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Abstract
Cu–Fe alloys have drawn extensive attraction due to excellent multi-functional properties, including electrical, magnetic, 
and mechanical properties. However, the immiscible nature of Cu–Fe alloys results in heterogeneous microstructure and 
unexpected mechanical properties. In this study, a small amount of Zr was added to the cast Cu60Fe40 (wt%) alloy to sup-
press the liquid–liquid phase separation during solidification of the alloy. The microstructure and mechanical properties 
of the Zr-free and Zr-containing Cu–Fe alloy were investigated. It is found that the addition of Zr successfully inhibits the 
heterogeneous microstructural evolution caused by liquid–liquid phase separation, while the FeZr-rich precipitates form in 
the dual-phase microstructure. The FeZr-rich precipitates affect grain growth of the Zr-containing alloy through the Zener 
pinning effect, leading to extra grain boundary strengthening and precipitation hardening. The resulting microstructure of 
the Zr-containing alloy substantially enhances the strength of the alloy with a loss of ductility. The fractured surface reveals 
that microcracks are formed near the precipitates, which is associated with the reduced elongation of the Zr-containing alloy.
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1  Introduction

Binary Cu–Fe alloys are known as immiscible alloys that 
separate the microstructure into Cu-rich and Fe-rich regions 
due to their high mixing enthalpy [1, 2]. The dual-phase 
microstructure in the Cu–Fe system with the coexistence of 
body-centered cubic (BCC) Fe-rich and face-centered cubic 
(FCC) Cu-rich phases can lead to high electrical conductiv-
ity [3–5], electromagnetic shielding [6], excellent magnetic 

properties [7, 8], and good mechanical properties [9–11]. 
As an exemplar, the Cu70Fe30 (wt%) alloy fabricated by 
powder metallurgy and cold-rolling exhibits a good combi-
nation of electrical and magnetic properties with electrical 
conductivity of 50.2% IACS, magnetic saturation strength 
of 60.39 emu⋅g−1, and coercivity of 98.2 Oe owing to its 
unique Cu–Fe composite structure [5]. Interestingly, in Cu-
based alloys such as Cu–Fe [12], Cu–Co [13], and Cu–Cr 
[14], there is a liquid miscibility gap in their phase diagram, 
which results in liquid–liquid phase separation (LLPS) into 
droplet-shaped liquid phases during solidification. However, 
LLPS commonly produces fatal and detrimental influences 
on the homogeneity of microstructure and mechanical prop-
erties [15, 16]. Thus, the microstructural features of LLPS 
have been avoided by adjusting cooling rate [17–19] and 
chemical composition [20].

Recently, Moon et al. [21] proposed a pathway to pre-
vent the occurrence of LLPS in cast Cu60Fe40 and Cu80Fe20 
(wt%) alloys by adding 1 wt% of Zr. It should be noted that 
Zr element possesses a negative mixing enthalpy with both 
Cu and Fe, which in turn, decreases the overall Gibbs free 
energy of mixing [21]. After adding a small amount of Zr 
into the Cu–Fe alloys, the degree of supercooling was sub-
stantially reduced and the heterogeneous nucleation of γ-Fe 
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was accelerated during solidification [21]. Consequently, 
LLPS was eliminated and a relatively homogeneous micro-
structure was achieved in the Zr-containing Cu–Fe alloys 
[21]. Meantime, although the Zr addition successfully set-
tled a problem associated with the non-uniform microstruc-
ture caused by LLPS of Cu–Fe alloys, the precipitation of 
intermetallic compounds in the ternary Cu–Fe–Zr system 
can raise another challenge on the mechanical properties of 
alloys. According to the phase diagrams of binary Cu–Zr 
and Fe–Zr [22, 23], the solubility of Zr in Cu and Fe is 
extremely limited. It is anticipated that the Zr addition to 
the Cu–Fe system may lead to the formation of Zr-enriched 
precipitates in its microstructure. Hence, in order to disclose 
the development potential of Zr-containing Cu–Fe alloys, 
the relationship between the microstructure and mechanical 
properties of the alloys is required to be elucidated.

In this study, we investigated the microstructural evo-
lution and mechanical properties of cast Cu60Fe40 and 
Cu59.4Fe39.6Zr1 (wt%) alloys. The addition of Zr to a Cu–Fe 
alloy influences the LLPS behavior, grain growth, and for-
mation of a considerable amount of Fe2Zr-type precipi-
tates. The strength of the Zr-containing alloy is remarkably 
improved compared to the Zr-free alloy through grain refine-
ment and precipitation hardening, whereas the elongation of 
the alloy is inevitably deteriorated. The fractography of the 
alloys reveals that microcracks are generated near Fe2Zr-type 
precipitates during failure, which reduces the elongation of 
the Zr-containing alloy.

