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The evolution and strengthening effect of nanoscale precipitates of the aged Cu-Mg-Fe-Sn-

P-Y  alloy were investigated via aging treatment in the 400–480 ◦C temperature range and the

10–480 min aging time range. Nanoscale �-Fe particles uniformly distributed in the matrix

caused dispersion strengthening in the peak-aging stage and transformed to ˛-Fe at the over-

aging stage. The Mg3P2 secondary phase hindered the appearance of coarse Fe3P and formed

definite orientation relationship (OR) of cubic to cubic with the Cu matrix after 480 min  aging,

<110>Cu||<110>Mg3P2, (002)Cu||(008)Mg3P2. The optimal aging parameter for the Cu-Mg-Fe-Sn-

P-Y  alloy is 60% cold deformation and aged at 460 ◦C for 20 min. The corresponding tensile

strength is 599 MPa with the conductivity of 71.1%IACS and the elongation of 6.9%. Compared

with  the current contact wire, the ultimate tensile strength and conductivity of the studied
alloy  increased by 20% and 15%, respectively.

ors. 

Y-NC

channel angular pressing (ECAP) and high-pressure torsion
© 2020 The Auth

CC  B

1.  Introduction

Cu-Mg alloys are one of the upmost conductive materials used
as contact wires, given in their excellent conductivity and
superior strength, compared with Cu-Sn and Cu-Cd alloys.
At present, Cu-Mg alloys are widely used in electrical contact

lines for above 350 km/h in high-speed trains in China, which
are almost the fastest high-speed trains in the world. The
maximum train speed using Cu-Sn wires  is 300–350 km/h,
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and 210 km/h for the Cu-Cd alloys [1–3]. Due  to the high
speed of the train, perfect performance of the Cu-Mg alloy
contact wire is required. However, due to the poor fluidity
and hot working performance of the Cu-Mg alloy, continuous
casting and rolling (CCR) cannot be used for production.
Thus, numerous investigations have focused on the equal
(HPT) to reduce the stacking fault energy and improve the
strength and plasticity of the materials. The above methods
mainly emphasize the deformation behavior and the role of
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ne grain strengthening, which indicates the complicated
rocess, low production efficiency, and product with limited
ize [4–6]. Therefore, in this work we looked forward to an
asier process that involves low cost elements and multiple
ispersion strengthening to meet increasingly urgent demand
f high speed railway development.

It is noteworthy to mention that the nanoscale precipitates
lay an important role in strengthening materials. Especially,
hen there exists a complete coherent or semi-coherent inter-

ace structure between the matrix and the precipitates [7,8].
orsse et al. [9] confirmed that Cu-Mg alloy represent excel-

ent mechanical properties with the precipitation of Cu2Mg
econdary phase. Lei et al. [10] proved that high strength of
he Cu-Ni-Si alloy was attributed to the Orowan precipitation
trengthening caused by the secondary phase. Mu  at al. [11]
nvestigated the aging behavior of the Cu-Cr-Zr-Mg-RE alloy
nd proved that zirconium-rich phase and the CrCu2 parti-
les caused good combination of the physical and mechanical
roperties. Zhang at al. [12] confirmed the Y2O3 oxide in
he Cu-Mg-Te-Y alloy, which caused purification function and
ncreased the tensile strength. Ren at al. [13,14] proved that
race Y cannot only markedly improve the alloys strength and
uctility, but also have a good effect on the heat-resistance.
u et al. [15] demonstrated that ultimate tensile strength and
longation of as-cast alloys increase with the addition of Y.

Alloy elements as pure Cu, Mg,  Fe, Sn, P, and Y are intro-
uced into Cu-Mg alloy in the experiment. Previous research

16] has proved that Mg  element ranging from 0.3–1.0% (mass
raction) is normally applied in processing conductive wire.
race Mg  can cause decrease conductivity of Cu and increase
he ability of Cu that resist oxidation at high temperature. Fe
s rarely soluble in Cu with solubility of 0.15% at 635 ◦C, which
an notably refine grain, delay recrystallization and improve
he tensile strength of material. For P element, it can enhance
he fluidity of copper matrix. Although introduction of P can
ecrease both electrical conductivity and thermal working
roperties of Cu-based alloy, it is beneficial for the mechani-
al and welding property. Especially, the precipitation of Mg3P2

hase formed by Mg and P eliminates the ability of two solid
toms to scatter electrons and improved the electrical con-
uctivity.

