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(87 − x)Cu–13Al–xFe (x: 1, 2, 3, 4, 5 wt%) alloys were prepared by arc melting deposition process. Results 
showed that with the increase of Fe content, the memory recovery ratio of (87 − x)Cu–13Al–xFe alloy 
showed a three-phase change of decrease–increase–decrease under 4% pre-strain. The memory recovery 
ratio of the 4Fe alloy reached 100%. The analysis shows that a Fe-rich κ phase is formed when the Fe 
content exceeds its solubility in the Cu–Al alloy. The κ-phase not only shifts the eutectoid point of the 
alloy to the right and refines the grain size but also has a “pinning” effect. This effect flattens the grain 
boundaries of the alloy, elongates the grains, and increases the order degree of the martensite, thereby 
improving its shape memory properties. However, when the Fe content is too high, the alloy will enter a 
sub-eutectic state, leading to the coexistence of two-phase martensite and reducing the shape memory 
properties of the alloy.

Introduction
Cu–Al alloys have attracted considerable attention among 
Cu-based shape memory alloys (SMAs) due to their excellent 
shape memory effect (SME), wide temperature range of phase 
transition, and high electrical and thermal conductivity [1–3]. 
However, the mechanical properties of Cu–Al SMAs are poor 
due to their polycrystalline brittleness and anisotropy and their 
shape memory properties cannot be fully utilized due to brittle 
failure during operation [4, 5]. For Cu–Al SMAs, in order to 
have good SME, the Al content is generally between 12 and 16 
wt%, but the brittleness of the alloy increases sharply when the 
Al content exceeds 11.5 wt% [6]. It can be assumed that there 
is a conflict between the SME and brittleness in Cu–Al SMAs. 
To address the brittleness problem of the alloys, Ueland et al. 
proposed the development of the alloys toward oligocrystal-
line and monocrystalline structures [7], and some researchers 
have focused on the introduction of third-phase elements to 
develop Cu–Al–X SMAs (X: Ni, Be, Mn, etc.) [8–10]. However, 
in the research of shape memory alloys, scholars usually use the 
method of elemental addition to modulate the alloy properties 
[11, 12]. However, the problem of brittleness of Cu–Al–Ni alloys 
is still prominent [13]. The Be element used in Cu–Al–Be shape 
memory alloys is expensive and highly toxic, while the thermal 

stability of Cu–Al–Mn SMAs is relatively poor [14]. In recent 
years, researchers have tried to introduce Fe as a third-phase 
element to improve the properties of Cu–Al SMAs [15–17]. The 
addition of Fe element not only has a positive effect on improv-
ing the brittleness of Cu–Al SMAs, but also performs well in 
improving the SME of the alloys. For example, Raju et al. [18] 
prepared Cu–Al–Fe SMAs with different Fe contents by casting 
method, and the shape recovery ratio of Cu–12.08Al–2.89Fe 
alloy reached 94% when the pre-strain was 5%. However, the 
existing researches only focus on the changes in the properties 
of Cu–Al SMAs after the introduction of Fe, while the study of 
the mechanism of Fe, especially its mechanism on the SME of 
Cu–Al SMAs, is extremely rare.

In this study, Cu–Al–Fe SMAs with different Fe contents 
were designed based on the Cu–Al binary alloy phase diagram, 
the alloy was fabricated by arc additive manufacturing, and the 
alloy SME was measured by the bending deformation method. 
The microstructure of the alloy in the deposited and quenched 
state was analyzed by optical microscopy (OM). The aim was to 
establish the relationship between the microstructure evolution 
and the memory properties of Cu–Al–Fe alloys and to clarify 
the mechanism of Fe introduction on the memory properties 
of Cu–Al alloys.
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Results and analysis
Shape memory properties of Cu–Al–Fe alloys

