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ARTICLE INFO ABSTRACT

Handling Editor: Prof. L.G. Hultman This work presents the development of two novel Cu-Zr-Mg(Y) alloys. The alloys were prepared using vacuum

melting and show good conductivity and mechanical properties after solution treatment+60 % cold rolling +

Keywords: aging at 450 °C for 60 min.
Cu-Zr-Mg-Y alloy The measurement results reveal that the Cu-Zr-Mg alloy has a microhardness of 165 + 5 HV, an electrical
Precipitates

conductivity of 68.5 £ 0.2 % IACS and a tensile strength of 483 + 15 MPa while the Cu-Zr-Mg-Y alloy has a
microhardness of 172 + 6 HV, an electrical conductivity of 67.9 + 0.2 % IACS and a tensile strength of 503 + 12
MPa.

The addition of Y promotes the recovery and recrystallization of the alloys and causes the refinement of the
grain size. The appearance of copper texture is the reason why the Cu-Zr-Mg-Y alloy has higher tensile strength in
the rolling direction. The main phases of the Cu-Zr-Mg-Y alloy consist of CusZr and a small amount of Mg24Ys.
The increment in precipitation strengthening is primarily attributed to the coherent CusZr phase within the

Microstructure evolution
Mechanical properties

matrix.

1. Introduction

Copper and its alloys exhibit exceptional mechanical properties and
electrical conductivity, rendering them optimal materials for lead
frames. In recent decades, the development of copper-based alloys has
received extensive attention [1], notable developments include Cu-Fe-P
[2-4], Cu-Cr [5,6], Cu-Ti [7,8], Cu-Ni-Si [9,10], Cu-Cr-Zr [11], Cu-Zr
[12], etc. Relevant studies demonstrate that the incorporation of alloy
elements can significantly enhance the strength of the material; how-
ever, it often induces lattice distortion, augments electron scattering,
and diminishes conductivity [13]. Among age-hardening alloys, Cu-Zr
alloys demonstrate significant age-strengthening capability while
minimally impacting electrical conductivity.

From Fig. 1(a) [14], compared to other alloying elements, Zr exhibits

* Corresponding author.
** Corresponding author.
**% Corresponding author.

a lesser impact on the electrical conductivity of Cu alloys. The solubility
of Zr in copper is limited at room temperature (only 0.01 %, as shown in
Fig. 1(b)), minimizes electron scattering, making the alloy ideal for
electronic devices [15-18]. Currently, the primary research focus on
Cu-Zr alloys lies in enhancing their mechanical properties through
strategies such as optimizing Zr content, promoting solid solution for-
mation, and incorporating additional alloying elements. Azimi et al.
[19] studied the influence of mechanical alloying on the solid solubility
of Zr in the matrix and found that mechanical alloying can significantly
improve the solid solubility of Zr in Cu. Kimura et al. [20] investigated
the impact of cold drawing on the electrical and mechanical charac-
teristics of Cu-5at% Zr alloy, noting improved conductivity and strength.
Deng et al. [21] investigated the Cu-Cr-Zr alloy, the main phases of the
alloy are Cr and CusZr. It was found that Cr facilitates the precipitation
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of CusZr, while Zr refines the precipitation of Cr.

In this study, we choose to increase the content of Zr and add more
elements. When the Zr mass fraction reaches 1.2 %, the presence of
excess phase significantly enhances the mechanical properties of the
alloy. We chose to include the Mg element with the aim of improving the
alloy’s mechanical characteristics. Despite the challenges associated
with incorporating Mg during the melting process, numerous studies
have consistently demonstrated that the addition of Mg can significantly
enhance the mechanical properties of the alloy [22-27]. While rare
earth element Y has the potential to enhance matrix purification, grain
refinement, and mechanical properties, it may also result in a slight
reduction in conductivity [28]. The present study investigates the in-
fluence of Y on the microstructure, mechanical properties, and electrical
properties of the alloy. So Cu-1.2Zr-0.3 Mg and Cu-1.2Zr-0.3Mg-0.15Y
alloys were prepared.

In terms of melting method, vacuum melting is an effective method
to prevent alloy oxidation and improve alloy quality [29-32]. Chen et al.
[33] prepared Cu-Cr-C alloy by vacuum melting. SEM observation
showed that the interface between the two phases was clear without
obvious impurities. Abiko et al. [34] smelted ultra pure iron using
ultra-high vacuum melting technology, and found that this technology is
very useful for the reduction of gaseous impurities.Because Zr, Mg and Y
are easily oxidized, we choose vacuum melting to prepare the alloy to
ensure the quality of the alloy.