Usually, the combination of cold deformation and aging
rocesses is used to prepare nanoscale precipitation strength-
ning alloys. It is generally known that cold deformation can
ause a large number of deformation twins and dislocations,
hich greatly improves the strength. However, the increase
f strength is often accompanied by the decrease of mate-
ial plasticity. A great deal of research reports has shown that
ging treatment can effectively eliminate this phenomenon
17,18]. Thus, micro-alloying method (Mg, Fe, and P elements),
old deformation and aging treatment were used in this work,
nd the strengthening mechanism of the Cu-Mg-Fe-Sn-P-Y
lloy was investigated.

.  Materials  and  methods
.1.  Preparation  of  specimens

lloy ingots were prepared by induction melting of puri-
ed Cu, Mg,  Sn, Y, master alloys Cu-10%Fe and Cu-12%P
 0;9(3):6352–6359 6353

using a ZG-0.01 vacuum medium frequency induction melt-
ing furnace in an argon atmosphere at 1200 ◦C ± 10 ◦C and
left to solidify at room temperature. The ingots with the
total weight of 8 ± 0.5 kg were homogenized at 900 ◦C for
3 h and then extruded to the into a ˚35 mm cylinders by
using the XJ-500 metal profile extrusion machine. Solution
treatment was performed by the box-type resistance furnace
(KSS-1200) at 900 ◦C for 2 h and then water quenched. The
cylinders were machined into the sheets with a geometry of
100 mm × 5 mm × 1 mm.  Then after 60% cold deformation the
samples were aged at 460 ◦C for 10 min, 20 min, 30 min, 60 min,
120 min, 240 min, 360 min  and 480 min.

2.2.  Properties  testing  and  microstructural
characterization

Vickers hardness before and after aging treatment was mea-
sured at least 10 times using the HVS-1000 hardness tester
to obtain the average value. The load was 100 g applied for
15 s with the ±5% measurement error. Resistivity of the sam-
ples was measured using the ZY9987 digital micro-ohm meter.
Each sample was measured more  than 3 times to obtain the
average value within ±5% measurement error. According to
the GB/T228-2002 standard, tensile properties of the studied
alloy were tested using the AG-I 250 KN machine with a speed
of 5.0 mm/min  at room temperature. Three tension specimens
under the same test conditions were tested separately. The
error was less than ±3%. Energy dispersive spectroscopy (EDS)
maps were acquired using a JSM-7800 F field emission scan-
ning electron microscope. Thin foils with 3 mm diameter and
50 �m thickness for TEM and HRTEM analysis were electro-
polished by a DJ2000 twin-jet unit with a current of 73 mA
and a temperature of around −35 ◦C using a mixed solution
of HNO3 and C2H5OH (mixed ratio of 1:4). Subsequently, the
sample was cleaned with alcohol. Then the sample was ion
thinning using a Gatan 691 iron beam thinner for around
30 min  and the observations were conducted on a JEM-2100
transmission electron microscope.

3.  Results

The low magnification BSE-SEM and the corresponding high
magnification images of the Cu-Mg-Fe-Sn-P-Y alloy after
extrusion at 900 ◦C are shown in Fig. 1a and b respectively.
The matrix structure shows the obvious lamellar structure
at high magnification. The elemental STEM-EDS maps of the
boxed region Fig. 1b showing uniform distribution of all the
principal elements. In addition, no other elements were found
in EDS analysis, indicating that no impurities were added to
the alloy during melting and high temperature extrusion. The
composition analysis is shown in Table 1.

3.1.  Properties

Fig. 2 shows the variation of hardness of the Cu-Mg-Fe-Sn-P-Y

alloy with 60% cold deformation aged at 460 ◦C. The hard-
ness increased significantly until 20 min, and then reached
a plateau value between 20 min  and 30 min. Afterwards, the
hardness decreases gradually with the increase of aging time
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Fig. 1 – (a) low magnification BSE-SEM image; (b) corresponding high magnification image of the framed area in (a) and
 P, an
corresponding elemental STEM-EDS maps of Cu, Mg,  Fe, Sn,

(over-aging stage). Variation of the electrical conductivity is
similar to the hardness (but kept stable instead of decreas-
ing in the over-aging stage). At the beginning of aging, the
precipitates has a faster precipitation rate and the scatter-
ing effect of solid solution atoms on electrons is weak. Thus,

the conductivity increases rapidly. Later, the precipitates were
continuously precipitated from the matrix and grew up grad-
ually. At the over-aging stage, the precipitates precipitated
completely from the matrix and the conductivity remained

Table 1 – Alloy compositions analysis.