As shown in Fig. 1, the memory recovery ratio of Cu–Al–Fe 
alloys shows a three-phase change of decrease–increase–decrease 
with increasing Fe content. At 4% pre-strain, the 2Fe alloy has 
the lowest MR ratio of only 77.9%, while the 4Fe alloy recovers 
completely. Cu–Al-based SMAs themselves have good shape 
memory properties. For example, Wang et al. [19] prepared a 
Cu–Al–Mn alloy that could achieve a memory recovery ratio 
of 84.4% under 6% pre-strain. The introduction of Fe into the 
Cu–Al-based SMAs can further improve their shape memory 

recovery ratio, indicating that the introduction of Fe is beneficial 
for improving the memory properties of the alloy. Meanwhile, 
with the increase of Fe content, the ER ratio of Cu–Al–Fe alloys 
generally shows an increasing trend, increasing from about 32% 
in 1Fe and 2Fe alloys to 41.39% in the 5Fe alloy. No macroscopic 
cracks were found in any of the Cu–Al–Fe alloy specimens pre-
pared by 180° cold bending, indicating that the introduction 
of Fe into Cu–Al alloys also has a positive effect on improving 
their brittleness.

As‑deposited microstructures

Figure 2 shows the metallographic microstructure images of 
Cu–Al–Fe alloys with different Fe contents in the as-deposited 
state.

As shown in Fig. 2, the as-deposited microstructure of 
the 1Fe alloy consists of a gray matrix with a plum-shaped 
precipitate. Combined with the Cu–Al binary phase diagram 
shown in Fig. 1 and the Cu–Al–Fe ternary phase diagram 
shown in Fig. 3, the gray matrix can be identified as an α + γ2 
eutectoid, and the plum-shaped precipitate can be identified 
as a γ2 (Cu9Al4) phase. γ2 is distributed both inside and at 
the grain boundary of the crystal. No complete grains can be 
observed at 200× magnification. When the magnification is 
reduced to 50× [Fig. 2(f )], the as-deposited microstructure 
of the 1Fe alloy will show a cell-like shape with smooth grain 
boundaries, and the grain size is in the millimeter range. In 
the 2Fe alloy, the as-deposited microstructure of the alloy 
consists of gray matrix with floc-like precipitates having the 

Figure 1:   Elastic recovery ratio and memory recovery ratio of Cu–13Al–
xFe (x = 1, 2, 3, 4, 5) alloys and related physical pictures.

Figure 2:   As-deposited microstructure of Cu–Al–Fe alloys with different Fe contents. (a) 1-wt% Fe; (b) 2-wt% Fe; (c) 3-wt% Fe; (d) 4-wt% Fe; (e) 5 wt%; 
and (f ) 1 wt% (50×).
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same color as the γ2 phase. As the Fe content increases, the 
eutectic point of the Cu–Al alloy shifts to the right, resulting 
in a decrease in the precipitation of the γ2 phase. According to 
the Cu–Al–Fe ternary phase diagram in Fig. 3, the 2Fe alloy is 
still a hyper-eutectic alloy, so it is concluded that these floc-
like precipitates are still γ2 phase. The change of γ2 phase from 
plum like to floc like is due to the thinning and reduction of 
the γ2 phase bar-shaped petals. In addition, gray grain-like 
precipitates can be observed both at the grain boundaries and 
in the floc-like γ2 phase. Since the solubility of Fe in Cu–Al 
alloy is limited, Fe and Al will form a Fe-rich Fe–Al compound 
when the Fe content exceeds its solubility. It can be inferred 
that these gray granular precipitates are κ (Fe3Al) phase, which 
is the Fe phase in the Cu–Al–Fe ternary phase diagram as 
shown in Fig. 3. Complete grains with a size of about 500 μm 
can be found under the 400-fold view. In the 3Fe alloy, the as-
deposited microstructure of the 3Fe alloy shows a decreasing 
number of γ2 phase and an increasing amount of gray κ phase. 
The grain size of the 3Fe alloy does not change significantly 
from that of the 2Fe alloy, but the grain shape changes from 
regular polygons to elongated shapes with pointed ends. In the 
4Fe alloy, the γ2 phase has completely disappeared, which is 
consistent with the Cu–Al–Fe ternary phase diagram shown 
in Fig. 3, indicating that the 4Fe alloy is almost at the eutec-
tic point. In the 5Fe alloy, the white precipitate appears at 
the grain boundaries of the alloy. Combined with the ternary 
phase diagram of Cu–Al–Fe shown in Fig. 3, the 5Fe alloy is 
a sub-eutectic alloy, which can be inferred to be an α-phase.

