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Abstract
We report a copper-based alloy strengthened by L12 ordered precipitates and exhibiting a strength of 370 MPa and thermal 
conductivity of 290 (W/m.K) at 400 °C. The alloy is based on a Cu–Fe–Si system with the optimum composition of Cu-
2.5at%Fe-2.5at%Si and processed by the suction casting of the melt. The strengthening precipitates are crystallographically 
L12 ordered. The precipitates were evolved during post-solidification cooling and are coherent with continuous fcc copper 
matrix. Ordered precipitates show a cube-on-cube orientation relationship with the matrix. This feature promotes low inter-
facial energy and are useful for retaining high temperature strength. The composition of the precipitates was determined 
through 3D-APT studies and found to be ~ Fe68Cu9Si24 (at.%). The coherent nature of the order–disorder interface and the 
low solid solubility of iron in the copper matrix impart resistance to coarsening at high temperatures. The high strength at 
room temperature (~ 690 MPa) is attributed to the coherency strain around the uniformly dispersed precipitates. However, 
order hardening plays a significant role at higher temperatures as coherency strain decreases with temperature, evidenced 
by the loss of strain contrast in TEM images. The combination of the significant stability of the microstructure and high-
temperature strength makes this alloy attractive for high heat flux application at elevated temperatures domain.

Keywords  Alloy · Copper alloys · Suction casting · Rapid solidification · TEM · APT · Immiscibility · L12 order · Yield 
strength

Introduction

Copper and most Cu-based alloys exhibit good thermal and 
electrical conductivity. Hence, alloys with good strength 
at room and higher temperatures make this class of alloys 
attractive for various industrial applications. In particular, 
the materials for high heat flux applications, like liners for 
the combustion chamber of launch vehicles for space and 
other applications, require good high-temperature mechan-
ical properties, superior thermal conductivity with robust 
oxidation and corrosion resistance at elevated temperatures. 
Besides high heat flux applications, high strength and high 
conductivity copper alloys are needed for non-sparking 

tools, landing gears, lead frames, and electrical contacts. 
The above applications demand good mechanical strength, 
plasticity, and electrical conductivity [1–41].

In general, there is a trade-off between strength and conduc-
tivity due to the presence of defects. Hence, simultaneously 
achieving good high-temperature strength and thermal con-
ductivity present a challenge. Several such alloys have recently 
been developed with reasonable success [1–15]. The strength 
of copper can be increased in several ways, including solid 
solution strengthening, cold working and grain refinement. 
However, adopting these routes reduces thermal conductivity 
significantly and hence, they have limited utility. Most of the 
high-strength high-conductivity copper-based alloys are devel-
oped by introducing fine-scale dispersions or precipitation in 
the copper matrix through alloying. Chromium is prominent 
among them, while newer alloys containing Zr, Fe, and Si 
are also being developed. Currently, efforts are being made to 
develop newer dispersion strengthened copper alloys utilizing 
oxides, carbides, and intermetallic compounds [22–41]. An 
active route is to utilize phosphorous with transition metals 
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like Fe and Mn, promoting the formation of fine phosphides 
during cooling. Internal oxidation was also popular in the early 
days of developing high-strength copper-based alloys [22–41]. 
The dispersion of carbides and silicide like TiC, nickel silicide, 
and intermetallic compounds is being attempted to develop 
strength at higher temperatures [24–26]. Dispersions can also 
be achieved by utilizing alloy systems that exhibit a miscibility 
gap with copper [15–21]. However, the strength of dispersion 
strengthened alloys is not as high as that obtainable through 
precipitation hardening. Many successful alloying additions 
that promote precipitation hardening in copper alloys are 
reported in the literature. The most prominent of these is Mg, 
Be and Ti [11, 22–25]. The most successful current alloys are 
based on copper, chromium and niobium with a nominal com-
position of Cu-8Cr4Nb [26–30]. This alloy has excellent high-
temperature properties, high thermal conductivity at elevated 
temperatures, good strength, creep resistance, and resistance to 
corrosion. An atomization and compaction route are followed 
to manufacture this alloy, as a significant cooling rate is neces-
sary to develop the desired microstructure.

We have recently reported a copper-based alloy suitable 
for applications like valve seat in IC engine that requires 
wear resistance and good heat dissipation capacity [15]. 
The alloy utilizes the miscibility gap in Cu–Fe–Si system to 
phase separate micron-size globules in the copper matrix. 
During this work, we observed coherent precipitates in the 
copper matrix. The observation led us to anticipate that it 
may be possible to use these precipitates to design a new 
high-strength copper alloy. Our subsequent investigation 
revealed that besides high strength at elevated temperatures, 
such an alloy exhibits enhanced thermal conductivity at high 
temperatures. This was an attractive observation for high 
heat-flux application. The present paper reports this effort.

