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INTRODUCTION

Cu-based alloys are conductivity alloys that 
are commonly used in electrical and electronic 
components, such as electrodes for an electric 
discharge machine (EDM). The strength may 
have deteriorated as a result of its frequent use in 
high-temperature applications. Thus, it is impor-
tant to improve the strength of alloys. 

The mechanical strength of the alloys is af-
fected differently by additional constituents such 
as Ni, W, Fe, Al, and carbide/oxide particles. The 
addition of Ni (3 wt.%) has been reported to im-
prove the hardness, compressive strength, and fa-
tigue strength of Al-Cu alloy [1]. The presence of 

those additional elements could enhance the hard-
ness of the alloy, which is significant for lowering 
the alloy’s wear rates. Similar to nickel, the addi-
tion of W into Cu-Fe alloy has also increased the 
hardness and wear resistance [2]. Al2O3 particles 
have also been reported to improve the compres-
sive yield strength of the Cu/Cu-Ni alloys [3]. 
Furthermore, the increase of Fe significantly en-
hanced the tensile strength of the Cu-Fe alloys 
synthesized through the powder technique [4]. 

In terms of strengthening, there are several 
routes to strengthen Cu-based alloys, such as sol-
id solution, precipitation, and dispersion strength-
ening. Some strengthening in Cu-based alloys 
have been reported, including solid solution 
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strengthening in the Ni-Cu alloys [5], precipitates 
strengthening in Cu-Ni-Al alloys [6], and oxides 
particles (Al2O3, Y2O3, and ZrO2) strengthening in 
the Cu-based alloys [7].

The addition of alloy elements into Cu-Ni 
alloy has contributed to improve their strength. 
However, increasing the alloy elements tends to 
reduce their electrical conductivity. It has been 
reported that the addition of W up to 30 wt.% re-
duced the %IACS to below 60% [8]. In the W-Cu 
alloy system, Cu has an important role in increas-
ing the electrical conductivity of the alloy, while it 
reduces their resistivity [9]. The presence of Al in 
the Cu-Ni-Si causes a slight decrease in the elec-
trical conductivity [3]. Similar to this element, the 
increase of Ni in the Cu-0.4Be alloy has been re-
ported to decrease its conductivity; however, the 
conductivity was improved by the aging process 
at 400 °C [10]. Furthermore, the presence of both 
Ni and Mn in the Cu-Ni-Mn-P alloys produced 
by melt-hot rolling-aging has been observed to 
reduce the alloys’ conductivity [11]. 

Powder metallurgy can be used to fabricate 
various materials, such as Fe-Cu [12], Fe–Cu–
Ni–Sn composite reinforced by CrB2 and VN 
particles [13], and Cu-Ni alloys [14]. The process 
parameters in powder metallurgy like compac-
tion pressure and sintering temperature are im-
portant. Those parameters have been observed to 
influence the densification and distortion of the 
Cu-Sn-Pb alloys during sintering [15]. The pres-
sure (200~1200 MPa) has enhanced the density, 
yield strength, and hardness of the TiH2-185 al-
loys [16]. Enhancing the compressive strength of 
both the Al-Cu alloys was obtained by increasing 
the compaction pressure [17]. Those compressive 
loads along with the sintering temperature have 
also influenced the electrical conductivity of the 
Cu-Ni-W alloys [18].

In powder metallurgy, warm compaction has 
been applied in varying model alloys such as Fe-
Cu-Ni-Mo-C [19], Cu-based [20], C-Cu compos-
ites for electrical components [21], and magnetic 
powder cores material [22]. A compaction tem-
perature between 90 to 150 °C has been applied 
in the Fe-based alloy. The result shows that the 
compaction temperature has influenced the density 
of the alloy [23]. The higher density and wear re-
sistance in Fe-Al alloys were obtained with higher 
compaction temperatures up to 500 °C [24]. Even 
though the compaction process has brought posi-
tive effects in alloys, careful consideration of the 
most suited compaction temperature is important 

to avoid oxidation of consisted elements in the al-
loys. The incorporation of temperature during the 
compaction process of powder metallurgy has been 
reported in several studies. However, the applica-
tion of warm compaction in powder metallurgy 
technique in the Cu-Ni-xFe alloy fabrication used 
for EDM electrodes is limited. The major problem 
during the fabrication of Cu-Ni-xFe alloy through 
powder metallurgy is selecting the right compac-
tion temperature. The excessive compaction tem-
perature potentially increases the oxide formation 
in the alloy, which interferes with the sintering 
process and reduces the mechanical as well as the 
electrical properties of Cu-Ni-xFe alloy. There-
fore, this study analyzes the role of the additional 
Fe contents in Cu-Ni-xFe alloy and the role of 
varying compaction temperature in Cu-Ni-xFe al-
loy fabrication through powder metallurgy tech-
nique. The microstructure evolution, compressive 
strength, hardness, and electrical properties of the 
resulting Cu-Ni-xFe alloy were investigated.