With the increase of Fe content, the deposited microstruc-
ture of Cu–Al–Fe alloy shows the following three changes. First, 
the precipitation of γ2 phase in the deposited microstructure of 
Cu–Al–Fe alloy gradually decreases until it disappears, while 
the precipitation of Fe-rich κ phase increases. When the amount 
of κ phase reaches saturation, the α phase is influenced by the 
κ phase and transforms into a globular shape. This change is 
directly related to the evolution of the Cu–Al–Fe alloy. With 
increasing Fe content, the microstructure in the deposited state 
changes from hyper-eutectic to near-eutectic and finally to sub-
eutectic. Secondly, the grain size of the deposited microstructure 
of the Cu–Al–Fe alloy becomes small, decreasing from millim-
eters in the 1Fe alloy to hundreds of micrometers in the 2Fe, 
3Fe, and 4Fe alloys and then to tens of micrometers in the 5Fe 
alloy. The analysis suggests that the refinement of the alloy grains 
is related to the formation of a new phase, the κ-phase, after 
the introduction of Fe. With increasing Fe content, the amount 
of κ phase in the Cu–Al–Fe alloy continuously increases. The 
κ-phase acts as a nucleus of heterogeneous nuclei that refine 
the alloy grains. Third, the grain shape of the deposited state of 
the Cu–Al–Fe alloy undergoes a transformation from a cellular 
shape with smooth grain boundaries (1Fe alloy) to a regular 
polygon with straight grain boundaries (2Fe alloy), then to a 
willowy shape with pointed and elongated ends (3Fe alloy), and 
then back to a polygon with straight grain boundaries (4Fe alloy) 
and a cellular shape with smooth grain boundaries (5Fe alloy).

The results show that the introduction of Fe into Cu–Al 
SMAs not only shifts the eutectic point of the alloy to the right, 

Figure 3:   Phase equilibrium of Cu–Al–Fe system.
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but also has the effect of refining its grains and influencing the 
shape of its grain boundaries.

Quenched microstructure

Figure 4 shows the metallographic microstructure of different 
Fe-containing Cu–Al–Fe alloys in quenched state.

As shown in Fig. 4, the quenched microstructure of the 1Fe 
alloy consists of a plate-like martensite and numerous black 
dot-like precipitates. The 1Fe alloy is a hypereutectoid alloy that 
precipitates γ2 phase during quenching, so the black dot-like 
precipitates are γ2 phase. The γ2 phase is a hard phase that makes 
the alloy hard and brittle. The presence of the γ2 phase inhibits 
the growth of martensite in the 1Fe alloy during quenching, 
resulting in a more pronounced martensitic crossover phenom-
enon. In addition, the grain size and shape of the quenched 
microstructure of the 1Fe alloy are basically the same as those 
of the deposited microstructure. In the 2Fe alloy, the quenched 
microstructure still consists of a plate-like martensite and black 
dot-like γ2 phase, but the amount of γ2 phase is less than that of 
1Fe alloy, and the martensite intersection phenomenon is more 
severe than that of 1Fe alloy. The grain size of the quenched 
microstructure of 2Fe alloy is basically the same as that of the 
deposited microstructure, but the shape has changed from regu-
lar polygons to irregular polygons with more prominent corners. 
Combined with the analysis of the deposited microstructure, 
the changes in the quenched microstructure of the 2Fe alloy 
are considered to be related to the formation of a new phase κ 
phase. In the 3Fe alloy, the microstructure of the alloy is mainly 