The alloy studied in this work shows the strengthening 
of copper matrix by coherent L12 ordered precipitates. The 
coherent interface resists coarsening of the precipitates at 
high temperatures. The developed coherency strain between 
precipitates and Cu-matrix provides a good room tempera-
ture strength and excellent high-temperature properties due 
to the evolution of crystallographically ordered precipitates. 
The release of coherent interfacial strain with increasing 
temperatures is balanced by order hardening mechanism. 
This type of microstructural features helps in retaining the 
high-temperature strength and offers enhanced thermal 
conductivity.

Experimental Method

Alloy sample of nominal compositions, Cu-2.5at%Fe-2.5at% 
Si, was produced by melting the constituent elements under 
an argon environment using a vacuum arc melting unit with 
a water-cooled copper hearth and a tungsten electrode. They 

were chill cast under an argon environment into 3 mm and 
6 mm rods and 3-mm-thick slabs using copper mold con-
nected to a vacuum suction casting machine. Table 1 shows 
the measured compositions of the bulk alloy sample. The 
composition was determined using a large area scan utiliz-
ing the wavelength dispersive spectrometer (EPMA-WDS) 
attached to the electron probe micro-analyzer (EPMA; 
JEOL). The heat treatments were carried out in a line-
focused gold infra-red image furnace (ULVAC-RIKO.INC, 
Model: RHL-E44VHT, Power: AC200V 8 kW). A continu-
ous flow of 95% Ar + 5% H2 gas mixture was purged during 
the heating experiment to maintain a reducing atmosphere 
inside the furnace. Alloy samples were quenched directly in 
water after heat treatment. The hardness of the alloy sam-
ples was determined using a Vickers microhardness testing 
machine FM800 (Microhardness Tester, Future Tech Corp).

X-ray diffraction process was adopted to identify different 
phases present in the alloy samples using an X-ray diffrac-
tometer (X'Pert PRO system, PANanlytical make). The test 
data were collected using Cu-Kα radiation in the 2θ range 
of 20°–140° with a step size of 0.03° and a scan speed of 
0.006/s.

The newly synthesized alloy samples were character-
ized for microstructure and mechanical properties. The 
synthesized alloy samples' initial surface morphology and 
the fracture surface were studied using a scanning electron 
microscope (FEI ESEM Quanta 200 SEM). Finer details 
of the microstructure and spatial composition distribution 
across the interfaces of evolved phases were analyzed using 
a transmission electron microscope (TEM) equipped with 
a field emission source (F30 model, FEI). Both standard 
imaging with diffraction contrast and high-resolution TEM 
imaging was performed. TEM foils (specimens) were made 
by initial mechanical thinning (less than 100 microns) fol-
lowed by milling with argon ion using a Gatan Ion-Mill 
machine (precision ion polishing system (PIPS)) operating 
at an accelerating voltage of 5 kV and 4°–2° incidence angle. 
The in situ heating method in the TEM was performed using 
a specially designed Gatan-make double tilt heating holder 
(Model 652. T.A.).

The distribution of the phases and their compositions was 
further evaluated by carrying out 3D atom probe tomography 
(3D APT) studies. Specimens for APT were prepared using 

Table 1   Composition of the suction cast alloy determined by electron 
probe (WDS) microanalysis

Elements Nominal composition, 
atom%

Overall measured 
alloy composition, 
atom%

Cu 95 94.8 ± 0.2
Fe 2.5 2.7 ± 0.2
Si 2.5 2.5 ± 0.1



136	 Metallography, Microstructure, and Analysis (2023) 12:134–149

1 3

a dual-beam focused-ion-beam instrument (FIB, FEI Helios 
600) via an in situ lift-out mechanism [42, 43]. The APT anal-
ysis was done in a LEAP™ 5000 XR system (Cameca Instru-
ments Inc., Madison, WI) capable of operating in a reflectron 
mechanism. Ultraviolet picosecond laser pulse at a repetition 
rate of 125 kHz and pulse energy of 40pJ were set during APT 
analysis. Specimen’s base temperature was maintained at 60 K 
during the analysis. The rate of detection was maintained as 
5 ions detected per 1000 pulses throughout the experiment. 
IVAS™ 3.8.4 software package was used for data analysis.