The optimal aging process of Cu-Zr-Mg (Y) alloy was investigated,
with a focus on elucidating the influence of Y on the alloy’s aging
properties. The heat treatment processes of solid solution, cold rolling,
and aging for Cu-Zr-Mg and Cu-Zr-Mg-Y alloys were thoroughly exam-
ined, leading to the determination of optimal parameters for the aging
process. The microstructure and strengthening mechanism of the alloy
were investigated using transmission electron microscopy (TEM),
backscattered electron diffraction (EBSD), and scanning electron mi-
croscopy (SEM). The microhardness and electrical conductivity differ-
ences between the two alloys were compared, and the impact of
incorporating rare earth element Y on the strength and electrical con-
ductivity of Cu-Zr-Mg-Y alloy was investigated.

2. Material and method

In this study, Cu-Zr-Mg and Cu-Zr-Mg-Y alloys were prepared using
raw materials that included electrolytic cathode copper, pure Mg, pure
Y, and a Cu-10 % Zr intermediate. In order to facilitate the mixing and
melting process, the raw materials were chopped into small pieces.

The alloy is melted and prepared in zg-0.01-40-4 medium frequency
vacuum induction melting furnace, and the casting process is carried out
in argon atmosphere. First, the cut material is put into the furnace, and
the vacuum is pumped to about 14 Pa through mechanical pump and
rotary vane pump, and then argon gas is slowly added as the protective
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gas to make the pressure in the furnace stable at 20000 Pa. The current is
slowly increased until the block is completely melted, and the melt is
mixed evenly through mechanical stirring, and the casting is made after
melting for 20-30 min.After the cast sample is allowed to cool inside the
furnace for 1 h, air is introduced to gradually return the pressure to
normal. Once the pressure stabilizes, the furnace door is opened, and the
sample is removed.

After the ingot was cast and chilled to room temperature, to ensure
the successful addition of Zr, Mg, and Y elements, we conducted
composition testing on the melted alloy using ICP(Inductively Coupled
Plasma) technology, and the results are shown in Table 1. Then the riser
was cut off, and the surface was polished with sandpaper to remove the
oxide scale. Subsequently, the ingot was annealed in the furnace at
900 °C for 1 h for heat treatment. The sample was then cut into pieces
measuring 100 mm x 10 mm x 2 mm. These samples were put inside a
vacuum heat treatment furnace for solid solution treatment at 930 °C for
1 h. Following this, cold rolling with a 60 % deformation was applied.
Finally, the samples were aged at different temperatures (400-550 °C)
and aging times (10-480 min). The experimental process is illustrated in
Fig. 2.

The aged samples underwent polishing with sandpaper to eliminate
the oxide scale. The electrical conductivity and microhardness of the
two alloys were subsequently measured using an eddy current resistivity
meter and an HVS-1000 microhardness tester, respectively. Five points
are selected for each pattern to measure, and the results are averaged.
After that, the tensile strength of the peak-aged alloy was tested. EBSD,
TEM, and SEM were used for microstructure characterization.

For EBSD samples, rough polishing was conducted on a polishing
machine. Subsequently, the samples were immersed in CH3CH,OH and
H3PO4 solutions with 50 % content, respectively, and electropolished for
1 min under a voltage of 5 V. SEM and EBSD observations were per-
formed using the ULTRATMS55 scanning electron microscope. The TEM
sample was prepared through mechanical polishing to a thickness of
approximately 30 pm and then thinned using the Leica EM RES 101 ion
thinner. Thinning parameters included an ion beam energy of 5 keV, ion
gun angle of +15° thinning to a hole, and 3 keV =+ 5° thinning for 20
min. TEM observations were carried out using the LIBRA® 200 trans-
mission electron microscope.