MATERIALS AND METHODS

Metal powders (Cu, Ni, and Fe) with purity 
of higher than 99.00% and particle size of 30~40 
μm have been used as the base material to syn-
thesize Cu-Ni-xFe model alloys through powder 
metallurgy technique. The detailed composition 
of each of the elements in the model alloys, as 
well as the temperature of warm compaction dur-
ing the fabrication process, are shown in Table 1. 
The samples were named as 1-A, 2-A, 3-A, 4-B, 
5-B, 6-B, and 7.

The first stage of alloy fabrication involved 
mixing Cu and Ni powders at a weight ratio of 
90:10. Furthermore, Fe elements were added into 
the mixed Cu-Ni powders with different amounts 
of 0.5, 1.5, 2.5, and 3.0 wt.%. This step was car-
ried out in the glove box under an argon atmo-
sphere to prevent any excessive contaminants. 
All of the powders are milled by horizontal mill-
ing with a 10:1 ball-to-powder ratio (BPR) at the 
speed of 300 rpm for 2 h. After the mixing pro-
cess, the powders were compacted with a warm 
compaction process with a 250 MPa load for 15 
minutes holding time at varying temperatures of 
120, 150, 200, and 250 °C. Furthermore, the re-
sulting bulk material was sintered at 770 °C for 
60 minutes holding time. The characteristics of 
the resulting model alloys were investigated by 
different routes including the microstructure 
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evolution, compressive strength, hardness, and 
electrical properties.

Mechanical testing has been done to observe 
the compression yield strength of the model alloys 
with 9.53 mm diameter and 25.53 mm length sam-
ples. This testing was conducted using a 5 kN/min 
loading rate. Furthermore, the Vickers hardness 
tests with 100 g loading for 30 s were conducted 
at room temperature. A relative density of model 
alloys was attained by the Archimedes principle. 
The X-ray diffraction Rigaku type Mini Flex 600 
with Cu- Kα radiation model HyPix-400 MF 2D 
hybrid pixel array detector (HPAD) was used to 
investigate the crystal structure of the model al-
loys in powder stages and resulting bulk alloys. 
The microstructure, elemental distribution, and 
fracture morphologies of the model alloys were 
also observed by optical microscope (OM) and 
scanning electron microscope (SEM) with differ-
ent magnifications. The samples for OM and SEM 
observation were 25 mm in diameter and 8 mm 
in thickness. The surfaces of alloys were prepared 

using a polishing machine with SiC grinding pa-
per from 100 to 2000 grit without etching. 

RESULTS AND DISCUSSION

X-ray diffraction powder stage of model alloy

Figure 1 shows the XRD spectra of four mod-
el Cu-Ni-xFe alloys with different Fe contents 
(0.5~3.5 wt.%). The main peaks of alloys con-
sisted of Cu elements with fcc crystal structures 
which have (111), (200), and (220) crystal planes 
dispersed at the 2θ of ~43°, ~51°, and ~74°, re-
spectively. The Ni elements with lower peaks dis-
persed near the Cu peaks were observed. These 
results were in good agreement with the alloy’s 
design, as shown in Table 1. The XRD results 
confirmed that Ni and Cu elements have similar 
fcc crystal structures and crystal planes. 

