated and developed to
form these ultrafine particles during this period.

The microstructures consist of precipitated M,;C¢-M;C;
carbides around Cr particles over 600 °C sintering tem-
perature; in other words, precipitation of carbides started
over 600 °C sintering temperature. The reinforcement
particles can be divided into primary particles (40-50 pm)
and secondary precipitated carbides (5-20 pm). With the
increasing sintering temperature, M,Cs-MC carbides were
fully crystallized from Cr-Fe-C particles, and the micro-
structure presented minor secondary precipitated carbide.
At higher sintering temperatures, greater amounts of sec-
ondary carbides were formed.

X-ray diffractions of S1 and S5 samples are given in
Figure 2a and b. MxCe, M;C; carbides, and a—Cu phase
appeared in the samples. The M;C; intensity in samples
increased over 800 °C sintering temperature, and over
950 °C, the M,3Cq carbides almost eliminated. The amount
of M3C¢ in S2 and S3 are higher than that in S4 and S5. The
precipitated carbides in the samples were determined as
minor rates of Cr;C; and mostly M;Cs. The chemical
composition of M;C; was detected as (M = Fe, Cr) by EDS
(Figure 3). Also, residual stresses occurred at grain
boundaries. The cause of residual stress formation in the
grain nucleus was carbide precipitation. During the sin-
tering process, the matrix grains were in the wider direction
and were limited by the grain boundary nucleus [14, 15].

Element concentrations in the matrix of samples are
presented in Figure 3 by EDS analysis. Cr, Fe, and C atoms
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Figure 1: Scanning electron microscopy (SEM) micrographs of the experiment samples, a) S1, b) S2, ¢) S3, d) S4, e) S5.
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Figure 2: X-ray diffraction (XRD) pattern of samples, a) S1, b) S5.

were transferred into the grains by diffusion. Cr and Fe
concentrations decreased toward the center of the Cu
particles. An increase in the content of Fe—Cr—C raised the
diffusion quantity of Cr and Fe and their concentration in
Cu particles. The rise in the Fe—-Cr—C quantity increased the
Cu content in the carbides. The increase in Fe—-Cr-C per-
centage due to the diffusion of Cu atoms in the Fe-Cr-C
also increased the number of grain boundary carbides. This
rise in the particle ratio lowered the dissolution heat of the
particles [16, 17]. Thus, the activation energy of the Cr
atoms increases. This raised the diffusion quantity of Cr
atoms from Fe—Cr-C into the matrix. The decrease in Fe—
Cr—C particle size in the microstructure was due to the in-
crease in diffusion quantity of Cr and Fe. Therefore, as the
particle ratio increased, the intensity of Cr and Fe particles
in the matrix enhanced.

Microhardness of test samples is given in Figure 4 for a
cross-sectional area for 900 pm distance from the surface.
The hardness increased with increasing Fe—Cr—C percent-
age. The increase in hardness was due to the increase in the
amount of My;Cg-M;C5 carbide in the Cu matrix and the
transfer of Cr, Fe, and C atoms to the matrix. The effect of

reduction in the size of Fe—Cr—C particles [20-22].

The concentration of reinforcer increased the fatigue
limit and hardness linearly; on the other hand, tensile
strength increased parabolically. S-N curves of Cu/Fe-Cr-C
alloys are given in Figure 6. Fatigue life of the samples was
raised with the dissolution of Fe-Cr—C concentration.
Increasing the ratio of Fe/Cr particles potently advanced the
fatigue crack initiation point to the grain boundary. Thus,
more stress had to be applied to the surface to produce a
sufficiently high stress level at the grain boundary to cause
fatigue cracking.

The fatigue fracture surfaces of S1 and S5 samples are
given in Figure 7a and b. Fatigue cracks caused by Cu/Fe—
Cr-C were in the form of “fish eyes” in all of the broken
samples. The results showed that the carbides had no
significant effect on the starting and spread of fatigue
cracks. Increasing the Cu/Fe—Cr-C quantity increased the
fatigue limit of MMC.

3.3 Electrical resistivity

The relation between Fe—Cr—C particulates and electrical
resistance — sintering temperature are presented in Figure 8.
The electrical conductivity of the samples was raised by the
sintering temperature. The electrical conductivity of metals
is related to the contacts of electrons with crystalline pho-
nons, soluble atoms, and crystal structure defects at room
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Figure 4: Microhardness of test samples.

Table 2: Mechanical test results of the materials.

Material  Tensile Yield Elongation Surface  Fatigue
strength strength (%) hardness strength

(MPa) (MPa) HV (MPa)

S1 282 218 12 63 20
S2 298 226 10 112 32
S3 315 284 8 201 46
S4 340 293 5 263 63
S5 452 405 3 306 89

temperature [23]. The rise in electrical resistance of samples
was related to the increase in the Fe—Cr-C concentration
and sintering temperature. The rise in particulate quantity
declined the dependence of electrical resistivity to temper-
ature. Precipitated carbides and intermetallic compositions
reduced electrical resistance. The rise in atomic vibration
translates the energy received by electrons from outside into
heat under the influence of an electric field. The thermal
energy is then diffused into the sample as temperature.
Thus, as the vibration in the crystal structure increases, the
temperature of the sample rises, and the free road received
by the electrons reduces. However, in the event of a colli-
sion, the waves will disperse, and the speed will decrease
[23-26]. With the increase in the Fe-Cr—C ratio, the amount
of collision increased, the wave scattered, and the net cur-
rent flow rate reduced. The electrical resistivity was
impressed by particle addition and sintering temperature in
the polynomial function. The increase in sintering temper-
ature decreased electrical resistivity due to the decrease of
voids in the microstructure. The concentration of Cr-rich Cu
particles increased during sintering at 750-1000 °C. As the
temperature increased, diffusion increased, and Fe—Cr-C
particles diffused into the Cu matrix and eventually formed
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Figure 5: The relation in hardness, tensile strength, and fatigue
strength of Fe-Cr-C content, a) hardness and fatigue strength, b)
fatigue and tensile strength.
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the fine carbide particulates which affected the electrical

resistivity also (Figure 8). The morphology of fine particles
affected the electrical resistivity as a polynomial.
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4 Conclusions

The most important conclusions of the research are as

follows:

— Theincrease in the Cu/Fe—Cr—C particle ratio changed
the overall structure.

— The microstructure of Cu-Fe-Cr-C alloy samples
occurred from primary M;C; and MyCg secondary
carbides around Fe—Cr—C particles dispersed in Cu.

— The amount of precipitated M,3C¢ and M;Cs carbides
increased depending on the Cu/Fe-Cr-C particulate
percentage and sintering temperature. The increase in
sintering temperature increased the M;Cs/M,3Cg ratio.

— The increase in tensile, hardness and fatigue capacity
gave a proportional change with increase in the Fe/Cr
particulate vol%.

— The fatigue capacity increased with the dissolution of
Fe—Cr—C particles.

—  The carbides and intermetallic phases declined electrical
resistivity depending on the sintering temperature.

— The rise in the Cu/Fe-Cr-C amount reduced the
dependence of electrical resistivity to temperature.
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