2 � Materials and Methods

Cylindrical Cu60Fe40 and Cu59.4Fe39.6Zr1 (wt%) ingots were 
fabricated using a vacuum induction melter (VTC-200 V, 
Indutherm) in an Ar atmosphere inside a graphite mold. 
The purity of Cu, Fe, and Zr elements used for casting was 
above 99.5%. The dimensions of the cylindrical ingots were 
30 mm in diameter and 90 mm in height. Hereinafter, as-cast 
Cu60Fe40 and Cu59.4Fe39.6Zr1 alloys are referred to as CF and 
CFZ, respectively.

Microstructural characterization of the alloys was per-
formed using X-ray diffraction (XRD), optical microscope 
(OM), and scanning electron microscope (SEM). XRD 
measurements of the as-cast alloys were conducted using 
Bruker D8 Advance XRD equipment with the incident beam 
of Cu Kα radiation (wavelength = 1.5418 Å). The surfaces 
of the XRD specimens were finely polished with up to 1 μm 
diamond suspension in order to reduce surface roughness. 
The XRD scans were performed with a step size of 0.02° and 
a scan speed of 1°/min. OM analysis was performed using 
an Olympus BX51M equipment. SEM characterization was 
conducted using Phillips XL30S FEG and FEI Quanta 3D 
FEG devices with back-scattered electron (BSE), electron 
backscatter diffraction (EBSD), and energy dispersive spec-
troscopy (EDS) detectors. EBSD measurements were per-
formed using TSL/OIM software with a step size of 200 nm 
and the obtained EBSD data were analyzed using TSL/OIM. 
Specimens for OM and SEM were prepared by polishing 
with SiC paper up to 1200-grit, followed by grinding with 
3 and 1 μm diamond suspensions, and finally with colloidal 
silica suspension for 30 min. The fraction of precipitates was 
determined using an ImageJ software.

Tensile tests were conducted using an Instron 1361 
machine with a strain rate of 10–3 s−1 at room temperature. 
The tensile testing was performed using a dog-bone shaped 
tensile specimen with a gauge length of 1.5 mm, a width of 
1.0 mm, and a thickness of 1.0 mm. The surfaces of tensile 
specimens were polished with up to 1200-grit SiC papers 
before tensile testing. Each tensile test was repeated at least 
three times to ensure the reliability of the tests. During the 
tensile tests, the engineering strains were carefully measured 
using a digital image correlation (DIC) method.

3 � Results and Discussion

3.1 � Microstructures

Figure 1 shows the microstructure of the as-cast CF and CFZ 
alloys. It is clearly seen that the droplet-shaped Fe-rich phase 

Fig. 1   OM images of the a CF 
and b CFZ alloys. The red and 
blue phases in a, b are Cu-rich 
and Fe-rich phases, respectively. 
The droplet-shaped Fe-rich 
phase is indicated by the white 
arrows in a 
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is formed in the Cu-rich region of the CF alloy as an out-
come of LLPS. On a contrary, there is no trace of the LLPS 
in the CFZ alloy, which leads to a relatively homogeneous 
Cu–Fe dual-phase microstructure (Fig. 1b). The samples 
in Fig. 1 were taken near the surface of a cylindrical ingot 
where the cooling rate during solidification is faster than 
the center. According to the previous work [21], the addi-
tion of a small amount of Zr to the Cu–Fe alloys promotes a 
reduction in the Gibbs free energy of mixing accompanied 
by a low degree of supercooling, which leads to a bypass of 
LLPS during the solidification path and the occurrence of 
heterogeneous nucleation of γ-Fe. Thus, in the CFZ alloy, 
the droplet-shaped phase is eliminated due to the restrained 
LLPS behavior.