The mechanical responses of the alloy samples were 
evaluated both at ambient and elevated temperature by ten-
sile testing. The tensile specimens were tested using the 
INSTRON-5967 electromechanical testing machine. The 
sample geometrical dimensions are shown in Fig. 11c. The 
dimension of the specimens can be noted as 0.5 mm in thick-
ness, 2 mm in width, and 6 mm in gauge length. The tensile 
specimens were prepared from 3 mm width suction cast slab 
strips by EDM cutting. The specimens were polished care-
fully by emery paper to obtain the desired thickness (Fig. 11c). 
The length to width ratio of all the samples is kept as 3 and 
comparable with ASTM E8 standard [67, 68]. Each test was 
performed on 5 samples with same alloy composition and 
dimension to achieve the best statistical data sets. The average 
tensile test results along with the statistical scattering (standard 
deviation) have been reported. A load cell with a capacity of 5 
kN was used to conduct the tests. The tests were carried out at 
varying temperatures till 600 °C. Tests were done with 10–3 s−1 
and 10–4 s−1 strain rates to observe the strain rate sensitivity 
of the alloy samples. The newly synthesized alloys did not 
reflect any strain rate sensitivity. All the reported test results 
of current study were performed with a strain rate of 10–3 s−1.

The electrical resistivity measurements for all the alloys 
have been carried out using ULVAC- RIKOZEM-3 M10 
instrument. This instrument allows the measurement of elec-
trical resistance at different temperatures under a low-pressure 
helium gas environment. A four-probe terminal method has 
been used for electrical resistance determination. The samples 
of the known cross section were kept between two electrodes. 
The sample resistance value "R" was determined by measur-
ing the current "I" set with the constant current power supply 
and the voltage.

The thermal conductivities are evaluated using TA Instru-
ments FL5000 Thermal Properties Analyzer, which uses the 
laser flash method for property determination. The thermal 
conductivity can be measured from the thermal diffusivity 
data, specific heat capacity and density of the sample apply-
ing the following equation.

in this equation, κtotal is the total thermal conductivity, α is 
the thermal diffusivity and Cp is the specific heat at constant 

�total = � CpD,

pressure. D denotes the density of the studied alloy sample. 
Tests were performed on five samples with the same alloy 
composition and dimension to achieve the best statistical 
data sets.

The Structure and Microstructure of Cu–Fe–Si Alloy

The quantitative composition analysis using EPMA-WDS 
representing the composition of our alloy is presented in 
Table 1. The X-ray diffraction pattern obtained from the 
suction cast Cu-2.5at%Fe-2.5at% Si alloy sample exhib-
its copper-rich matrix reflections. Figure 1 shows the two 
strongest copper solid solution reflections, 111 and 002. The 
002 reflection has a weak shoulder toward a higher angle 
which on deconvolution shows a weak and broad peak as 
shown in the inset.

A representative SEM micrograph of the Cu-2.5at%Fe-
2.5at% Si suction cast alloy sample taken in back scattered 
mode (BSE) is shown in supplementary Fig. S1. The cast 
microstructure reveals the existence of small amount of seg-
regation inside the matrix. The WDS Mapping reveals that 
segregates are mainly rich in iron and silicon, whereas the 
matrix is rich in copper. The segregation can be linked with 
the immiscible nature of the iron.

Further details were obtained through a transmission 
electron microscope study. Figure 2 shows a set of electron 
diffraction patterns taken along 100, 110 and 111 zones with 
weak superlattice reflections corresponding to L12 ordering 
(γ′). The schematic of the indexing is included in Fig. 2. 
A (011) dark field image taken under two-beam condition 
reveals a uniform distribution of nanometer size precipitate 
particles within the Cu-rich matrix (Fig. 3c). A bright field 

Fig. 1   A portion of the powder X-ray diffraction pattern of the suc-
tion cast Cu-2.5Fe-2.5Si alloy showing the fcc 111 and 002 reflec-
tions. The inset shows deconvolution of the 002 peak revealing the 
superlattice reflection of L12 ordered precipitates
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image with slightly higher magnification is shown in Fig. 3b 
(g = 022). Most of the particles show an Ashby–Brown line 
of no contrast due to the coherency strain field around the 
particles [44–46]. A few exceptions are those where dif-
fraction condition is slightly deviated during imaging of 
the strain field contrast as can be noticed in Fig. 3b. The 
mean diameter of these nanometer-size precipitates is 
12.3 ± 1.3 nm. Their size distribution is shown in Fig. 3d. 
Assuming the broad shoulder in the X-ray diffraction pat-
tern originates from L12 ordered g′ precipitates, the lattice 
parameter of the copper-rich matrix is 0.3628 nm, while that 
of γ′ is smaller, 0.358 nm.