Due to their small amount in the model alloy, 
the spectra of Fe elements were hardly detected 

Table 1. The composition of the model Cu-Ni-xFe alloys

Samples Model alloys
Composition (wt.%)

Warm compaction temperature (°C)
90Cu10Ni Fe

1-A Cu-Ni-0.5Fe-T120 99.5 0.5 120

2-A Cu-Ni-1.5Fe-T120 98.5 1.5 120

3-A Cu-Ni-2.5Fe-T120 97.5 2.5 120

4-B Cu-Ni-3.0Fe-T150 97 3.0 150

5-B Cu-Ni-3.0Fe-T200 97 3.0 200

6-B Cu-Ni-3.0Fe-T250 97 3.0 250

7 Cu-Ni-3.0Fe-Troom 97 3.0 Room temperature

Figure 1. XRD spectra powder stage of the model Cu-Ni based alloys for difference Fe contents; a) 0.5 wt.%, b) 
1.5 wt.%, c) 2.5 wt.%, and d) 3.0 wt.%
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by XRD, as shown in Figure 1(a-d). However, 
Figure 1 (enlarged area “A”) at 40–45 of the 2θ 
revealed an additional Fe element with (110) and 
(102) crystal planes. Those planes were dispersed 
near the root peaks of the Ni and Cu. Further-
more, a slight shift of Ni peaks was observed with 
the addition of different Fe amounts. The pres-
ence of Fe element in the Cu-Fe alloys promoted 
peak transformation including the 2θ positions, 
shapes, and intensities [25]. The Ni peak shifting 
has been reported with the increasing of the Cu 
element in the Cu-Ni model alloy [26]. Further-
more, Cu main peaks are still in their position 
presented in Figure 1. In the powder stages, a sig-
nificant peak change of the Cu-based alloys has 
been observed with different milling times in the 
ball milling method [27]. However, in this current 
study, there are no different parameters in their 
mixing process. Thus, the XRD spectra of model 
alloys are not changed significantly.

The relative density

The various composition and warm compac-
tion temperatures contributed to the relative den-
sity (RD) of each sintered model alloy, as depict-
ed in Figure 2. The RD of model alloys was likely 
to decrease with the increment of the additional 
Fe contents in the alloy from 82.7% to 79.6% 
for Cu-Ni-0.5 wt.%Fe-T120 (sample 1-A), Cu-Ni-
1.5Fe-T120 (sample 2-A), and Cu-Ni-2.5Fe-T120 
(sample 3-A) alloys. Those samples were subject-
ed to 120 °C of warm compaction temperature. 

These results correlated with their initial densities 
of the constituent elements, in which the density 
of Cu was higher than Fe. In this case, the com-
paction temperature of 120 °C was observed to 
not have a significant effect on the density of Cu-
Ni-xFe alloys (sample 1-A, 2-A, and 3-A). 

Various warm compaction has been applied 
in the model alloys of Cu-Ni-3.0Fe-T150 (sample 
4-B), Cu-Ni-3.0Fe-T200 (sample 5-B), and Cu-Ni-
3.0Fe-T250 (sample 6-B). It can be seen in Figure 2 
that a slightly different density was observed for 
different warm compaction in the alloys with 
temperatures of 150, 200, and 250 °C. Compared 
to the control alloy of Cu-Ni-3.0Fe-Troom (sample 
7) with low RD of 78%, the incorporation of the 
warm compaction to the alloy has successfully 
increased the RD to 84, 85.4, and 86.3% for 150, 
200, and 250 °C temperature, respectively. Trends 
of increasing relative density by introducing warm 
compaction have been observed in different mate-
rials, such as Cu/CNTs [28] and Al6061/SiC [29]. 
The higher compaction temperature might gener-
ate better particle interlocking and reduce the par-
ticle gap of green compaction, which influences 
the alloy densification process. In the Cu-based 
alloy system, the relation between warm com-
paction and density of alloy was also reported in 
the Fe-Cu-Ni-Mo-C [19]. Similar to the compac-
tion load (250 MPa) applied in this current study, 
the introduction low compaction load (< 318.47 
MPa) has been reported to increase NiTi density 
significantly. It is correlated with the dislocation 
phenomenon, subsequent particle interlocking, 

Figure 2. Relative density of the model alloys for different Fe contents and compaction temperature
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and void collapse [30]. Although the compaction 
temperature positively influenced the density of 
the alloys, higher compaction temperatures posed 
a risk of oxide formation within the alloy, particu-
larly in reactive elements. 

Microstructure of the model alloys

The microstructure of the Cu-Ni-xFe alloy 
with different Fe contents and compaction tem-
perature were observed by optical microscope, as 
seen in Figure 3. It is visible that the Cu-Ni-xFe 
alloy mainly consisted of three different phases, 
including Cu-rich, Cu-Ni phase, and oxides (re-
ferred to bright, light gray-green and dark areas 
respectively). The presence of Fe element pro-
moted smaller oxide with a particle size of < 5 
μm that was dispersed within the Cu-rich/Cu-Ni 
phases, as seen in Figure 3(c). The favorable af-
finity of Fe towards oxygen (O) facilitated the 
formation of Fe-oxides. The porosities were also 
formed in the sintered model alloys with a few 
microns in size. In Figure 3 (d-e), small oxides, 
pores, and solid solution were obtained in Cu-
Ni-3.0 wt.%Fe model alloys, but the incorpora-
tion of warm temperature during powder com-
paction into Cu-Ni-3.0 wt.%Fe model alloys did 

not significantly change the microstructure. The 
compaction at room temperature shows the larger 
particles in the alloy, captured in Figure 3(g). 