The XRD patterns of the CF and CFZ alloys reveal 
that the alloys mainly consist of Cu-rich FCC and Fe-rich 

BCC phases (Fig. 2a). The pole figure of the CF alloy 
in Fig. 2b shows that the Cu-rich FCC and Fe-rich BCC 
phases are expected to possess the orientation relationships, 
such as Kurdjumov-Sachs (K-S) ({111}FCC//{011}BCC, 
<011>FCC//<111>BCC) [24] or Nishiyama-Wassermann 
(N-W) ({111}FCC//{011}BCC, <112>FCC//<011>BCC) 
[25, 26]. The distinct dual-phase microstructure of the alloys 
is disclosed in the EBSD inverse pole figure (IPF) and phase 
maps, as shown in Fig. 2c–f. The phase fractions and aver-
age grain sizes of the Cu-rich FCC and Fe-rich BCC phases 
are summarized in Table 1. After the Zr addition, the frac-
tion of the Fe-rich BCC phase slightly decreases, while the 
average grain size of both phases for CFZ alloy decreases 
compared to the Zr-free CF alloy. Note that the average grain 
size of each phase may be underestimated due to interference 
caused by the co-existence of the dual-phase.

Fig. 2   a XRD patterns of the CF and CFZ alloys. b {111} FCC pole figure superimposed with {110} BCC (blue squares) in CF alloy. EBSD-
IPF and phase maps of the c, d CF and e, f CFZ alloys
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Figure 3 shows the FeZr-rich precipitates observed within 
the Cu-rich region of the CFZ alloy. The chemical composi-
tions of each region of the CF and CFZ alloys are listed in 
Table 2. It should be noted that the Fe content in the Cu-rich 
region is higher in the CFZ alloy compared to the CF alloy. 
During solidification of the CFZ alloy, LLPS disappears and 
γ-Fe nucleation precedes binodal decomposition [21]. This 
may result in solute trapping of Fe in the Cu-rich region, 
which increases the Fe content in the Cu-rich region of the 
CFZ alloy. Accordingly, excessive dissolution of Fe within 
the Cu-rich region contributes to the lower fraction of Fe-
rich BCC phase in the CFZ alloy (Table 2). Furthermore, the 
formation of FeZr-rich precipitates is attributed to the high 
Fe content inside the Cu-rich region of the CFZ alloy. Most 
of the Zr content of the alloy is consumed in the formation of 
the FeZr-rich precipitates, as shown in Table 2. According to 
the chemical composition of the precipitate, the precipitate 
is found to be Fe2Zr-type, which is a typical precipitate in 
the Fe-Zr binary system [27]. The areal fraction of the pre-
cipitates is 4.7 ± 1.7%, while the mean equivalent radius of 
the precipitates is ~ 700 nm. It is worth noting that the grain 

growth may be suppressed due to the Zener pinning effect of 
the Fe2Zr precipitates in the CFZ alloy [28]. Consequently, 
the average grain size of the CFZ alloy is smaller than that 
of the CF alloy.

3.2 � Mechanical Properties

The tensile properties of the alloys are shown in Fig. 4. The 
yield and ultimate tensile strengths were improved substan-
tially from 303 ± 5 and 497 ± 11 in the CF alloy to 506 ± 22 
and 645 ± 7 in the CFZ alloy, respectively. Meantime, the 
uniform elongation slightly reduces from 13 ± 1% in the CF 
alloy to 9 ± 1% in the CFZ alloy. It should be noted that 
the total elongation of the CFZ alloy drastically decreases 
by ~ 18% compared to that of the CF alloy. Figure 5 shows 

Table 1   Phase fraction and average grain size of each phase of the 
alloys

Alloys Phase fraction, % Grain size, µm

Cu-rich FCC Fe-rich BCC Cu-rich FCC Fe-rich BCC

CF 44.2 55.8 9.6 ± 3.4 10.9 ± 4.6
CFZ 47.7 52.3 4.6 ± 2.4 6.0 ± 4.3

Fig. 3   a SEM-BSE image of the 
CFZ alloy and the correspond-
ing EDS maps of b Cu, c Fe, 
and d Zr

Table 2   Chemical compositions of each region of the alloys deter-
mined by EDS

Regions Alloys Chemical composition, wt%

Cu Fe Zr

Overall CF 61.1 ± 0.3 38.9 ± 0.3 –
CFZ 56.1 ± 1.1 43.3 ± 1.1 0.6 ± 0.1

Cu-rich FCC CF 94.3 ± 5.7 5.7 ± 2.6 –
CFZ 90.4 ± 9.5 9.5 ± 5.0 0.1 ± 0.1

Fe-rich BCC CF 13.7 ± 0.6 86.3 ± 0.6 –
CFZ 13.9 ± 0.3 86.0 ± 0.4 0.1 ± 0.1

Precipitate CF – – –
CFZ 44.85 ± 8.88 35.47 ± 6.07 19.68 ± 3.90
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the fractured surfaces of the CF and CFZ alloys after tensile 
deformation. As shown in Fig. 5a, a typical ductile failure 
with dimples is observed in the CF alloy. Despite the dim-
pled structure is also observed in the CFZ alloy in Fig. 5b, 
the size of the dimples is reduced in the CFZ alloy compared 
to the CF alloy, which is attributed to the smaller grain size 
in the Zr-containing alloy [29]. Moreover, a microcrack 
appears near the Fe2Zr precipitates (Fig. 5c, d). Hence, the 
limited deformation capability due to the smaller grain size 
and the formation of microcracks at the matrix/precipitate 