To reveal the composition of the precipitates, we 
have carried out STEM (Scanning-TEM) mapping of 

composition. Figure 4a shows the STEM-HAADF (High 
Angle Annular Dark Field) image of the precipitates in 
the copper matrix. The spatial distribution of the elements 
in the ordered precipitates (Fig. 4b–d) reveals the nature 
of Cu, Fe, and Si partitioning across the precipitates and 
the surrounding Cu-rich matrix. Figure 4b–d confirms that 
these nanometer size L12 ordered precipitates are rich in 
Fe and Si and depleted in copper. Compositional map-
ping of silicon distribution (Fig. 4d) also indicates that 
some silicon may have partitioned in the copper matrix. 
An attempt to quantitatively estimate the composition of 
the precipitates by TEM was not successful because of 
the presence of the underlying copper matrix. We have, 
therefore, carried out 3D-APT studies.

Fig. 2   (a)–(c) Series of dif-
fraction patterns, obtained by 
systematic tilting over a unit 
stereographic triangle in the 
copper matrix that establish the 
L12 Order Structure
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Fig. 3   (a) [211] zone axis SAD 
pattern and two-beam diffrac-
tion condition (inset) from the 
suction cast Cu-2.5Fe-2.5Si 
alloy. (b) A bright field micro-
graph showing the distribu-
tion of fine precipitates with 
large strain contrast. (c) Lower 
magnification darkfield image 
revealing the distribution of the 
nanoprecipitates (d) Particle 
size distribution

Fig. 4   (a) STEM HAADF 
images of L12 ordered pre-
cipitates in the continuous fcc 
copper matrix. (b)–(d) Elemen-
tal mapping using a STEM 
nanoprobe of the L12 ordered 
precipitates showing the nature 
of partitioning of Fe, Si, and Cu 
across the precipitate particles 
and the fcc copper matrix
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Figure 5a shows the 3D APT results of a suction cast 
sample showing the precipitates. The larger precipitates are 
revealed by the Fe24% isosurface containing Fe, Si and a 
small amount of Cu. These have sizes similar to the one 
observed by TEM in Figs. 3 and 4. The composition profile 
across one of these clusters is shown in Fig. 5b. The exact 
stoichiometry of the L12 ordered γ′ particle is 9% Cu, 68% 
Fe, and 23% Si. In addition, we could also reveal a few early 
stages clustering (less than 5 nm size) by Fe-6at% isosurface 
of the elemental distributions.

The high-resolution phase contrast image of the L12 
ordered precipitate taken along the [011] zone is shown in 
Fig. 6a. The FFT (Fast Fourier Transform) obtained from 
the region is presented in Fig. 6b which reveals the super-
lattice reflections. One can observe layers marked A and 
B with intensity variations, as shown as inset in the image 
(Fig. 6a). A model 011 projection of the L12 structure of A 
(Fe/Cu) and B(Si) atoms is shown in Fig. 6c. The periodic 
intensity variation can be qualitatively associated with the 
iron-rich and silicon-rich columns in the ABA type layer 
expected with the L12 ordering. A high-resolution phase 
contrast micrograph at the interface of the L12 ordered pre-
cipitate and Cu matrix, taken along the [011] matrix zone 
axis, is shown in Fig. 7a. The corresponding FFT patterns 
taken from the regions marked by (i) and (ii) separated by 
the interface are also shown in Fig. 7b and c, respectively. 

These results provide the detailed information about the 
coherent nature of the interface between L12 ordered pre-
cipitate and the surrounding Cu-rich matrix. The FFT 
patterns confirm that the (100) plane of the L12 ordered 
precipitate (Red dotted circle in Fig. 7b) is parallel to the 
(200) plane of the Cu-matrix. This diffraction analysis and 
phase contrast high-resolution images confirm that these 
precipitates are L12 ordered and maintain a cube-on-cube 
orientation relationship with the copper rich fcc matrix. 
This coherent interface promotes a low interfacial energy 
between the L12 ordered precipitate particles and the cop-
per matrix. This low interfacial energy helps in minimiz-
ing the driving force for coarsening at elevated tempera-
ture. This coarsening resistant property is important for 
maintaining the high temperature strength of the present 
alloy and can be noticed during heat treatment study.