Figure 4 shows the SEM observation of Cu-
Ni-xFe alloy with different Fe contents. From the 
figures, it is observed that the microstructure main-
ly consists of solid-solution Cu-Ni and Cu-rich 
phases, which are indicated by light grey areas. 

Figure 4 is the SEM images of the Cu-Ni –
xFe model alloys with different Fe element com-
positions. The increasing of the Fe elements till 
3.0 wt.%Fe has been observed to promote more 
dark grey area in the alloy as shown in Figure 4(a-
d), which was likely the formation of Fe-interme-
tallic phases. The presence of those intermetallic 
phases enhanced the hardness of the model alloy 
by restricting the dislocation movement [31]. In 
this current study, most particle sizes were ob-
served to be less than 5 μm with irregular shapes 
formed as shown in Figure 4(d). Clustered par-
ticles and pores were also observed in the SEM 
images. Though the intermetallic phase increased 
the brittleness of the alloys, the presence of pores 
has been reported to decrease the hardness of Cu-
Ni-MX1480 [32].

Furthermore, the constituent elements of each 
phase in the microstructure of the Cu-Ni-xFe alloy 

Figure 3. Optical micrographs of the model alloy for different Fe contents (a) 0.5 wt.%Fe, (b) 1.5 wt.%Fe, (c) 
2.5 wt.%Fe, and 3.0 wt.%Fe alloy with (d) 150oC, (e) 200oC, f) 250oC, (g) room temperature compaction
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were analyzed by energy dispersive spectrosco-
py (EDS) as illustrated in Figure 5. Figure 5(a) 
shows the selected surface of Cu-Ni-0.5 wt.%Fe 
alloy. Area “A” and point “B” in Figure 5(a) were 
identified as the matrix and pores of the Cu-Ni-0.5 
wt.%Fe alloy. The area consisted of Cu element 
as a main element in the model alloy followed by 
Ni, Fe, and oxygen elements shown in Figure 5(b-
c). In the matrix area (point “A”), the amount of 
the Cu, Ni, and Fe elements were 90.2 ± 1.10, 
9.29 ± 0.31, and 0.1 ± 0.03 wt.%, respectively. 
Detailed information on the element composition 
of alloy detected by EDS is shown in Table 2. 
These results correspond well with the alloy com-
position in Table 1. Furthermore, a weak peak of 
the oxygen (0.5 ± 0.03 wt.%) was also detected 
in the matrix area (Fig. 5c). A slight increment up 
to 3.5 ± 0.09 wt.% of the oxygen was found, as 
depicted in the enlarged area “A” in Figure 5(b). 
The oxygen dissolved within the microstructure 
likely occurred during the powder handling. De-
tailed composition of all elements in Cu-Ni-xFe 
model alloys from Figure 5 and Figure 6 are listed 
in Table 2.

Figure 6 shows the results of SEM and EDS 
of Cu-Ni alloys with 2.5 wt.%Fe alloy and 1.5 
wt.%Fe. In Figure 6(a), The areas of “C” and “D” 
with small and free pores respectively, containing 
Cu-rich elements. The presence of this Cu-rich 
element was also confirmed by EDS, as seen in 
Figure 6(b). The increase of the Fe element to the 
alloy till 2.5 wt.%Fe caused a slight increment of 
the Fe detected in EDS with a peak intensity of > 
20.000. The selected “C” area has a small size po-
rosity of less than 1μm dispersed in Cu-Ni matrix, 
and a small amount of oxygen (0.4 ± 0.03 wt.%). It 
is indicated by a weak peak captured near the over-
lapping Cu-Ni-Fe peaks as shown in Figure 6(c). 