Table 1
Chemical composition of the Cu-Zr-Mg-(Y) alloys.
Alloy Analyzed composition in wt.%
Zr Mg Y Cu
Cu-1.2Zr-0.3 Mg 1.21 0.27 0 Bal.
Cu-1.2Zr-0.3Mg-0.15Y 1.16 0.28 0.15 Bal.
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Fig. 1. (a) Relationship between elemental content and electrical conductivity of Cu alloy; (b) phase diagram of the Cu-Zr alloy.
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Fig. 2. An illustration of the experimental process.
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Fig. 3. SEM of Cu-Zr-Mg-Y alloy aged at 450 °C for 60 min: (a) (c) SEM images; (b) the energy spectrum of the points A in figure (a); (d) distribution diagram of main
alloy elements.
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3. Results
3.1. SEM analysis

Due to the limited solubility of Zr in Cu, a significant amount of
undissolved secondary phases still persist following the process of so-
lution treatment. To ascertain the composition and morphology of the
excess phase, SEM analysis was conducted on the Cu-Zr-Mg-Y alloy, and
the results are depicted in Fig. 3. It is evident from Fig. 3(a) and (c) that
the size of the excess phase is approximately 10 pm. As revealed in Fig. 3
(b) and (d), the excess phase is identified as the CusZr phase. These
granular excess phases impede dislocation movement, thereby
enhancing the strength and microhardness of the alloy.

Furthermore, the clear manifestation of the Y element encircling
CusZr can be observed in Fig. 3 (d). This arrangement hinders the
growth of the excess phase to a certain extent, refines the size of the
excess phase, and improves the alloy’s strength and plasticity.

3.2. Mechanical properties and electrical conductivity

To determine the optimal aging parameters of the alloy and assess
the effect of Y addition on the mechanical and electrical conductivity of
the Cu-Zr-Mg-Y alloy, tests were conducted on the aging temperature
and aging time of the two alloys. Measurements were taken for micro-
hardness, electrical conductivity, and tensile strength, as illustrated in
Fig. 4. To establish the optimal aging parameters for both alloys, the
microhardness and electrical conductivity of the alloys were measured
at different temperatures (400-550 °C) and aging times. Fig. 4(a)-(d)

180
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shows the results. Research has found that at the same temperature, with
the extension of aging time, the microhardness of the alloy increases first
and then decreases. At the early stage of aging, the amount of pre-
cipitates are limited, and the alloy is under-aging. During this phase, the
microhardness increases rapidly and reaches its peak value, signifying
the maximum contribution of precipitation strengthening by pre-
cipitates. Subsequently, as the alloy entered the over-aging stage, pre-
cipitates coarsen and grains begin to grow, resulting in a decline in
microhardness over time. At the same aging time, the microhardness of
the alloy also increased first and then decreased with the increase of
temperature. At lower temperatures, the growth rate of precipitates is
slow, and there is insufficient time for the formation of an adequate
precipitation phase, resulting in inadequate precipitation strengthening
and lower alloy microhardness. Conversely, at higher temperatures,
precipitates tend to grow rapidly, diminishing the precipitation-
strengthening effect. Simultaneously, accelerated recrystallization and
grain growth lead to alloy softening. The conductivity of the two alloys
increased with the increase of temperature and aging time. The alloy’s
ability to conduct electricity experienced a rapid increase at the onset of
aging due to the precipitation of solid solution atoms and the reduction
of dislocations and other defects. As most atoms precipitated, the rate of
increase in electrical conductivity slowed, eventually stabilizing.

Fig. 5(a) illustrates the tensile strength curves of the two alloys at
peak aging. The inclusion of Y greatly improves the alloy’s resistance to
tension. The optimal aging parameters for both alloys were determined
to be aging at 450 °C for 60 min. At peak aging, the microhardness,
electrical conductivity, and tensile strength of Cu-Zr-Mg alloy were 165
+ 5 HV, 68.5 + 0.2 % IACS, and 483 + 15 MPa, respectively.
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Fig. 4. Mechanical and electrical properties of Cu-Zr-Mg and Cu-Zr-Mg-Y: (a)(b) micro-hardness and electrical conductivity of Cu-Zr-Mg alloy aging at different
temperatures and time; (c) (d) micro-hardness and electrical conductivity of Cu-Zr-Mg-Y alloy aging at different temperatures and time.
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Fig. 5. (a) the curve of tensile strength at peak aging; (b) the comparison of microhardness, tensile strength, and electrical conductivity; (c) the comparison of the

properties with the current common copper alloy for lead frame.

Meanwhile, for the Cu-1.2Zr-0.3Mg-0.15Y alloy, these values were 172
+ 6 HV, 67.9 + 0.2 % IACS, and 503 + 12 MPa.

