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Abstract: The materials used in variable temperature conditions are required to have excellent thermal
fatigue performance. The effects of laser shock processing (LSP), solid solution and aging treatment (T6), and
cryogenic treatment (CT) on both microstructure and thermal fatigue performance of ZCuAl,,Fe;Mn, alloys were
studied. Microstructure and crack morphology were then examined by scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS). The result showed that, after being subjected to the combination
treatment of T6+CT+LSP, the optimal mechanical properties and thermal fatigue performance were obtained for
the ZCuAl,,Fe;Mn, alloy with the tensile strength, hardness, and elongation of 720 MPa, 300.16 HB, and 16%,
respectively, and the thermal fatigue life could reach 7,100 cycles when the crack length was 0.1 mm. Moreover,
the ZCuAl,,Fe;Mn, after combination treatment shows high resistance to oxidation, good adhesion between the
matrix and grain boundaries, and dramatically reduced growth rate of crack. During thermal fatigue testing, under
the combined action of thermal and alternating stresses, the microstructure around the sample notch oxidized
and became loose and porous, which then converted to micro-cracks. Fatigue crack expanded along the grain
boundary in the early stage. In the later stage, under the cyclic stress accumulation, the oxidized microstructure
separated from the matrix, and the fatigue crack expanded in both intergranular and transgranular ways. The
main crack was thick, and the path was meandering.

Ke_y words: ZCuAl,,Fe;Mn, alloy; laser shock processing; T6 treatment; cryogenic treatment; microstructure;
thermal fatigue; crack initiation and propagation
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11 Ill[‘Od uction variable temperature condition. The improvement of
thermal fatigue performance by conventional solution
Copper alloys have excellent mechanical properties, high and aging heat treatment (T6) is insufficient to meet the
electrical and thermal conductivity, good resistance to increasing demands of industrial development ',
wear and corrosion, and a high recycling rate. Certain Some new methods have been developed to improve
parts made from copper alloys are extensively used in the performance of copper alloys under extreme
automobile, aircraft, and ship-building industries. But, conditions. Laser shock processing (LSP) is a highly
their thermal fatigue performance needs to be improved efficient surface treatment technique which uses
for extending the application fields of the copper alloys shockwaves to produce high-amplitude residual
to extreme conditions such as high temperature or compressive stress on the material surface. Compared

with conventional machining, LSP can generate an
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effective depth on the metal's surface that is many times
larger than that using shock peen, therefore considerably

casting, toughening and strengthening, as well as surface laser processing of improving its fatigue life. Nevertheless, under high
metals. temperature or variable temperature, a considerable
E-mail: liugl@uijs.edu.cn; amount of LSP-induced residual stress is released,
Received: 2020-09-30; Accepted: 2021-01-18 which greatly reduces the strengthening effect. It has
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also been found that the high strain rate plastic deformation
formed by LSP shockwave can realize the nanocrystallization of
the metal surface and improve the comprehensive properties of
materials at high temperature **.

Studies on cryogenic treatment (CT) began in the United
States in the 1950s, and then CT was originally used for
improving the mechanical properties of steels ', In the
last few years, the strengthening effect of CT on Cu alloys has
been of wide concern. It has been pointed out that cryogenic
treatment is beneficial to induce phase transformation in the
Cu alloy ™. This is similar to the transformation of retained
austenite to martensite after the cryogenic treatment of steel.
CT can promote the precipitation of the second phase that is
dispersed across the matrix and refine the grains '*. Although
both LSP and CT can improve the mechanical properties of
copper alloys, their effects on thermal fatigue properties are
unclear. In particular, a systematic study on the strengthening
mechanism of copper alloys using a combined process,
including heat treatment (T6), CT and LSP, is still lacking;
therefore, additional studies are required .

In this study, five states of ZCuAl, Fe;Mn, alloy samples: as-
cast, T6-treated, CT-treated, LSP-treated, and T6+CT+LSP-
treated, were prepared. The influences of different techniques
on the microstructure and thermal fatigue performance of alloys
were compared and their strengthening mechanisms were
analyzed to develop the fundamental theory for expanding the
application of copper alloys.