Nominal composition (wt. %) 

Mg Fe 

Cu-0.4 Mg-0.2Fe-0.2Sn-0.15P-0.15Y 0.406 0.19
d Y after high temperature extrusion, respectively.

stable. Specifically, the alloy aged for 20 min  exhibits the best
comprehensive performance with the hardness of 179 HV and
electrical conductivity of 71.1%IACS. The general explanation
for variation of hardness is due to the growth of precipitates
in the aging process [19,20]. The hardness increases at the
under-aging stage, and then decreases as the precipitates grow

up at the over-aging stage. In order to investigate the evo-
lution of the precipitates, the aging time of 10 min, 20 min,
60 min, and 480 min  were chosen to represent the conditions

Analyzed composition (wt. %)

Sn P Y

4 0.188 0.146 0.159
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Fig. 2 – Variation of Vickers hardness and electrical conductivity with aging time of the Cu-Mg-Fe-Sn-P-Y alloy with 60%
cold deformation aged at 460 ◦C.
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f under-aging, peak-aging, and over-aging stages, respec-
ively.

.2.  Evolution  of  precipitates

he bright-field TEM images of the Cu-Mg-Fe-Sn-P-Y alloy
ged for 10 min  (under-aging stage) and 20 min  (peak-aging
tage) are shown in Fig. 3a and c, respectively. The corre-
ponding dark-field TEM images are shown in Fig. 3b and
, respectively. As shown in Fig. 3a, ultrafine precipitates
∼3 nm)  are uniformly distributed in the matrix for the 10 min
ging. The nanoscale precipitates exhibit excellent dispersion
trengthening effect. Therefore, the hardness increases signif-
cantly in the under-aging stage.

Then, at the peak-aging stage, precipitates in Fig. 3c present
he petal shape. There is a non-contrast line between the parti-
les and the direction of the non-contrast line is perpendicular
o the Bragg reflection vector, which is a conformal strain con-
rast. According to the Cu-Fe phase diagram [21], it can be
nferred that the precipitates in this experiment may be �-
e. Fig. 3e is the HRTEM image  of Fig. 3c. The FFT pattern and
nversed FFT image  of the selected area a1 were shown in Fig. 3f
nd g, respectively. The FFT pattern and inversed FFT image
f the selected area a2 (Cu matrix) were shown in Fig. 3h and

, respectively.
From Fig. 3f, it can be seen that the speckles of precipitated

hase in a1 and the matrix almost coincide, but the stress field
ppears in Fig. 3g. Besides, periodic dislocations appear at the
nterface between precipitates and the matrix marked by the

 symbol, which is quite different from the Fig. 3i of the matrix
ithout any dislocations. The dislocations with high density
t the interface play an important role in strengthening Cu
omposites. This means that there is internal stress between
he precipitated phase and the matrix, which is beneficial for
mproving the adhesion of the interface. Based on the prior
reports [22], the lattice constants of Cu and �-Fe are 0.360 and
0.362 nm,  respectively. The mismatch between the Cu matrix
and the �-Fe precipitate is calculated as [21,23]:

� = d1 − d2

d1
(1)

Here � is the mismatch of the precipitate and the matrix;
d1 is the interplanar spacing of the matrix, d2 is the inter-
planar spacing of the precipitate. The mismatch of the two
phases is 1%, which indicates the complete coherent relation-
ship between the matrix and the precipitates. Therefore, the
precipitate is identified to be fcc �-Fe. The role of the nanoscale
�-Fe is that it can improve the strength according to pinning of
dislocations and inhibiting movement  of the grain boundaries,
and leading to the occurrence of peak-aging stage. In addition,
twins structure caused by cold deformation is shown in Fig. 3j,
which causes an increase of subgrain boundaries and impacts
the hardness performance.

In the initial over-aging stage, the bright-filed image of
60 min  aging is shown in Fig. 4. In Fig. 4a, nanoparticles are
uniformly distributed in the matrix. Different from the �-Fe
in Fig. 4c, dislocations appear around the precipitates, which
indicates stress release. The dislocations bypassing particles
and producing dislocation loops were observed in Fig. 4a,
marked by red arrows, which is a typical Orowan strength-
ening mechanism. The reason is that the nanoparticles have
high strength and hardness, and it is hard for dislocation lines
to cut though. Consequently, the precipitates promote the pro-
liferation of dislocations. When the dislocation lines continue
circumventing the particles and moving, the number of the

dislocation loops increases and effective spacing of particles
decreases, resulting in enhancement of the effect. The dislo-
cations are blocked by particles and show an arched shape,
which is marked by the green circle with letter A in Fig. 4a.
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Fig. 3 – TEM images of the Cu-Mg-Fe-Sn-P-Y alloy with 60% cold deformation aged at 460 ◦C (a) 10 min; (b) dark-field TEM
image of (a); (c) 20 min; (d) dark-field TEM image of (c); (e) HRTEM image taken from (b); (f) FFT pattern of the a1 framed
region in (e); (g) inversed FFT images of (f) masking (200)Cu and (200)�-Fe spots; (h) FFT pattern of the a2 framed region in (e);
(i) inversed FFT image of (i) masking (020)Cu and (200)Cu spots; (j) twins structure for 20 min.