The comparison results of properties between Cu-Zr-Mg and Cu-Zr-
Mg-Y alloys are depicted in Fig. 5(b). The addition of Y resulted in an
increment in microhardness of 7 HV and tensile strength of 20 MPa and
only a slight reduction in electrical conductivity, amounting to 0.6 %
IACS. Further comparison with a traditional copper alloy used for lead
frames is presented in Fig. 5(c) [35]. The incorporation of Mg and Y into
the Cu-Zr alloy evidently enhances its mechanical properties, albeit at
the expense of diminished electrical conductivity. In comparison, the
incorporation of Mg significantly impacts the conductivity of the alloy.
Y, on the other hand, plays a role in impurity removal and matrix pu-
rification during melting, reducing the solid solubility of impurity
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elements and enhancing the electrical conductivity of the matrix. From
the figures, it is evident that the mechanical and electrical properties of
Cu-Zr-Mg and Cu-Zr-Mg-Y alloys align well, making them suitable
choices for copper alloys used in lead frames.

3.3. EBSD analysis

Fig. 6 displays the IPF map and the corresponding grain size statis-
tical map of Cu-Zr-Mg and Cu-Zr-Mg-Y alloys aged for 60 min and 360
min, respectively. As depicted in Fig. 6(a) and (c), in the alloy aged for
60 min, the grain boundaries were not clearly analyzable, and there
were a small number of finely recrystallized grains present. This may be
attributed to the short aging time, insufficient recrystallization in certain
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Fig. 6. IPF map and grain size of Cu-Zr-Mg and Cu-Zr-Mg-Y alloys aged at 450 °C: (a) (b) Cu-Zr-Mg alloy aging for 60 min; (c) (d) Cu-Zr-Mg-Y alloy aging for 60
min; (e) (f) Cu-Zr-Mg alloy aging for 360 min; (g) (h) Cu-Zr-Mg-Y alloy aging for 360 min.
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areas, and the huge number of dislocations that accumulate at the grain
boundaries and within deformation zones. During this period, there are
still noticeable large-sized deformed grains in the alloy, with recovery
and recrystallization occurring in some regions. The corresponding
grain size statistical chart indicates that the maximum grain size in Cu-
Zr-Mg alloy is 244.3 pm, grains larger than 80 pm constitute approxi-
mately 40.2 % of the total area, and the average grain size is 94.66 pm.
Meanwhile, for the Cu-Zr-Mg-Y alloy, the maximum grain size is 152.29
pm, grains larger than 80 pm account for about 26.1 % of the total area,
and the average grain size is 56.05 pm. This suggests that the addition of
Y promotes recrystallization, resulting in more recrystallized grains and
a finer grain size in the Cu-Zr-Mg-Y alloy after 60 min of aging.

The driving force of recrystallization is known to depend on the
amount of deformation-stored energy in the alloy. Higher deformation-
stored energy facilitates easier recrystallization. Studies by Zhang et al.
[36] on Cu-Zr-Ce alloy and Tang [37] on Cu-Ni-Sn-Ti-Cr alloys confirm
that the addition of certain elements, such as Ce, can increase the
dislocation density and deformation stored energy, promoting recovery
and recrystallization. The addition of Y may have a similar effect,
leading to more undissolved excess phases in the alloy after solid solu-
tion. Consequently, in the same amount of deformation, the Cu-Zr-Mg-Y
alloy accumulates more deformation stored energy, providing more
nucleation points for recrystallization, and is more prone to recovery
and recrystallization.

In Fig. 6(e) and (g), with an extended aging time of 360 min, defects
become less evident, recrystallized grains predominantly replace
deformed grains, and some grains have grown. The average grain size at
this point for Cu-Zr-Mg and Cu-Zr-Mg-Y alloys is 150.86 pm and 76.98
pm, respectively. Even during the over-aging stage, the addition of Y
results in finer grains, possibly due to the formation of compounds with
a high melting point at the grain boundaries by Y, hindering the
migration of large-angle grain boundaries and delaying the growth of
recrystallized grains.

The KAM maps of the two alloys, aged for 60 min, are shown in Fig. 7
(a) and (d), indicating that the Cu-Zr-Mg-Y alloy exhibits a lower
dislocation density. Internal strain can be discerned through the geo-
metric necessary dislocation density (GND) [38,39]. According to Fig. 7
(b) and (e), the GND of Cu-Zr-Mg and Cu-Zr-Mg-Y alloys aged for 60 min
is 6.5 x 10> m™2 and 6.1 x 10'®> m2, respectively. The GND of the
Cu-Zr-Mg-Y alloy decreased by 7 %, indicating a higher consumption of
dislocations in the alloy. Fig. 7(c) and (f) depict the misorientation angle
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distribution of the two alloys aged for 60 min. Generally, a higher pro-
portion of recrystallized grains results in finer grains and a greater
content of high-angle grain boundaries (HAGBs >15°). From the above
figures, it can be observed that the high-angle grain boundary of the
Cu-Zr-Mg alloy accounts for 22.7 %, while the high-angle grain
boundary of the Cu-Zr-Mg-Y alloy accounts for 27.6 %. The lower GND
value and the higher proportion of HAGBs also support the assertion that
Cu-Zr-Mg-Y alloy is more susceptible to recovery and recrystallization
when the aging time is 60 min.