composed of a single plate-like martensite. Compared with the 
2Fe alloy, the martensite intersection phenomenon in 3Fe alloy 
has been improved and the martensite order is better. The grain 
size of the quenched microstructure of the 3Fe alloy is basically 
the same as that of the deposited microstructure, but the shape is 
no longer lancet shaped and the grain boundaries have become 
flatter. In the 4Fe alloy, martensite is better ordered compared to 
the 3Fe alloy. The grain size of the quenched microstructure of 
4Fe alloy is larger than that of the deposited microstructure, and 
the shape has become lancet shaped. This change is attributed 
to the substructure promoted by the κ phase in the deposited 
microstructure of the 4Fe alloy. The quenched microstructure 
of 5Fe alloy consists of gray cellular crystals mixed with white 
blocky structure. The martensite in the quenched microstructure 
of 5Fe alloy has higher order and smaller lath spacing, and the 
grain size and shape are basically consistent with those of its 
deposited microstructure, except for the relatively smaller size 
of the white blocky structure.

From Figs. 6 and 7, it can be seen that the quenched micro-
structure of Cu–Al–Fe alloys with different Fe contents shows 
good inheritance in terms of microstructure composition and 
grain size compared with their deposited microstructure, but 
the orderliness and grain morphology of the formed martensite 
do not continue. For example, severe martensite intersection 
phenomenon can be observed in the quenched microstructure 
of 2Fe alloy, and the grain morphology of the quenched micro-
structure in 3Fe and 4Fe alloys differs greatly from their depos-
ited microstructure.

Figure 4:   As-quenched microstructure of Cu–Al–Fe alloys with different Fe contents. (a) 1-wt% Fe; (b) 2-wt% Fe; (c) 3-wt% Fe; (d) 4-wt% Fe; and (e) 
5 wt%.
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Discussion
According to the above-mentioned shape memory properties 
and microstructure evolution of Cu–Al–Fe alloys with different 
Fe contents, it can be seen that the relationship between the 
shape memory properties of Cu–Al–Fe alloys with different Fe 
contents and their microstructures is generally consistent with 
the general mechanism of the shape memory effect of Cu–Al 
memory alloys, i.e., the more the quenched state organization of 
the alloy tends to be a single martensite, the higher the degree of 
martensite ordering, and the smaller the grain size of the alloy, 
the better the shape memory properties of the alloy.

For example, the 4Fe alloy studied in this paper has almost 
consistent martensite orientation in the quenched microstruc-
ture, with a grain size of about 200 μm in the width direction 
and composed of a single martensite [Fig. 4(d)]; correspond-
ingly, its MR ratio reaches 100% under the set 4% pre-strain. 
The quenched microstructure of 5Fe alloy has higher martensitic 
orientation consistency, smaller lath spacing, and smaller grain 
size than that of 4Fe alloy [Fig. 4(e)], but its MR ratio drops to 
92.47%, which is directly related to its quenched microstruc-
ture containing two types of martensite. The presence of a large 
amount of γ2 phase in 3Fe alloy [Fig. 2(c)] leads to martensite 
intersection phenomenon in the quenched microstructure. A 
lower consistency of martensite orientation compared to 4Fe 
alloy, with larger grain size, resulting in a lower memory recov-
ery ratio than 4Fe alloy, but higher than 5Fe alloy. The 1Fe alloy 
shows a similar situation to the 3Fe alloy. However, the Fe con-
tent in 2Fe alloy is higher than that in 1Fe alloy; according to 
the revealed effect of Fe on the eutectic point of Cu–Al alloy, 
the amount of γ2 phase in 2Fe alloy is less compared to 1Fe 
alloy, which is also confirmed by the microstructure shown in 
[Fig. 2(b)]. However, the martensite orientation consistency in 
the quenched microstructure of 2Fe alloy is the poorest among 
all the prepared alloys, resulting in the lowest memory recovery 
ratio.