Fig. 4 – TEM images of the Cu-Mg-Fe-Sn-P-Y alloy with 60% cold deformation aged at 460 ◦C (a) bright-field image for
60 min; (b) inversed FFT image of the precipitate in the green circle in (a) masking (200)Cu and (110)Fe spots; (c) bright-field
image for 480 min; (d) HRTEM image of 60 min; (e) HRTEM image of the red framed area in (c); (f) FFT pattern of the red
framed area in (e).
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In order to clarify the interfacial relationship between pre-
ipitates and the matrix, the HRTEM image  of the nanoparticle
n Fig. 4a was obtained. Fig. 4b shows the FFT pattern of pre-
ipitate in the green circle in Fig. 4a and the nanoparticle
s determined to be bcc ˛-Fe viewed along the zone axis of
011>Cu. This indicates that a part of �-Fe lose the complete
oherent relationship with the Cu matrix and formed ˛-Fe.
t can be seen from the FFT pattern that (1̄1̄1)Cu//(01̄1)˛−Fe,
01̄1̄]Cu//[1̄1̄1̄]˛−Fe, which indicates that there is Nishiyama
elationship between (1̄1̄1)Cu plane and (01̄1)˛−Fe plane. Mean-
hile, the interplanar spacing of the (200)Cu plane and

101̄)˛−Fe plane are 0.181 nm and 0.202 nm,  respectively. The
ismatch degree between (200)Cu plane and (101̄)˛−Fe plane

s calculated as 11.6%. Therefore, there is semi-coherent rela-
ionship between (200)Cu plane and (101̄)˛−Fe. Thus, the main
eason for the decrease of hardness in the over-aging process
s that �-Fe transform to ˛-Fe, which is semi-coherent to the

atrix. It is noteworthy that Mg3P2 precipitates were observed
n this experiment. It is vary from the Cu2Mg  precipitates in
revious studies [24,25]. Fig. 4c shows the bright-filed image  of
80 min. The corresponding HRTEM images and FFT patterns
f the alloy aged at 60 min  and 480 min  are shown in Fig. 4d
nd e, respectively. Fig. 4f shows the FFT pattern of Fig. 4e and
he Mg3P2 (∼114 nm)  as orthogonal structure belonging to the
a-3 space group, a = b = c = 12.03 Å,  ̨ =  ̌ = � = 90◦, zone axis of
110]Cu. Compared with Fig. 4d, the Mg3P2 has the definite ori-
ntation relationship (OR) of cubic to cubic with the Cu matrix
fter 480 min  aging, <110>Cu||<110>Mg3P2, (002)Cu||(008)Mg3P2,
hich was rarely reported in similar investigations so far.
he Mg3P2 greatly affects the alloy properties. It has been
roved that the addition of Mg  and P decreases the conductiv-

ty of copper alloy. However, the appearance of Mg3P2 greatly
educes the scattering effect of Mg  and P solid solution atoms
n electrons. Kim et al. [26] observed coarse Fe3P at grain
oundaries in Cu-Fe-P alloy and caused hardness decreased.
owever, in our opinion, the Mg3P2 hindered the appearance

f coarse Fe3P. The aggregation of Mg3P2 at grain boundaries
ot only reduces the effect of grain boundaries on conductiv-

ty, but also improves the alloy strength and hardness.

ig. 5 – (a) tensile engineering stress-strain curves under for Cu-
60 ◦C; (b) and (c) the corresponding fracture morphology of the s
ltimate tensile strength and conductivity of Cu-based alloys.
 0;9(3):6352–6359 6357

4.  Discussion

4.1.  Orowan  strengthening  of  the  peak-aging  stage

The strength of the Cu-Mg-Fe-Sn-P-Y alloys is determined
by the superposition of several strengthening mechanisms:
strengthening caused by annealed pure copper (�a), precipita-
tion hardening (�p), deforamtion hardening (�d), and the solid
solution hardening (�s):

� = �a + ��p + ��d + ��s (2)