Furthermore, the EDS observation has been 
also done in the larger areas (“E”) of the Cu-Ni-1.5 
wt.%Fe alloy as seen in Figure 6(d). Elements of 
Cu, Ni, Fe, O, and C were detected in that area. 
As listed in Table 2, the amount of the primary 
Cu, Ni, and Fe elements slightly decreased in the 
model Cu-Ni-1.5Fe-T120 alloy. It is believed that 
the detected contaminants such as carbon and ox-
ygen about 3.4 ± 0.08 wt.% and 1.2 ± 0.05 wt.% 
on the alloy influenced the decrease of those total 
main elements. The presence of carbon probably 

Figure 4. SEM images of the model Cu-Ni –xFe alloys with 120 °C; (a) 0.5Fe, (b) 1.5Fe, (c) 2.5Fe, and (d) 3.0 
wt.%Fe with 250 °C warm compaction temperature
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originated from the grinding media that was made 
of hard steel and oxygen. Those elements were dis-
solved into the green material during the powder 
stages. Moreover, the EDS results also confirmed 
that contaminants like O and C were preferred to 

spread out near pores and oxide areas of the model 
alloys. The existence of oxygen has been report-
ed to generate pores in the microstructure and 
reduce the alloy’s density [33]. Conversely, car-
bon contamination is influenced by the sintering 

Figure 5. (a) SEM image, (b) and (c) EDS spectra of the model Cu-Ni-0.5 wt.%Fe alloy for different areas

Figure 6. (a) SEM images of the Cu-Ni-2.5 wt.%Fe alloy, (b-c) EDS spectra of the model Cu-Ni-2.5 wt.%Fe 
alloys, and (d) SEM image and EDS selected area of the Cu-Ni-1.5 wt.%Fe
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temperature, with higher sintering temperatures 
promoting carbon diffusion and affecting grain 
growth within the alloy [34]. 

Elemental mapping on Cu-Ni-0.5 wt.%Fe 
model alloy with 120 °C compaction temperature 
has been done as illustrated in Figure 7. The figures 
clearly show that the Cu-rich elements are homo-
geneously distributed within the microstructure, as 
indicated by the bright areas in Figure 7(a-b). Nick-
el element with 10 wt.% ratio to Cu was dispersed 
in the same area with Cu, potentially forming a 
solid solution. Furthermore, a small amount of the 
Fe element was also detected in the microstructure. 
Oxygen which acts as contaminants in the model 
alloy has been recognized over the dark grey and 
predominantly in the pores, which are in points 1 to 
3 in Figure 7(a, e). The EDS mapping has also been 
done for the Cu-Ni-2.5 wt.%Fe alloys as shown 
in Figure 8. The elements of Cu and Ni were seen 
in most areas of the surfaces (Fig. 8(b, c). The in-
crease of the Fe elements in the model alloy did not 
significantly influence the distribution of both Cu 
and Ni elements. However, the segregation of the 

Fe and oxides, and some porosities were observed 
within the microstructure, as seen in the area 1, 2, 
and 3 in Figure 8. Segregation of the oxide is influ-
enced by the temperature and they are located in the 
grain boundaries [35]. Other than temperature, this 
segregation phenomenon might be influenced by 
many factors such as milling and powder handling. 
The presence of oxides might be generated at high-
temperature conditions, in which high temperature 
causes the oxygen to be easier to diffuse [36]. 

X-ray diffraction of the sintered model alloys

X-ray diffraction has also been performed 
for the sintered model alloys. Figure 9 displays 
the XRD spectra of sintered model Cu-Ni-based 
alloys for different Fe contents. The sintered 
model alloys consisted of main peaks dispersed 
at 43.94, 50.76, and 74.67° of 2θ, which were 
identified as α-(Cu-Ni) rich phases. Near the 2θ 
of 43.94°, the overlapping peaks at 43.34° and 
43.53° were observed that represented the indi-
vidual Cu-element and FeNi-intermetallic. The 

Table 2. The composition of the selected area of the Cu-Ni-xFe model alloys is in Fig. 5 and 6

Model 
alloys Are-as

Composition of elements

Cu Ni Fe O C

(wt.%) Error (wt.%) Error (wt.%) Error (wt.%) Error (wt.%) Error

Cu-Ni-
0.5Fe-T120

A 90.2±1.10 0.16 9.3±0.31 0.16 0.1±0.03 0.11 0.5±0.03 0.11 - -

B 86.5±1.12 0.77 10.0±0.33 0.01 0.1±0.03 0.11 3.5±0.09 0.87 - -

Cu-Ni-
2.5Fe-T120

C 95.3±1.07 2.61 4.3±0.20 1.82 - - 0.4±0.03 0.13 - -

D 94.5±1.05 1.70 5.1±0.21 1.16 <0.1±0.02 0.62 0.3±0.03 0.08 - -
Cu-Ni-

1.5Fe-T120
E 88.7±1.06 0.02 5.7±0.23 0.82 1.0.±0.07 0.11 1.2±0.05 0.24 3.4±0.08 0.67