In addition, the grain size of the 2Fe alloy in both the depos-
ited and quenched microstructure is smaller than that of the 1Fe 
alloy; however, the elastic recovery ratio of the 2Fe alloy is lower 
than that of the 1Fe alloy, which is not consistent with the gen-
eral understanding of grain refinement strengthening. Overall, 
the change of Fe content from 1 to 2 wt% in Cu–Al–Fe alloy is 
a key point that deserves attention and further investigation.

The analysis shows that the κ phase is the key point that 
affects both alloys. The solubility of Fe in Cu–Al alloy is limited. 
If the Fe content exceeds its solubility, the excess Fe will react 
with Al to form Fe and Al compounds, namely κ phase. The κ 
phase will also cause some Al dissolved in Cu to be precipitated, 
which will actually reduce the concentration of Al in the Cu–Al 
alloy. This is the basic reason why the introduction of Fe will 
shift the eutectic point of Cu–Al alloy to the right. At the same 

time, the κ phase is an ordered body-centered cubic lattice at 
room temperature, which mainly exists in a diffuse distribution 
and can act as a nucleus for heterogeneous nucleation during the 
solidification of the alloy [20]. This explains why the grain size of 
the alloy decreases continuously with increasing of Fe content.

In the 1Fe alloy, Fe is mainly in the form of solid solution 
and plays a strengthening role in the matrix and its influence 
on the eutectic point is not significant. The 1Fe alloy contains 
a large amount of γ2 phase and its microstructure is almost the 
same as the Cu–Al alloy without Fe. However, it exhibits good 
elasticity, no macroscopic cracks are found after 180° bend-
ing under 4% pre-strain, and the ER ratio is about 32%. This 
is related to the strengthening effect of the matrix by the intro-
duction of Fe. In other words, the memory properties of the 
1Fe alloy are still mainly influenced by the γ2 phase. In the 2Fe 
alloy, the Fe content exceeds its solubility in the Cu–Al alloy. 
On the one hand, the excess Fe will form new κ phase with Al. 
As the melting point of Fe (1538 °C) is higher than that of Cu 
(1085 °C), there will be a competitive relationship between them 
during the reaction and solidification process with Al, result-
ing in the morphological transition of γ2 phase from the plum-
shaped of 1Fe alloy to the cluster-like in the deposited micro-
structure of 2Fe alloy, and the formed κ phase will be mixed with 
the cluster-like morphology of γ2 phase. On the other hand, due 
to the introduction of Fe, the solubility of Al in Cu–Al alloy will 
also decrease. The newly formed κ phase, constrained by the 
γ2 phase, will not only be mixed with the cluster-like γ2 phase, 
but also tend to aggregate toward the grain boundaries, which 
is more significant with the increase of Fe content. As shown in 
the deposited microstructures of 3Fe alloy and 4Fe alloy, this 
further confirms the above observations.

In addition, the grain boundaries of the deposited state of 
the 2Fe alloy are transformed from the smooth grain bounda-
ries of the 1Fe alloy to flat regular polygons. The analysis shows 
that this is the role of the k phase. The 2Fe alloy is close to the 
critical value for κ phase formation. The competition between 
Fe and Cu in the reaction and solidification process with Al, the 
aggregation tendency of κ phase toward grain boundaries, and 
especially the “pinning” effect of κ phase are all in a critical state 
and highly unstable, together with the martensite formation pro-
cess for non-equilibrium transformation, the two together lead 
to the alloy after quenching martensite crossover phenomenon 
is serious. This explains the reason for the low recovery ratio of 
memory in 2Fe alloy. As for the decrease of ER ratio in 2Fe alloy 
compared to 1Fe alloy, it is also influenced by this factor.