To determine whether the precipitates retain their 
ordered structure, in situ heating experiments at different 
temperatures were carried out in TEM using the heating 
holder. The sample at each temperature was stabilized by 
holding 15 min before the diffraction experiment. Fig-
ure 8a–c shows a series of diffraction patterns as a function 
of temperature recorded under two-beam conditions along 
the [211] zone axis of copper. No significant changes in 
the diffraction patterns can be observed as the temperature 

Fe 24 at.% Iso Surface

Fe 6 at.% Iso Surface

Big Precipitates

Small ppts

Fe SiCu

10 nm 10 
nm

a

Fe-68.0±0.9%
Cu-9.0±0.3%
Si-23.0±0.6%

b

Fig. 5   (a) Section of the Atom probe tomographs of the suction cast alloy showing the distribution of the particles. (b) Atom probe concentra-
tion profile across the large particle showing the distribution of the Fe, Cu and Si atoms
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increases from room temperature to 450 °C. It implies that 
the ordered structure is stable until this temperature.

The size of the particles remains similar even after 
120 min of exposure till 450 °C. However, the size gets big-
ger when the samples were exposed isothermally at 600 °C 
for 120 min (Fig. 9a–c). The mean diameter of the L12 
ordered g′ precipitates has increased from 12.3 ± 1.3 nm to 
38.0 ± 4.4 nm during the isothermal exposure of 120 min 
(Fig. 9d). At 600 °C, the particles do not show any strain 
contrast when imaged under different two-beam conditions 
suggesting a loss of coherency strain at this temperature 

[47–49]. However, superlattice spots are still visible in the 
diffraction patterns (Fig. 9a) indicating the presence of the 
ordering of the precipitates.

Mechanical Properties

Figure 10 displays the Vickers microhardness of the suc-
tion cast alloy as a function of time when held at an iso-
thermal temperature of 400 °C. The lack of significant 
variation of the hardness with aging time suggests most of 
the precipitates formed during the cooling of the suction 

A B

A

“ABA” Layered Structure along [110] Projection

A
B A

a

b

c

Fig. 6   (a) High-Resolution Phase Contrast TEM image showing the ordering of ABA type layers of Fe and Si with intensity variation among 
alternating ABA layer. Bottom image shows [110] projection of the model unit cell of the L12 structure
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cast ingots. The mechanical properties of suction cast 
Cu-2.5at%Fe-2.5at% Si alloy are evaluated at room and 
elevated temperatures (400 and 600 °C). Miniature scale 
tensile samples were used to evaluate the mechanical prop-
erties, and sample details can be seen in the experimental 
section. Effects of sample size are an important function 
of the evolved bulk properties especially for the % elonga-
tion determination [67]. However, several studies showed 
that one can achieve a potential trend in the yield strength 
and ultimate tensile strength with a prescribed length to 
width ratio for different geometries of the tensile samples 
[67, 68]. In this present study, the trend in mechanical 

behavior for the rapidly cast alloys was determined and 
projected in Fig. 11. Engineering stress vs engineering 
strain plots under tension at room temperature and dif-
ferent high temperatures (400 and 600  °C) are shown 
in Fig. 11a and b, respectively, as well as presented in 
Table 2. The room temperature yield strength of the alloy 
is 580 ± 18 MPa with 6 ± 1.0% elongation to failure. It is 
higher than other commercially and competitive Cu-base 
alloys [1–41]. High-temperature tensile test data further 
indicate that this alloy can retain a considerable amount of 
strength both at 400 °C (YS ~ 320 ± 11 MPa) and at 600 °C 
(YS ~ 128 ± 8 MPa).

Fig. 7   (a) High-Resolution 
phase contrast micrograph at 
the interface of the L12 ordered 
precipitate and copper matrix 
on the 011matrix zone axis. 
(b) and (c) corresponding FFT 
patterns. FFT patterns indicate 
the nature of the planes, (100) 
L12 ordered precipitate // (200) 
copper matrix

Fig. 8   (a)–(c) Series of diffraction patterns taken under 2-beam conditions along the [211] zone axis of copper matrix showing the in situ heat-
ing experiment in TEM
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Thermal Conductivity

The variation of total thermal conductivity with temperature 
for the alloy in the temperature range of 50–800 °C is shown 
in Fig. 12a. The total thermal conductivity of the alloy 
monotonically increases with increasing temperature up to 
700 °C. However, it drops beyond 800 °C. The observed 
increase in thermal conductivity with increasing temperature 

makes the alloy attractive for high-heat flux applications. 
The alloy displays a thermal conductivity value of 313 (W/
(mK)) at 600 °C, which is competitive with other copper 
base alloys [1–41]. Figure 12b shows the electronic and 
lattice contribution to the total thermal conductivity in the 
temperature range of 100–400 °C. The Wiedemann–Franz 
Law gives the electronic contribution (κe) [50, 51]. The lat-
tice thermal conductivity κl can be computed by the rela-
tion, κtotal = κe + κl. Figure 12b confirms that the electronic 
contribution is dominant in the thermal conduction process 
for the current alloy in the temperature range of 100–400 °C.