Fig. 8 shows the pole figures, ODF maps, and comparison diagram of
the main texture component of the two alloys aged for 60 min. In the two
alloys, the component of cube and goss texture is less, and the volume
fraction is 1.38 %, 2.46 % and 8.92 %, 5.68 %, respectively. The
component of brass texture is greater, and the volume fraction is 46.1 %
and 27.5 %, respectively. No matter whether cold deformation or hot
deformation, metals will generally generate texture [40], Sidor et al.
[41] believe that for low stacking fault energy metals such as copper
alloys (SFE <25 me’z) usually generate strong {1 1 0}<1 1 2> tex-
tures, and the weaving of the t-fiber orientation in the ODF map, cor-
responds to the brass and copper textures in the figure. In terms of
texture types, the biggest difference between the two alloys is the dif-
ference in copper texture component. The ODF map displays the texture
components of the two alloys with texture strengths exceeding 10 mud.
Cu-Zr-Mg-Y alloy has more copper texture than Cu-Zr-Mg alloy. This
may be one of the reasons why the Cu-Zr-Mg-Y alloy has a higher tensile
strength.

3.4. TEM analysis

To further elucidate the strengthening mechanism of the alloy, we
opted for TEM analysis on the Cu-Zr-Mg-Y alloy. Fig. 9 shows TEM and
HRTEM images of Cu-Zr-Mg-Y alloy aged at 450 °C for 60 min. The
presence of precipitates in Fig. 9 (a) has been observed to impede the
movement of dislocations, resulting in the formation of dislocation loops
surrounding the precipitates. The preliminary analysis suggests that the
precipitation-strengthening process can be attributed to the Orowan
mechanism. In addition, the precipitation of atoms from solid solutions
reduces the extent of electron scattering and lattice deformation in the
matrix, thereby indirectly enhancing the electrical conductivity of the
alloy [42]. The sample exhibits a multitude of dislocations, which
intertwine to form dislocation walls, thereby enhancing the strength of
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the alloy. It can be seen from Fig. 9 (b) that there are many precipitates
with a size of 6-10 nm in the matrix. To ascertain the kind of precipitates
and their orientation in relation to the copper matrix, Fig. 9 (c) displays
the HRTEM picture of the copper matrix taken from the [110] direction.
The precipitated phase of nanometer size is CusZr, which is the main
strengthening phase and has a cubic structure, the lattice parameter is a
=b=¢=0.687 nm, a« = p =y = 90°. From the FFT image in Fig. 9 (d),
the presence of an orientation relationship between CusZr and the
copper matrix is evident, which can be expressed as
(200)¢, || (400)¢yszr  (111)gy Il (222) sz (111)gy || (222)¢usz-  and
[110]¢, || [110]g,5z-- The mismatch strains between the interfaces are 4.5
%, 4.9 % and 4.9 %, respectively. The crystal structure model of CusZr is
shown in Fig. 9 (e). The coherent interface can enhance the strength of
the alloy while preserving its plasticity [43]. In addition, a small
quantity of precipitates, about 10-20 nm in size, were found in the alloy,
which were calibrated as Mgy4Ys, with a cubic structure and lattice
parameter of a = b = ¢ = 1.12 nm, « = p = y = 90°. The orientation
relationship between Mgo4Y5 and the copper matrix is shown in Fig. 9
(g) (h), which expressed as  (111)q, || (224)ygayss
[110]¢, || [110]pge04ys- The mismatch between two parallel planes is 9.2

can be

%, which is a semi-coherent relationship. The crystal structure model of
CusZr is shown in Fig. 9 (i). The contribution of this phase to the strength
of the alloy was evaluated through geometric phase analysis (GPA). As
shown in Fig. 9 (j), on the (224) plane, the presence of a significant
compressive stress in close proximity to the two-phase interface is
clearly evident, indicating that this precipitate also plays a role in pre-
cipitation strengthening.