2 Experimental methods

Commercial ZCuAl,,Fe;Mn, alloy was used, and its chemical
composition is listed in Table 1. The sample preparation
process of the five states is shown in Table 2. The experimental
samples were processed by wire cutting. CT was performed in
liquid nitrogen for 2 h followed by air-cooling, while LSP was
performed using a Thales lamp pumped high-energy solid-state
laser (GAIA-1064), with a K9 glass overlay (tamping layer)
and aluminum foil with a thickness of 0.3 mm as the ablative
layer. The process parameters are shown in Table 2. Figure 1
shows the dimensions of the samples used in the tensile testing
and thermal fatigue testing. The thickness of the thermal fatigue
sample is 5 mm. The pre-made notch on the sample is to form
stress concentration and make cracks preferentially grow on
this site. The oblique line areas in Figs. 1(a) and (b) are LSP-
strengthening zones. The laser shock processing path is shown
in Fig. 1(c).

Thermal fatigue testing was carried out on the LRS1200
thermal fatigue testing machine. Samples for testing were
mechanical polished and subsequently observed under an
optical microscope (OM), and the samples without defects
such as cracks and pores in the notch area were selected
for the thermal fatigue testing. The sample was put into the
thermal fatigue testing machine and heated at a heating rate
of 5 °C-min”'. When the temperature reached 450 °C, the
sample was held for 120 s, then cooled with circulating cooling

Table 1: Chemical composition of ZCuAl,,Fe;Mn, alloy (wt.%)

Impurity

9.89 3.06 1.78 0.46 <0.1

<0.1 <0.01 <0.03 <0.75 Bal.

Table 2: Preparation process of five state samples

Sample number Sample state

1 As-cast

2 CT

3 T6

4 LSP

) T6+CT+ LSP
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Process

Immerse the sample in liquid nitrogen for 2 h,
air-cooling

Solution treatment: 950+5 °C, 1 h, water-cooling
Aging treatment: 350£5 °C, 1 h, water-cooling
Spot diameter: 3 mm
Pulse energy: 4 J
Overlap ratio: 50%

Wavelength: 1,064 nm

Frequency: 1 Hz
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Fig. 1: Schematic diagram of tensile testing sample (a), thermal fatigue testing sample (b), and laser shock

processing path (c) (unit: mm)

water for 10 s, repeating the process for 1,000 cycles. Then,
the sample was removed from the testing machine and its
microstructure as well as thermal fatigue crack initiation and
propagation were examined using a Hitachi S-3400 scanning
electron microscope (SEM).

3 Results and discussion

3.1 Microstructure

Figure 2 shows the microstructure of five samples. Figure 3
shows the energy-dispersive X-ray spectroscopy (EDS) spectra
of four phases indicated by the red circle in Fig. 2(a). The as-
cast sample is primarily composed of the primary o phase,
B-Cu,Al phase, (aty,)-Cu,Al, eutectoid, and the dispersed tiny,
spherical, or quincunx iron-rich k-AlFe phase, as shown in
Fig. 2(a) and Fig. 3. For the as-cast sample, the microstructure
is dominated by coarse a solid solution which is unevenly
distributed. After being subjected to CT, a certain number of
o+y, phase and k phase precipitate along the grain boundaries
[Fig. 2(b)]. Figure 2(c) shows that most of the second phases
such as a+y, phase and k phase are dissolved into in the matrix
after T6. Compared to the microstructure of the as-cast sample

and CT-treated sample, a phase is more regular and the  phase
increases in number and gathers together in the sample treated
by T6. Figure 2(d) shows the sample's surface microstructure
after being subjected to LSP, and the inset shows the cross-
sectional microstructure of the impact zone and matrix.
Compared with the matrix, the microstructure of the impact
zone is refined significantly, and a large amount of k phase
precipitates. Furthermore, there is a clear boundary between
the impact zone and the unaffected zone. Figure 2(e) shows
the microstructure of the surface after T6+CT+LSP treatment,
the inset is an image of the cross-sectional microstructure of
the impact zone and matrix. Compared with the LSP-treated
sample, there is no obvious boundary between the impact area
and the non-impact area. Compared with the as-cast sample,
CT-treated sample, T6-treated sample and LSP-treated sample,
a phase in the T6+CT+LSP-treated sample is finer and the
distribution is more uniform.