Figure 7. (a) SEM images and (b-e) EDS mapping of the elemental model Cu-Ni-0.5 wt.%Fe alloy 
synthesized by 120 °C compaction temperature
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FeNi intermetallic was formed between CuNi 
solid solution caused by the small amount of Fe 
presence. These FeNi intermetallic phases also 
influenced the mechanical properties of the al-
loy [37]. It is believed that other intermetallic 
phases such as Fe3Ni2 and FeNi3 have formed in 
the model alloys. Even though the Cu-elements 
were still observed in the sintered alloys, the 
α-(Cu-Ni) solid solution phases were predomi-
nantly in the model alloys. During the high-
temperature sintering, Ni atoms are consumed 
to form α-(Cu-Ni) solid solution phases, which 
causes the individual Ni peaks to disappear.

Furthermore, the increase of the Fe elements 
from 0.5 wt.% to 3.0 wt.% subsequently reduced 

the intensity peak of Cu elements. It can be seen 
in Figure 9, that the addition of the iron caused 
a slight decrease in the intensity of the α-(Cu-
Ni) solid solution phase. It might be correlated 
with the atomic weight of each element in this 
model alloy, in which the Fe element has a lower 
atomic weight compared to other elements. The 
increase of the Fe contents also shifted the peaks 
to the right side. It is likely correlated to the 
presence of the O and C contaminants detected 
in the EDS results (Table 2). Those contami-
nants in the model alloys caused some Fe-oxides 
or carbides to be hardly identified by XRD. It is 
believed that Fe-oxides or carbides peaks might 
be dispersed in the root peaks.

Figure 8. (a) SEM images and (b-e) EDS mapping of the elemental model Cu-Ni-2.5 wt.%Fe alloy 
synthesized by 120 °C compaction temperature

Figure 9. XRD spectra sintered of the model Cu-Ni-based alloys for different Fe contents; (a) 0.5 wt.%, 
(b) 1.5 wt.%, (c) 2.5 wt.%, and (d) 3.0 wt.%
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Mechanical properties of the model alloys

The mechanical properties of the model alloys 
obtained by Vickers’s hardness testing are pre-
sented in Figure 10. The addition of Fe into Cu-
Ni-based alloy synthesized by 120 °C compaction 
temperature has promoted a slight increase in al-
loys’ hardness from 50.4, 51.8, and 57.2 HV for 
0.5, 1.5, and 2.5 wt.%Fe model alloys (sample 
1-A, 2-A, and 3-A, respectively). These results 
confirmed that the additional Fe contributed to 
the hardness improvement of the alloys. 

Furthermore, the applied warm compaction 
temperature has improved the densification of 
the model alloys. The compaction temperature 
has been reported to cause ductile deformation 
in Cu powders [38], improve the relative density 
of the alloy, and reduce pores in the alloy’s mi-
crostructure [39]. These factors contributed to 
the high hardness of the alloy. According to the 
hardness results in Figure 10, it can be concluded 
that the compaction temperature has significantly 
affected the hardness of the model Cu-Ni alloys 
with low Fe contents. The compaction tempera-
ture has increased the alloys’ hardness. The Cu-
Ni-3.0 wt.%Fe alloy with compaction tempera-
ture at 250 °C has the highest hardness of 63.7 
HV, while the Cu-Ni-3.0 wt.% Fe alloy with 
compaction at room temperature has the lowest 
hardness of of 52.7 HV.

The compressive yield strength of the mod-
el alloys has also been investigated. Figure 11 

shows the obtained compressive yield strength of 
the model alloys with different Fe contents and 
warm compaction temperature. The model al-
loy 0.5 wt.% Fe had ~200.03 MPa yield strength 
for 60% strain. The alloys were not fully bro-
ken, in which the high strain indicated a good 
ductility of Cu-Ni-based alloy. Furthermore, the 
addition of a small amount of Fe did not sig-
nificantly increase the yield strength, as seen in 
Figure 11(a). However, the addition of 1.5 and 
2.5 wt.%Fe caused a slight increase in the al-
loys’ yield strength of 211.67 MPa and 219.01 
MPa, respectively. These results were confirmed 
by the near overlapping line of the compressive 
yield strength curve. The role of Fe element in 
increasing strength might originate from their 
characteristics and the presence of FeNi inter-
metallic phases formed within the Cu-Ni phases, 
as observed earlier in XRD spectra (Fig. 9).