In the Cu-Zr-Mg-Y alloy, continuous and interlaced deformation

twins with a width of about 5 nm, along with larger annealing twins,
were identified. The results are presented in Fig. 10(a)-(c). Fig. 10(b)—
(d), (e) reveal that in the copper alloy, the predominant twins are
Sigma3 twins, with the [112] plane serving as the symmetry axis. The
increased occurrence of twins leads to the introduction of a greater
number of grain boundaries, thereby contributing to the refinement of
grains [44]. Yu et al. [45] argue that twins generally have low disloca-
tion density, facilitating the reduction of strain in the alloy. Moreover,
an abundance of twin boundaries impedes dislocation movement,
collectively enhancing both the strength and plasticity of the alloy.

Fig. 10(f) focuses on the region with a misorientation angle less than
1° within the green-framed area in Fig. 10(e), denoted by the blue part.
It is evident that there is minimal misorientation within the twins,
signifying low strain. This lower local stress and increased grain
boundaries within the twins make twin strengthening more effective
than traditional grain boundary strengthening, potentially improving
both strength and plasticity. Ban et al. [46] posit that structures
featuring multiple layers of interlaced twins (DTS and DTS) can further
subdivide the interior of grains, restrict the movement of dislocations to
the nanometer region, and induce the Hall-Petch effect caused by twins.
In comparison with traditional grain boundary strengthening, the
strengthening effect attributed to twins can result in higher plasticity for
the alloy. The coherent and semi-coherent precipitates, dislocation cells
formed by dislocation entanglement, and nano-sized deformation twins
collectively contribute to the excellent mechanical properties of the
Cu-Zr-Mg-Y alloy.
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Fig. 9. TEM map of Cu-Zr-Mg-Y alloy aged at 450 °C for 60min: (a) (b) BF image; (c) HRTEM image taken from Cu[110]; (d) FFT image of (c); (e) IFFT image of (c);
(f) crystal structure model of CusZr; (g) HRTEM image taken from Cu[110]; (h) partial enlarged image in the green box of (g); (i) FFT image of (g); (j) IFFT image of
(a); (k) The strain distributions around the Mg,4Y5 in the specimen calculated by GPA for (224) plane; (f) crystal structure model of CusZr.

4. Discussion

4.1. Effect of Y addition on microstructure and properties of Cu-Zr-Mg
alloy

Fig. 11(a) illustrates the distribution of deformation, recovery, and
recrystallization regions divided by local misorientations of 2° and 15°.
The red area represents the deformation zone, the yellow area signifies
the recovery zone, and the blue area indicates the recrystallization zone.
In Fig. 11(b) and (c), the distribution of brass texture and copper texture
is presented. Analysis of these three figures reveals that the brass texture
is predominantly found in the deformed grains, while the copper texture
is mainly present in the recovered and recrystallized grains. The addi-
tion of Y promotes recovery and recrystallization, potentially accounting
for the increased occurrence of copper texture in the Cu-Zr-Mg-Y alloy.
The impact of texture on mechanical properties primarily lies in
anisotropy, where the strength in a specific direction is contingent upon
the difficulty of initiating the slip system when force is applied in that
direction. This can be assessed using the Schmidt factor (SF) [47]:

T = Pcos0/Ag=PcosOcosp/Ag = ccosOcosep (@D)]

Here, A is any crystal plane, P represents the force applied in the
normal direction of Ay, and Ay is the slip plane , 0 represents the angle
formed by the force axis and the direction of the dislocation slide, ¢ is
the included angle of the slip surface’s normal force axis, 7 is the critical
shear stress in the slip direction, ¢ is the normal stress on the sliding
surface. The calculation method of the Schmidt factor is shown in Fig. 11
(g). The lower the Schmidt factor, the more challenging it becomes to
initiate dislocation slip in this region, consequently leading to an