The electronic part of thermal conductivity monotonically 
increases with increasing temperature, and the total thermal 
conductivity of the alloy follows the same trend as the elec-
tronic part. The increase in electronic contribution indicates 
that the impedance of the electronic flow has been mini-
mized in the present alloy. The percentage ratio of electronic 
and lattice contribution to the total thermal conductivity for 
the alloy is shown in Fig. 12c. The result reveals that approx-
imately 14% of heat conduction is contributed by phonon 
over the calculated temperature ranges. With increasing tem-
perature, the percentage of phonon contribution decreases 
and the electronic part increases. The ordering of the pre-
cipitate also increases the thermal conductivity as ordering 
brings the alloy system close to a translationally invariant 
configuration, in which impurity scattering is minimized 
[51, 61]. Therefore, total thermal conductivity monotoni-
cally increases up to 700 °C before dropping. The relaxation 

Fig. 9   (a) SAD pattern taken 
along [111] zone axis of cop-
per matrix at 600 °C, aged for 
120 min. (b) High-magnifi-
cation bright field image of 
L12 ordered precipitates. (c) 
High-magnification dark field 
image of L12 ordered precipi-
tates, showing absence of line 
of no contrast (coherency strain 
releasing). (d) Plot of mean 
particle diameter of L12 ordered 
precipitates as a function of 
aging temperature

Fig. 10   Aging curve for the suction cast Cu-2.5at%Fe-2.5at%Si alloy 
at 400 °C
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of coherency strain with temperature reduces the electron 
scattering at the precipitate matrix interfaces. As an imme-
diate consequence, the total thermal conductivity increases 
(ρ(c,T) = ρo(c) + ρi (T)), as ρ0(c) decreases and κe increases. 
However, lattice vibration increases with increasing tem-
perature, and electron–phonon scattering also increases. The 
increased electron–phonon scattering enhances the system's 
intrinsic electrical resistivity (ρi) [66]. At some temperatures 
(~ 800 °C), this electron–phonon scattering dominates over 
the free electron movement in a partially strain-free matrix 

Fig. 11   (a) Engineering stress 
vs engineering strain plot under 
tension at room temperature for 
the Cu-2.5at%Fe-2.5at% Si suc-
tion cast alloy. (b) Engineering 
stress vs engineering strain plot 
under tension at 400 and 600 °C 
for the Cu-2.5at%Fe-2.5at% Si 
suction cast alloy sample. (c) 
Design and schematic geometry 
of the tensile sample used in the 
present study

Table 2   Tensile properties for the Cu-2.5at%Fe-2.5at%Si suction cast 
alloy

Temperature, °C Yield strength, MPa UTS, MPa %El

Room temperature 580 ± 18 690 ± 16 6 ± 1.0
400 °C 320 ± 11 370 ± 10 20 ± 2.0
600 °C 128 ± 8 150 ± 10 32 ± 1.0
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channel. As a result, total thermal conductivity again starts 
to decrease. This interplay between two terms of resistivity 
(ρ0(c) and ρi (T)) and their influence on κe plays an important 
role in heat conduction dynamics as κl is not a significant 
heat conductor for this alloy (Fig. 12b and c).

Discussion

Order Precipitates in Cast Cu‑2.5Fe‑2.5Si Alloy

The suction casting process can produce necessary under-
cooling to access the metastable miscibility gap in the 
Cu–Fe binary diagram. The present results on suction cast 

Cu-2.5at%Fe-2.5at% Si alloy have established a new type 
of L12 ordered Fe–Si rich, coherent nanometer-sized γ′ pre-
cipitates in the fcc γ copper matrix with a cube-on-cube 
orientation relationship.

Copper is immiscible with iron and exhibits a submerged 
miscibility gap (Fig. 13). The suction casting process can 
produce necessary undercooling to access this metastable 
miscibility gap. Novel metastable microstructures can be 
designed using a non-equilibrium solidification [15, 52]. 
However, our alloy composition most likely bypasses the 
submerged miscibility gap since the solubility of Si and Fe 
in copper at the melting temperature are nearly 8–11 at% 
Si and 2.1–2.4 at% Fe. Limited solid solubility of Cu in Fe 
exists at higher temperatures (dotted red box in Fig. 13). 