Here, �a = 272 MPa, deformation strengthening was cal-
culated by Ren et al. [27] in the Cu-Fe alloy. Therefore,
the deformation strengthening is calculated as ��d = 55 MPa
according to the same method. The precipitation strengthen-
ing (��p) can be defined as the Orowan-Ashby equation [27,28]:

��p = 0.81�b

2�(1 − v)0.5
· ln(2rs/r0)

(ls − 2rs)
(3)

Here � is the shear modulus of the particles (5 × 104 MPa
for Cu); b is the Burger vector (0.2556 nm for Cu); r0 is the
radius of the nucleus of the precipitate staggered region
(r0 = b); v is the Poisson’s ratio of the copper matrix (v = 0.3);
rs is the radius of precipitate; ls is the inter-particle spac-
ing. rs = 10 nm,  ls = 30 nm,  the strength increment caused by
the Orowan strengthening mechanism of the alloy is cal-
culated as ��p = 352 MPa.  Therefore, relying on the ultimate
tensile strength of the Cu-Mg-Fe-Sn-P-Y alloy aged at 460 ◦C
and 20 min  with the value of 599 MPa (as shown in Fig. 5a),
has solution strengthening ��s = 599–352-272-55 = 80 MPa.  The
ratios of precipitation strengthening, deformation strength-
ening and solution strengthening are 58%, 9%, and 15%,
respectively. According to the above analysis and calculations,

it can be concluded that precipitation strengthening is the
main strengthening mechanism in the aging process of the
investigated alloy.

Mg-Fe-Sn-P-Y alloy with 60% cold deformation aged at
tudied alloy aged at 20 min  in (a); (d) comparison of
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4.2.  Property  comparison

Fig. 5a shows variation of tensile stress-strain curves of the
Cu-Mg-Fe-Sn-P-Y alloy with 60% cold deformation aged at
460 ◦C. Maximum tensile strength occurs after 20 min  aging
with 6.9% elongation and 599 MPa tensile strength. The cor-
responding fracture images (peak-aging state) are shown in
Fig. 5b and c. This is a typical ductile fracture. The dimples
are relatively developed and have a certain fracture orienta-
tion (marked by blue dashed line), which indicates that the
material has high tensile strength and ductility [29–32]. The
deep dimple and quasi-cleavage fracture appeared. In addi-
tion, it can be seen from Fig. 5c that there are no cracks
terminate near the nanoscale precipitates, implying that the
precipitates play an important role in strengthening [33,34].
In order to improve the evaluation of the properties for the
tested alloys, the properties of main electrical contact wires
in recent years [12,27,31,35–46] are summarized in Fig. 5d. It
can be seen that the Cu-Ni-Si alloy has higher tensile strength,
but lower electrical conductivity. The comprehensive proper-
ties of Cu-Ag alloy are better, but the cost of Ag is higher, so
it is not suitable for industrial production. In view of the per-
formance and economic cost, the Cu-Mg-Fe-Sn-P-Y alloy of
60% cold deformation aged at 460 ◦C for 20 min  can satisfy the
demand for tensile strength (500 MPa), electrical conductivity
(62%IACS) and elongation (3–10%) at speeds above 400 km/h
for the CTMM150 of China contact wires in TB/T 2809-2005
[1]. The ultimate tensile strength (599 MPa)  and electrical con-
ductivity (71.1%IACS) increased by 20% and 15%, respectively.
As a result, this work can replace the current Cu-Mg, Cu-Ag,
and Cu-Sn electrical contact wires above 400 km/h of the high
speed railway.

5.  Conclusions

In summary, we  mainly concentrated on the evolution of the
precipitates and their effects on the alloy properties via aging
treatment. Meanwhile, it has been proven that the ultimate
strength and hardness of the material are greatly improved
because of the OR between the matrix and the nanoparticles.
The main precipitate �-Fe transformed to ˛-Fe at over-aging
stage. The Mg3P2 phase hindered the appearance of coarse
Fe3P and improved the electrical conductivity and mechani-
cal property the materials. Precipitation strengthening is the
main strengthening mechanism in the aging process of the
investigated alloy. The optimal aging parameter for Cu-Mg-
Fe-Sn-P-Y alloy is 60% cold deformation and aged at 460 ◦C for
20 min  with the high tensile strength of 599 MPa, conductiv-
ity of 71.1%IACS, and the elongation of 6.9%. Compared with
current electrical contact wires, the ultimate tensile strength
and conductivity of the Cu-Mg-Fe-Sn-P-Y alloy increased by
20% and 15%, respectively. The studied alloy has better com-
prehensive properties for industrial production.
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