increased tensile strength of the alloy in this direction. The loading di-
rection of the tensile strength previously tested is parallel to the rolling
direction. Therefore, the Schmidt factor of the Cu-Zr-Mg-Y alloy is
calculated. The results are shown in Fig. 11 (d). When the loading di-
rection is parallel to rolling direction. The Schmidt factor of copper-
oriented grains is significantly smaller than that of brass-oriented
grains. Fig. 11 (e) (f) shows the distribution of the Schmidt factor in-
verse pole figure of the {111}<110> slip system of FCC metal according
to the Schmidt factor formula and the actual distribution of the Schmidt
factor inverse pole figure. The concurrence between the outcomes of the
simulation and the empirical results is apparent. The orientation of the
copper texture is {112}<111>. The orientation of the brass texture is
{011}<112>. This indicates that when the rolling direction and the
loading direction are parallel. The direction of the force axis at the
copper texture is parallel to the <111> direction, while brass is parallel
to the <112> direction. According to Fig. 11(e) (f), the Schmidt factor of
the force axis parallel to the <111> direction is significantly lower than
that parallel to the <112> direction. It means that when we conduct
tensile strength tests parallel to the rolling direction, Cu-Zr-Mg-Y alloys
with more copper-oriented grains have lower Schmidt factors, and
higher tensile strength. In conclusion, the inclusion of Y promotes the
recovery and recrystallization of the alloy, leading to a transformation of
the initial deformed grains from a brass texture to a copper texture. Finer
grains and more copper texture may be one of the reasons why Cu-Zr-
Mg-Y alloy has higher plastic toughness and tensile strength than Cu-
Zr-Mg alloy.

4.2. Strengthening mechanisms

The strengthening mechanism of the alloy primarily encompasses
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Fig. 10. TEM images of Cu-Zr-Mg-Y alloy aged at 450 °C for 60 min: (a) (c) HRTEM images taken from Cu[110]; (b) FFT image in the green box of (a); (d) IFFT image

of (c); (e) twin distribution image (f) Partial enlarged area of (e).
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Fig. 11. Distribution of (a) recovery and recrystallization regions of Cu-Zr-Mg-Y alloy aged for 60 min; (b) (c) copper, brass texture distribution; (d) Schmidt factor
map; (e) calculated Schmidt factor IPF map; (f) Schmidt factor IPF map of (d); (g) schematic diagram of Schmidt factor calculation method.

solution strengthening, dislocation strengthening, grain boundary
strengthening, and precipitation strengthening. Cu-Zr alloys fall under
aging-strengthening alloys, exhibiting a robust precipitation strength-
ening effect. The influence of solution strengthening on the yield
strength of Cu-Zr-Mg-Y alloy can be disregarded from a conductivity
perspective. The electrical conductivity of the alloy is highly sensitive to
the percentage of precipitate volume, which contributes significantly to
its overall behavior, as Matthiesen’s rule indicates that the alloy’s re-
sistivity and solute atom fraction have a linear connection [48]. The
volume fraction of precipitates exhibits a correlation with the electrical
conductivity of the alloy:

fp:(C'CO)/(Cmax'CO) (2)

Here, C is the current electrical conductivity of the alloy, and the alloy’s
electrical conductivity prior to aging is denoted by Cy, the alloy’s elec-
trical conductivity tends to remain stable at a value known as Cpax. From
the perspective of electrical conductivity, the electrical conductivity of
the Cu-Zr-Mg-Y alloy aged for 60 min has been nearly stable, f, is
approximately equal to 1, showing that the solid solution atoms are
almost completely precipitated. Therefore, the yield strength of the alloy
mainly comes from the dislocation strengthening provided by the
dislocation formed by cold deformation, the grain boundary strength-
ening provided by recrystallization during aging, and the precipitation
strengthening generated by the formation of coherent and semi-
coherent precipitates with the matrix :

6=00 + 064 + 665 + 0p 3
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Here, o is the copper matrix’s yield strength, about 20 MPa [49], the
strength that comes from work-hardening is represented by oy the
stress caused by the strengthening of grain boundaries is represented by
oG, precipitation strengthening stress is represented by op,.Therefore,
we can determine which strengthening method is the main strength-
ening method by calculating each strengthening method’s contribution
to the yield strength of the alloy.

The increase in yield strength provided by work hardening can be
expressed as in Ref. [50] :

04 =MaGb,/p “4)
Here, M is the Taylor factor, M = 3.06, a is geometric constant, @ = 0.3,
G is the shear modulus of copper matrix, G = 46 GPa, b is the Burke
vector of the copper alloy, b = 0.2556 nm, p is geometrically necessary
dislocation density, p = 6.1 x 10'® m~2 The work hardening process is
anticipated to result in an enhancement of 86 MPa in the yield strength.

The Hall-Petch formula can be utilized to articulate the augmenta-
tion in grain boundary reinforcement [51,52]:

0GB :Kydg71/2 (5)
Here, K, is the Hall-Petch coefficient, K, = 150 MPa pml/ 2, d, is the
average grain size, d, = 56.05 pm, it can be calculated that the increase
in grain boundary strengthening provided by work hardening is about
86 MPa.