Fig. 12   (a) Total thermal conductivity plot as a function of tempera-
ture for the alloy. (b) Plot of electronic and lattice contribution to the 
total thermal conductivity Vs temperature for the alloy at the tem-

perature range of 100–400 °C. (c) Percentage ratio of electronic and 
lattice contribution to total thermal conductivity for the alloy at the 
temperature range of 100–400 °C
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Rapid solidification can kinetically trap some of the solutes 
in the matrix and yield a metastable supersaturated solid 
solution at a higher temperature that can decomposes on 
further cooling during casting. The precipitation of fcc γ 
phase (γ Fe) as a coherent GP zone instead of BCC α Fe in 
Cu-1.2%Fe alloy has been studied by Hono et al. [53]. Thus, 
according to the phase diagram, γ Fe is expected to dis-
perse in the copper matrix during cooling. Once formed, the 
embedded γ Fe cannot easily transform to BCC a Fe since 
the space groups of these two crystal structures do not show 
a group subgroup relation [54]. The FCC/BCC interface, 
at best, shows partial coherency, and hence, energy cost of 
creating such an interface will be higher.

Silicon has a strong ordering tendency in iron lattice and 
forms ordered B2 structure [55–58]. The evolution of such 
an ordered structure is well studied [58]. The small amount 
of ternary silicon will promote its partition to both copper 
matrix and iron-rich precipitates. Consistent with Hono 
et al. [53], one expects the formation of precipitates of γ Fe 
containing Si stabilized by the surrounding fcc crystal field 
of the Cu matrix. The natural ordering tendency of silicon 
in iron and the demand for maintaining lattice coherency 
with the surrounding fcc copper matrix can lead to fcc-based 
L12 ordered coherent precipitate particles (γ′) in the copper 
matrix. Thus, we have obtained a new type of L12 ordered 
coherent precipitate particles in the copper matrix instead 
of BCC ordered Fe3Si structure. Our composition analysis 
also indicates the small presence of copper in the precipi-
tate phase as copper has small solubility in iron at higher 
temperatures.

The lattice parameters from the X-ray analysis yield a 
negative misfit value (d) of  − 1.33%. A less accurate misfit 

evaluated from FFTs obtained from high-resolution TEM 
images yields a negative misfit value > 0.8%. The strong 
strain-field contrasts (with a line of no contrast under two-
beam condition)) confirm a large coherency strain associated 
with these particles originating from the misfit strain [59, 
60]. Since Cu and Fe have a very similar lattice parameters, 
the strain originates primarily due to the ordering of Si with 
Fe in the g′ precipitates.

The nano-sized L12 ordered precipitates remain stable up 
to 450 °C, as evidenced by the retention of the superlattice 
reflection in the diffraction pattern at different temperatures 
during the in situ heating experiments (Fig. 8). The very 
little change in the hardness values observed with time at 
400 °C also suggests little change in the average size. The 
isothermal holding of the sample at 600 °C for 120 min 
also confirms the coherent L12 ordered structure (Fig. 9a). 
However, a threefold increase in the average diameter of the 
L12 ordered precipitates could be observed at 600 °C (after 
120 min of aging) (Fig. 9d). The lattice matching between 
the L12 ordered g′ and the surrounding copper-rich g matrix 
and cube-on-cube orientation relationship between ordered 
particles and the copper matrix promotes low interfacial 
energy between the L12 ordered precipitate particles and 
the surrounding copper matrix. It helps minimize the driving 
force for coarsening at elevated temperatures.

Origin of High‑Temperature Mechanical Properties

The resistance to coarsening is important in the context of 
maintaining high-temperature strength. Although the aver-
age diameter of the L12 ordered g′ precipitates has increased 
three times at 600 °C compared to room temperature, the 
increment (12.3 ± 1.3 nm to 38 ± 4.4 nm) still may not affect 
the high-temperature strength to a great extent.

Exposing the alloy for 120 min at 600 °C leads to the 
disappearance of the line of no contrast or Ashby–Brown 
strain contrast (Fig. 9b, c) in both the bright field and dark 
field images. The absence of strain contrast indicates the 
release of coherency strain at the interface. However, the 
superlattice spots corresponding to L12 ordering are still pre-
sent in the SAD patterns at this temperature. Thus, the alloy 
derives its mechanical strength from a combination of differ-
ent mechanisms, including order hardening and coherency 
strengthening, and their relative contributions may depend 
on the temperature [62–65]. A combined plot showing the 
dynamics of precipitates growth and corresponding strength-
ening situation with respect to the evolved yield strength is 
presented in Fig. 14. This plot reflects that even in the loss of 
coherency strain, the alloy still draws strength through order 
hardening mechanism. The moving dislocation with its dis-
ordered repeat distance will always destroy the atomic order 
in the ordered structure. Therefore, a passing dislocation in 
an ordered structure needs to have larger Burgers vectors, |b|, 