boundary is responsible for the deteriorated elongation of 
the CFZ alloy compared to the CF alloy.

3.3 � Strengthening Mechanisms

The improved strength of the CFZ alloy is associated with 
the reduced grain size and the formation of Fe2Zr precipi-
tates in its microstructure. The strength enhancement ( Δ� ) 
between the current alloys can be expressed as follows:

where Δ�gb and Δ�ppt are the strength enhancement caused 
by grain boundaries and precipitates, respectively. The Δ�gb 
is determined by:

where fCu , fFe , KCu
H−P

 , and KFe
H−P

 are the fractions ( f  ) and 
the Hall–Petch coefficients ( K ) of the Cu-rich and Fe-rich 
phases, respectively. The terms, dCu

CF
 , dFe

CF
 , dCu

CFZ
 , and dFe

CFZ
 , 

are the grain size of each phase in the CF and CFZ alloys, 
respectively. The Hall–Petch coefficients of each phase in 
the alloys are adopted from the values of K for interstitial-
free steel (488 MPa⋅μm1/2) [30] and Cu90Fe10 alloy (wt%, 
1319 MPa⋅μm1/2) [31]. The Δ�ppt can be estimated using the 
Orowan mechanism by [32]:

(1)Δ� = Δ�gb + Δ�ppt,
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Fig. 4   Engineering stress–strain curves of the alloys

Fig. 5   SEM images showing 
fractured surfaces of the a CF 
and b, c CFZ alloys. d EDS 
maps in the region of c 
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where M is the Taylor factor (3.06 for FCC materials [33]), 
G is the shear modulus (48 GPa for pure Cu [34]), b is the 
Burgers vector of the Cu-rich phase [0.256 nm obtained 
from the XRD patterns in Fig. 2a], and � is the Poisson’s 
ratio (0.35 for pure Cu [35]). The terms, � and r , in Eq. (3) 
represent the inter-precipitate spacing and the mean radius 
of a circular cross-section for a spherical precipitate, respec-
tively, calculated as follows:

where fppt and r are the fraction and mean radius of precipi-
tates, respectively. In the present study, the morphology of 
Fe2Zr precipitates was assumed to be spherical, and the r 
was approximated to ~ 700 nm using the equivalent radius. 
Thus, using Eqs. (2) and (3), the estimated Δ�gb and Δ�ppt 
are 180 MPa and 15 MPa, respectively, where the summa-
tion of Δ�gb and Δ�ppt is close to the difference in yield 
strength between two alloys (~ 203 MPa). Notably, the Δ�gb 
is much higher than the Δ�ppt . Since the Δ�gb is associated 
with the grain size difference caused by the Zener pinning 
effect, the Fe2Zr precipitates contribute to the strengthening 
of the CFZ alloy through grain refinement and precipitation 
hardening.

4 � Conclusions

In this work, we studied the evolution of microstructure and 
mechanical properties of Cu60Fe40 (wt%) alloys with and 
without Zr element. It has been demonstrated that the liq-
uid–liquid phase separation of the Cu–Fe system is inhibited 
by the addition of Zr. The dual-phase microstructure with 
Cu-rich and Fe-rich phases is observed in both Zr-free and 
Zr-containing alloys. A slight variation in the distribution 
of Fe content during solidification leads to changes in the 
phase fraction and precipitation behavior of the Zr-contain-
ing alloy. The formation of Fe2Zr-type precipitates in the 
Zr-containing alloy gives rise to grain refinement through 
the Zener pinning effect. Although the tensile elongation of 
the Zr-containing alloy decreases, the strength of the alloy 
is significantly improved through strengthening induced by 
grain boundaries and precipitates. We believe that these 
findings may provide a pathway for future development of 
Cu–Fe–Zr system.

(3)Δ�ppt = M
0.4Gb

��

ln
�
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