Further observation of [Figs. 2(c) and (d) and 7(c) and (d)] 
shows that the grain shape in the deposition microstructure of 
3Fe alloy is a pointed and elongated willow shape, indicating that 
the “pinning” effect of κ phase not only flattens the grain bound-
aries but also elongates the grains. This effect is also reflected 
in the quenched microstructures of 3Fe and 4Fe alloys, where 
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the grain boundaries of 3Fe alloy are flattened, while the grain 
shape of 4Fe alloy is elongated, further confirming the impor-
tance of the “pinning” effect of κ phase on the microstructure 
of Cu–Al–Fe alloy. The analysis shows that the reasons for the 
delayed “pinning” effect of κ phase in the quenched state micro-
structure compared to the deposition state microstructure are 
that quenching is a solid–solid-phase transformation process, 
while solidification is a liquid–solid-phase transformation pro-
cess, which requires more force to achieve the effect. The pin-
ning effect of the κ phase is also reflected in the martensitic 
orientation. As the Fe content increases, the amount of κ phase 
increases, and the constraint of κ phase dispersed in the crystal 
gradually weakens the martensitic crossover phenomenon.

Conclusion

(1)	 With the increase of Fe content, the recovery ratio 
of memory of Cu–Al–Fe alloy shows a three-step 
variation, first decreasing, then increasing, and then 
decreasing again. The 4Fe alloy in the study exhibits 
a MR ratio of 100% under the set pre-strain of 4%. 
Meanwhile, the ER ratio of Cu–Al–Fe alloy shows 
an increasing trend with the increase of Fe content, 
from about 32.04% in 1Fe alloy to 41.39% in 5Fe alloy, 
among which the ER ratio of 4Fe alloy is 39.11%.

(2)	 With the increase of Fe content, the precipitated 
microstructure of Cu–Al–Fe alloy shows three main 
changes. First, the γ2 phase gradually decreases until it 
disappears, and at the same time, the κ phase gradu-
ally increases. When the κ phase reaches a saturation 
state, the α phase is affected and transformed into a 
bead-like shape. Second, the grain size becomes finer, 
decreasing from the millimeter scale in 1Fe alloy to 
several hundred microns in 2Fe, 3Fe, and 4Fe alloys 
and further decreasing to tens of microns in 5Fe alloy. 
Third, the grain shape undergoes a transition from the 
smooth cell-shaped grain boundaries in 1Fe alloy to the 
regular polygonal grain boundaries with flat surfaces 
in 2Fe alloy, then to the pointed and elongated willow 
shape in 3Fe alloy, and then back to the polygonal 
grain boundaries with flat surfaces in 4Fe alloy and the 
smooth cell-shaped grain boundaries in 5Fe alloy.

(3)	 The quenched microstructure of Cu–Al–Fe alloy has 
better inheritability in terms of tissue composition and 
grain size compared to the depositional microstructure, 
but there is no continuity in terms of grain shape and 
the orderliness of the formed martensite.

(4)	 After Fe is introduced into the Cu–Al alloy, when the 
Fe content exceeds its solubility in the alloy, a Fe-rich 
κ phase is formed. The formation of κ phase not only 

shifts the eutectic point of the alloy to the right and 
refines the grain size, but also has a “pinning” effect. 
The “pinning” effect of the κ phase flattens the grain 
boundaries and elongates the grains, which improves 
the martensitic order of the alloy, thereby improving 
the shape memory properties of the alloy.

Materials and methods
Alloy composition design

In the Cu–Al shape memory alloy system, the Al content 
plays a crucial role in the memory properties of the alloy [21, 
22]. According to the Cu–Al binary phase diagram shown in 
Fig. 5, when the Al content is less than 9.4 wt%, the micro-
structure of the alloy is completely composed of the α-phase 
at room temperature. At this point, the alloy has good plas-
ticity and cold workability but no shape memory properties. 
When the Al content is above 15.6 wt%, the alloy consists 
entirely of the γ2 phase (a copper-rich Cu–Al compound) at 
the eutectic temperature and is a two-phase mixture con-
taining a large amount of the γ2 phase at room temperature. 
The γ2 phase is a hard phase, which makes the alloy hard 
and brittle and greatly weakens the shape memory recovery 
ability of the alloy. Therefore, in order to obtain better shape 
memory properties, the composition of the Cu–Al alloy is 
generally controlled near the eutectic point (ω(Al) = 11.8 
wt%). Considering that the introduction of Fe shifts the 
eutectic point of the Cu–Al alloy to the right [23], the Al 
content in the Cu–Al–Fe alloy in this study is determined 

Figure 5:   Binary phase diagram of Cu–Al system alloys.
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to be 13 wt%, and the Fe content is used as a variable, with 
a range of 1–5 wt% and are referred to as 1Fe, 2Fe, 3Fe, 4Fe, 
and 5Fe alloys, respectively.