Fig. 13   Binary phase diagram of Cu–Fe system showing the exist-
ence of submerged miscibility gap13 and the γFe phase field (red dot-
ted box) at high temperature, accessed by the process of phase sepa-
ration during suction casting process of Cu-2.5at%Fe-2.5at% Si alloy
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to restore the decrease in translation symmetry that occurs 
on ordering. A larger Burgers vector, |b| associated with the 
higher self-energy, is not energetically favorable to form 
and move. Thus, a pair of dislocations move with the first 
one destroying the order for a precipitate particle having an 
ordered structure. The second, trailing dislocation, restores 
the order, making the deformation process more complex 
[61, 62]. This kind of order hardening mechanism enhances 
the yield strength of the alloy.

Along with the order hardening, the contribution of 
coherency strain to the yield strength needs to be consid-
ered [62–65]. The increment in the yield strength of the alloy 
can be explained in terms of the developed internal stresses 
due to the misfit between the L12 ordered precipitates and 
the surrounding copper matrix. The misfit (ε), in this case, 
is 0.013 (1.3%). The enhanced yield strength, Δτ, arising 
due to the coherency strain was theoretically calculated by 
Gerold and Haberkorn and further modified by Gleiter, Ham, 
and Brown [64, 65].

A comparison diagram of yield strength as a function 
of temperature of newly developed alloy along with other 
commercially important copper-based alloys is presented in 
Fig. 15 [1–41]. Figure 15 hints that the room temperature 
yield strength of Cu-2.5at%Fe-2.5at% Si alloy is greater 
than to the other existing copper alloys. The alloy with the 
brand name of AMZIRC and the Cu–Cr–Zr alloys displays 
a comparable high yield strength at room temperature. 
Figure 15 also shows that the evaluated yield strength of 
Cu-2.5at%Fe-2.5at% Si alloy at 600 °C can be compared 
with only Cu–Cr–Zr and NARloy-z alloys. The temperature 
dependent comparison diagram shows that the AMZIRC 
alloy has lost a greater extent of its yield strength at ele-
vated temperatures. The comparison diagram clearly reflects 
that the yield strength of Cu-2.5at%Fe-2.5at% Si alloy at 

600 °C is comparable to GRCop-84 and NARloy-z alloys. 
The yield strength and the thermal conductivity are sensi-
tive functions of processing parameters. In the literature, 
variations in mechanical strength and conductivity values 
are reported for various alloy systems depending on the pro-
cessing parameter. No special processing is introduced in the 
present work to enhance the mechanical properties. Thus, 
we have tried to extract only the as-cast data sets of vari-
ous competitive copper-based alloy systems for comparison 
[1–41]. The strength-thermal conductivity plot of different 
alloys at 600 °C is displayed in Fig. 16. Therefore, it can be 
seen that the present alloy demonstrates excellent balance 
between strength and conductivity at elevated temperature. 
This inspiring trend of the developed alloy has the potential 
to find an attractive place with other copper-based alloys for 
high-temperature applications.

Conclusions

1.	 We have designed a copper-based alloy with γ-γ′ 
microstructure in a Cu–Fe–Si system with coherent 
L12 ordered precipitates inside the continuous Cu-rich 
matrix by rapid solidification technique.

2.	 The L12 ordered γ′ precipitates are rich in Fe and Si 
and coherent with a copper matrix with a cube-on-cube 
orientation relationship.

3.	 These L12 ordered precipitates are structurally stable at 
high temperatures.

4.	 Due to low interfacial energy with the surrounding cop-
per matrix and decreased solubility of Fe due to mis-
cibility gap, these ordered precipitates are coarsening 
resistant at high temperatures.

Fig. 14   A combined plot showing the dynamics of precipitates 
growth and corresponding strengthening situation with respect to the 
evolved yield strength

Fig. 15   Comparison of temperature dependent yield strength of 
newly developed Cu-2.5at%Fe-2.5at% Si suction cast alloy with other 
different important copper base alloys [1–30,55]
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5.	 The coherency strain associated with these L12 ordered 
precipitates and the ordered crystal structure contributes 
to its excellent mechanical strength at room temperature.

6.	 The coherency strain vanishes at high temperatures, and 
order hardening is responsible for its high-temperature 
strength.

7.	 The conductivity increases with temperature due to the 
vanishing of coherency strain till 700 °C. It makes the 
alloy a candidate for high-strength, high-conductivity 
applications at high temperatures.
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