Due to the large size and less distribution of the Mg»4Y5 phase, it can
be assumed that precipitation strengthening mainly depends on a sig-
nificant amount of finely divided CusZr phase. According to the phe-
nomena observed in TEM and relevant references [53], the
Orowan-Ashby equation can be used to determine the increase in yield
strength provided by precipitation [54].:

In (d, /b)
G- dy)

MGb
27(1 —v)

0p=0.81 x (6)

1/2

Here, M is the Taylor factor for the fcc matrix [55], M = 3.06, G is the

shear module of copper alloy, G = 46 GPa [56], b is the Burgers vector of

copper alloy, b = 0.2556 nm, v is the Poisson’s ratio, 1=0.34, d,, is the
average size of precipitates, A is the spacing between particles in the
glide plane, which is able to be stated as:

1 |31

)
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Here, f, stands for the precipitate volume fraction, In this paper, d, and f,
are obtained by counting the size and number of precipitates in multiple
low magnification TEM bright field images. d, = 6.4 nm, f, = 1.4 %. The
precipitation strengthening mechanism results in an approximate in-
crease of 313 MPa in yield strength. Finally, it can be determined that
the Cu-Zr-Mg-Y alloy has a yield strength of about: 6 = 69 + 645 + 6 +
oG = 20 + 86+20 + 313 = 439 MPa. Compared with the experimen-
tally determined tensile strength of the Cu-Zr-Mg-Y alloy (460 MPa), it is
about 4 % lower. This may be due to ignoring the solid solution
strengthening provided by a small part of solid solution atoms and the
precipitation strengthening provided by a small number of large-size
Mg24Y5 precipitates not being calculated. The yield strength increase
provided by this part is about 14 MPa. The increase in yield strength
provided by various strengthening effects is shown in Fig. 12. The figure
shows that the greatest increase in yield strength comes from precipi-
tation strengthening, accounting for 72.4 % of all yield strength
increases.

5. Conclusions

(1) Cu-Zr-Mg and Cu-Zr-Mg-Y alloys with favorable mechanical and
electrical properties were prepared using vacuum melting and by
incorporating multiple metal elements and controlling the aging
parameters.

(2) The results reveal that the optimal aging parameter for the two
alloys is 60 min at 450 °C the Cu-Zr-Mg and Cu-Zr-Mg-Y alloys
have microhardness, electrical conductivity, and tensile strength
of 165 + 5 HV, 483 + 15 MPa, 68.5 + 0.2 % IACS, and 172 £+ 6
HV, 503 + 12 MPa, 67.9 £+ 0.2 % IACS, respectively. The me-
chanical properties of Cu-Zr-Mg alloy were enhanced by the
addition of Y, with increasing the microhardness of 7 HV and the
tensile strength of 20 MPa, respectively, while the electrical
conductivity did not decrease significantly.

(3) The addition of Y promotes the recovery and recrystallization of
the alloy, results in the generation of finely recrystallized grains
that enhance the tensile strength and plasticity of the alloy. The
Cu-Zr-Mg-Y alloy presents higher tensile strength. When the
tensile strength test is conducted parallel to the rolling direction,
the copper texture is predominant in the recovered and recrys-
tallized grains, may contribute to the higher tensile strength.

(4) Several mechanisms are suitable to explain the increament of
mechanical properties of Cu-Zr-Mg-Y alloy, including dislocation,
grain boundary, and precipitate. The formation of a significant
quantity of coherent CusZr precipitation and a minor amount of

o

72.4%

Strength, MPa

Exp

S O4s Oca

..
- OcB

(b)

(L3

442%

18.75%

Fig. 12. Yield strength increment provided by various strengthening mechanisms of Cu-Zr-Mg-Y alloy aged at 450 °C for 60min: (a) statistical chart; (b) propor-

tion chart.
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semi-coherent Mg,4Ys5 precipitation is the main factor responsible
for the alloy’s exceptional mechanical and electrical properties.
The existence of numerous precipitates reduces the content of
solid solution atoms in the copper matrix, decreases electron
scattering and significantly improves the electrical conductivity.
Simultaneously, a lattice mismatch between these precipitates
and the matrix interface hinders dislocation movement, results in
notable precipitation strengthening. The formation of abundant
nano twins refines the grain structure and enhances the alloy’s
plasticity due to the low stress within the twins.

The increase of yield strengthcaused by dislocation, grain
boundary, and precipitate are 86 MPa, 20 MPa, and 313 MPa,
respectively. The mian strengthening source is precipitate, which
accounts for 72.4 % of the total yield strength increment.
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