Alloy preparation

A circular tube method was used to prepare powder core wire 
materials for additive manufacturing, and the main preparation 
process is shown in Fig. 6. T2 copper tube with 99.9% purity, 
4-mm outer diameter, and 0.7-mm wall thickness was selected 
as the outer skin of the powder core wire material, and the pow-
der core was composed of Cu powder (325 mesh, purity: 99.9%), 
Al powder (200 mesh, purity: 99.9%), and Fe powder (300 mesh, 
purity: 99.8%). According to the alloy design composition, based 
on the “equal composition, equal volume” design principle [24], 
the prepared powder was filled into the circular tube of the 
powder core wire material by the vibration filling device after 
sufficient grinding. Then, the circular tube was drawn into 2.1-
mm diameter wires under a customized integrated rolling and 
tapering device.

A thin-walled sample with a length of approximately 80 mm, 
a height of 10 mm, and a width of 5 mm was fabricated on 
the aluminum bronze substrate by fusion deposition using a 
RILAND RC-315SII AC/DC argon arc welding machine. The 
deposition process parameters were a deposition current of 140 
A, a deposition velocity of 6 mm/s, and an argon gas flow rate of 
10 L/min. An NSC-M332/W6 wire-cut EDM machine was used 
to cut a shape memory strip with dimensions of 65 × 3 × 1 mm 
from the center of the thin-walled wall fabricated by additive 
manufacturing, and several microstructure observation sam-
ples with thickness of 2.5 mm were cut along the deposition 
direction.

The heat treatment used in this study was divided into 
quenching heat treatment and recovery heat treatment after 
pre-deformation. The quenching process was carried out as fol-
lows: 950 °C × 2 h → 850 °C × 15 min → water quenching, with 
a heating and cooling rate of 15 °C/min. The shape memory 
strips and microstructure observation samples were quenched 
in the same batch. Recovery heat treatment after pre-deforma-
tion was performed by heating at a rate of 15℃/min to the Af 
(565 °C) + 50 °C of the Cu–Al alloy, holding for 10 min, and then 
removing and cooling in air.

Test method of SME

The shape memory properties of the alloy were tested using the 
bending deformation method as shown in Fig. 7. The pre-strain 
ε, elastic recovery (ER) ratio θ, and memory recovery (MR) 
ratio η of the alloy were calculated according to Eqs. (1, 2, and 
3), respectively. To ensure the validity of the data, three paral-
lel samples were prepared and measured for each composition 

and measured and their average values were used as the final 
results. The diameter of the mold used in this study was 24 mm 
(D = 24  mm), the height of the memory strip was 1  mm 
(t = 1 mm), and the pre-strain was calculated to be 4% accord-
ing to Eq. (1).

In the above equation, θ represents the elastic recovery ratio, 
θER is the angle of free rebound, η represents the memory recov-
ery ratio, and θMR is the angle of recovery after heating compared 
to bending at room temperature.

Analysis test method of microstructure

The prepared metallographic specimens were immersed in 
a solution of FeCl3 hydrochloric acid for 3–10 s, rinsed with 
distilled water, and then immersed in anhydrous ethanol 
for ultrasonic cleaning. After drying, the specimens were 
observed with a CMY210 metallographic microscope.

(1)ε =
t

D+ t
× 100%,

(2)θ =
θER

180
× 100%,

(3)η =
θMR − θER

180− θER
× 100%.

Figure 6:   Flowchart of the preparation for the powder core wire.

Figure 7:   Schematic diagram for the shape recovery bending test.
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