The role of warm compaction temperature 
(150, 200, and 250 °C) of the Cu-Ni-3.0 wt.%Fe 
alloy on compressive yield strength was investi-
gated in Figure 11(b). Introducing warm compac-
tion in powder metallurgy brought a different re-
sponse. The highest yield strength of 227.16 MPa 
has been achieved at the compaction temperature 
of 150 °C. However, a further increase of the tem-
perature up to 250 °C has been observed to reduce 
the alloys’ yield strength. It is believed that the 
higher strength was correlated to the constituent 
elements and intermetallic phase formation in 
the alloys [40]. The detailed compressive yield 

Figure 10. The hardness of the model Cu-Ni-based alloys for different Fe contents 
and warm compaction temperature
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strength and standard deviation of the alloy are 
shown in Table 3. 

Higher temperatures have the potential to in-
crease the contaminants dissolved into Cu-Ni-3.0 
wt.% Fe green material. Contaminants generated 
pores and oxides within the microstructure (Fig. 
3(d-f)), which decreased the yield strength and 
strain of the model alloys (Fig. 11(b)). On the 
other hand, the model alloys with compaction 
at room temperature show a minimum compres-
sive yield strength. This result corresponded to 

the low hardness of the model alloy as shown in 
Figure 10. Moreover, compressive testing of the 
model alloy was done at room temperature until 
fracture occurred. The fracture phenomenon was 
preceded by grain deformation in the micro-scale 
of the alloys as shown in Figure 12. Deformation 
of the Cu-Ni grains was observed perpendicu-
lar to the loading direction during the compres-
sive test as seen in Figure 12(b). Figure 12(c) 
shows the fractured samples where the fracture 
initiated at the outside diameter of the alloy as 

Figure 11. The compressive yield strength of the model Cu-Ni based alloys; (a) a different Fe contents and 
(b) Cu-Ni-3.0 wt.%Fe with varying warm compaction temperature

Table 3. The compressive yield strength of the model alloy Cu-Ni-xFe-based alloys

Samples Model alloys
Compressive yield strength Deviation

Error
(MPa) (MPa)

1-A Cu-Ni-0.5Fe-T
120

200.0 8.65 0.62

2-A Cu-Ni-1.5Fe-T
120

211.7 5.61 0.38

3-A Cu-Ni-2.5Fe-T
120

219.0 2.84 0.19

4-B Cu-Ni-3.0Fe-T
150

227.1 13.71 0.93

5-B Cu-Ni-3.0Fe-T
200

222.2 6.49 0.44

6-B Cu-Ni-3.0Fe-T
250

184.3 1.52 0.11

7 Cu-Ni-3.0Fe-T
room

149.5 22.63 2.00

Figure 12. Microstructure of the model Cu-Ni-0.5wt.%Fe alloy; (a) bulk material, (b) after compression test, and 
(c) fracture of the model alloy
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a response to the loading during the compres-
sive yield strength test.Furthermore, fracture 
morphologies of selected two side fracture sur-
faces of the Cu-Ni-xFe alloys were observed by 
SEM. The results are shown in Figure 13(a-d). It 
is clearly visible that the ductile fractures were 
predominantly observed in the fracture area of 
the model Cu-Ni-xFe alloys. This fracture model 
was confirmed by dimples rupture and fibrous 
occurred during the compression test. 

The ductile fracture also potentially oc-
curred in alloys with solid solution phase, like 
Cu-Ni-based alloy. In Figure 13(d), intergranular 
and grain faceted appearance were observed in 
the Cu-Ni-3.0 wt.%Fe with 250 °C compaction 
temperature. The fracture models confirmed that 
the alloy of Cu-Ni-3.0 wt.%Fe with 250 °C com-
paction temperature had less ductility in com-
parison with the alloy with lower compaction 

temperature. These results corresponded well 
with the obtained compressive yield strength in 
Figure 11. Besides the solid solution phase, the 
fracture morphologies were also influenced by 
many factors such as oxide formation, second 
phases, contaminants, and void formation be-
tween the microstructures. It is believed that the 
formation of voids in the microstructure of the 
alloy influenced the fracture mechanism of the 
alloys [41]. Void formations were observed in the 
Cu-Ni-3.0 wt.%Fe as shown in Figure 13(d).

Electrical properties of the model alloys

Table 4 shows the electrical properties of the 
Cu-Ni-xFe-based alloys with different Fe con-
tents and compaction temperatures. It is clearly 
observed that the addition of Fe element into Cu-
Ni alloys tends to slightly reduce the electrical 

Figure 13. The morphologies of fracture areas of the model alloys; (a) 0.5 wt.%Fe, (b) 1.5 wt.%Fe, 
(c) 2.5 wt.%Fe at “A” area, and (d) 3.0 wt.%Fe with 250 °C compaction temperature

Table 4. The electrical properties of the model alloy Cu-Ni-xFe-based alloys

Samples Model alloys
Resistivity Conductivity IACS Deviation

(Ωm) (S/m) (%) (S/m)

1-A Cu-Ni-0.5Fe-T
120

2.184 × 10
-8

45.79 × 10
6

76.83 0.30

2-A Cu-Ni-1.5Fe-T
120

2.208 × 10
-8

45.28 × 10
6

75.97 0.38

3-A Cu-Ni-2.5Fe-T
120

2,215 × 10
-8

45.15 × 10
6

75.78 0.26

4-B Cu-Ni-3.0Fe-T
150

2.162 × 10
-8

46.25 × 10
6

77.60 0.35

5-B Cu-Ni-3.0Fe-T
200

2.131 × 10
-8

46.92 × 10
6

78.72 0.72

6-B Cu-Ni-3.0Fe-T
250

2,122 × 10
-8

47.07 × 10
6

78.97 0.12

7 Cu-Ni-3.0Fe-T
room

2.222 × 10
-8

44.99 × 10
6

75.63 0.93
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conductivity of the alloy. The minimum conduc-
tivity of 45.15 × 106 (S/m) was obtained in the al-
loy with the addition of the 2.5 wt.% Fe. A slight 
decrease in electrical conductivity with the addi-
tion of Fe element into alloys such as Aluminum 
has been reported [42]. The overall conductivity 
results show that the presence of Fe reduced the 
conductivity of Cu-Ni-based alloys. It was poten-
tially caused by their origin of Fe electrical prop-
erties that were lower than copper. Furthermore, 
the introduction of warm compaction in the al-
loys shows a different effect on their conductiv-
ity. The increases in the temperature up to 250 °C 
improved the electrical properties of the model 
alloys, in which 78.97% IACS was obtained. 
This result was higher than 75.63% IACS for Cu-
Ni-3.0Fe alloy at room temperature compaction. 
Therefore, a higher electrical resistivity was ob-
tained at room temperature compaction.

CONCLUSIONS

In this current study, we have investigated the 
effects of Fe element addition and various com-
paction temperatures on microstructure, compres-
sive strength, hardness, and electrical properties 
of the model Cu-Ni-xFe alloys. Based on the re-
sults, it can be drawn several conclusions. First, 
the optical microscope and SEM observation 
show that the model alloys mainly consisted of 
Cu-Ni-solid solution phases in their microstruc-
ture. However, the addition of the Fe elements 
in the Cu-Ni-based alloys promotes the inter-
metallic phase such as FeNi-phase that strongly 
influences the alloy hardness. Second, the addi-
tion of the Fe element which has a bcc structure 
also brought a positive effect on the compressive 
yield strength properties of the Cu-Ni alloys. By 
the addition of 2.5 wt.% Fe, the increase of yield 
strength to 219.01 MPa was achieved. However, 
a slight decrease in the electrical conductivity 
was obtained by increasing the additional Fe ele-
ments. The conductivity decreased from 45.79 × 
106 to 45.15 × 106 (S/m) for alloys with additional 
Fe from 0.5 and 2.5 wt.%, respectively. Lastly, 
synthesizing model alloys by using a powder 
metallurgy process with warm compaction con-
ditions successfully improved the alloys’ micro-
structure. The finer particle size of the Cu-Ni-xFe 
alloys was obtained by introducing the compac-
tion temperature of 150~250 °C, contributing to 
the increment of alloys’ mechanical and electrical 

properties. However, a greater compaction tem-
perature probably generates more contaminants, 
voids, and oxides dissolved into green material, 
reducing the ductility of model alloys. 
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