3.2 Mechanical properties

Figure 4 shows the mechanical properties of five samples.
Note that CT, T6, and LSP treatments improve the strength of
ZCuAl,Fe;Mn, alloy. According to the above microstructure
analysis, the microstructure is mainly a and B phases after

1 OOIu m
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Fig. 2: Microstructure of ZCuAl10Fe;Mn, alloy: (a) as-cast sample; (b) CT-treated sample; (c) T6-treated sample;
(d) LSP-treated sample; (e) T6+CT+LSP-treated sample
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Fig. 3: EDS diagram of as-cast ZCuAl,,Fe;Mn, alloy: (a) a phase; (b) B phase; (c) a+y, phase; (d) k phase
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T6 treatment, and the x and vy, phases are mainly induced by
CT. Both « phase and vy, phase are hard and brittle. They can
play a role of precipitation strengthening but deteriorate the
plasticity of the ZCuAl,,Fe;Mn, alloy. LSP can refine the
microstructure of the impact area significantly, but the impact
area was usually within 1 mm below the shock surface .
Under the experimental conditions, the effective thickness of
refinement is 0.9 mm. If the thickness of the sample is greater
than 2 mm, the effect of LSP on the refinement of microstructure
cannot be achieved completely. Therefore, compared with the
single process such as LSP or T6, the T6 + CT + LSP process
has a better strengthening effect on the ZCuAl,,Fe;Mn, alloy
components with a thickness greater than 2 mm.
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Fig. 4: Mechanical properties of ZCuAl,,Fe;Mn, alloy

3.3 Thermal fatigue property

Figure 5 shows the thermal fatigue-induced crack growth
curves of the five samples. With the increase of cycle number,
except for the CT-treated sample, the thermal fatigue crack
growth rate of ZCuAl,,Fe;Mn, alloy with different treatment
processes slowly increases at first, and then it takes on a
steeper upward slope and finally decreases. At the early stage
(i.e., initiation stage) of the crack growth, the CT-treated
sample shows the worst thermal fatigue performance and the
samples treated by LSP and T6+CT+LSP display the best
thermal fatigue performance. When the number of cycles is
4,000, there is no crack in the LSP-treated sample and the
T6+CT+LSP-treated sample. At the late stage (propagation
stage), the worst thermal fatigue performance is obtained by
the as-cast sample. The crack length of the LSP-treated sample
is shorter, but the crack growth rate is faster which is close
to that of as-cast sample. After T6+CT+LSP treatment, the
crack initiation and propagation are the slowest, so the thermal
fatigue performance is the best.

3.4 Thermal fatigue crack growth behavior

Figure 6 shows the microstructures in the vicinity of the
notch at the crack initiation stage of thermal fatigue for
all five samples. For the as-cast sample [Fig. 6(a)], the
oxidation zone is first formed near the notch when subjected
to both alternating temperature and stress, which causes the
microstructure to become more porous and expedites crack
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Fig. 5: Thermal fatigue crack growth curves of
ZCuAl,,Fe;Mn, alloy

growth. The EDS analysis of the oxidation zone [red box in
Fig. 6(a)] is shown in Fig. 6(f). For the CT-treated [Fig. 6(b)]
and Té6-treated [Fig. 6(c)] samples, although they become more
resistant to oxidation, a considerable amount of brittle phase
precipitates at the grain boundaries. Consequently, the binding
strength between the grain boundaries and the matrix weakens,
the crack begins to grow along the grain boundary, which
leads to the deterioration of plasticity. The microstructure
uniformity of the T6-treated sample is better than that of the
CT-treated sample, and the thermal fatigue crack growth
resistance of the T6-treated sample is better. Therefore, the
CT-treated sample has the fastest crack growth rate at the
initiation stage when the crack length is less than 0.1 mm and
has poor plasticity. After LSP treatment [Fig. 6(d)], compared
with the as-cast sample, the oxidation area at the notch is
smaller. Using an X-350A X-ray stress analyzer with the )
method and a fixed v, the residual stress at the thermal fatigue
specimen surface with notch induced by LSP is 268.5 MPa,
while tensile stress on the surface of as-cast sample is 32 MPa.
Residual stress counteracts the externally applied alternating
stress and oxidation, which is beneficial to improve the
thermal fatigue property. Furthermore, LSP obviously refines
the surface microstructure of the sample [Fig. (2)], and makes
the microstructure more compact, which therefore improves
the thermal fatigue properties of the alloy. After T6+CT+LSP
treatment, the microstructure of the sample is highly compact
with all constituent phases being refined and homogeneously
distributed. Therefore, it improves oxidation resistance and
thermal fatigue performance.

With the accumulation of cyclic stress and further proceed
of oxidation, the microstructure near the notch of each of the
five state samples at the thermal fatigue crack propagation
stage is different from that in the initiation stage, as shown in
Fig. 7. Although the main crack is usually only one, there are
a few microcracks near the notch. The driving force of crack
growth would be effectively dispersed, by the appearance
of microcracks near the notch, as shown in Fig. 7(a). The
above changes are also the reason why the crack growth rate
slows down in the thermal fatigue crack propagation stage.
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Fig. 6: Microstructures near notch in thermal fatigue crack initiation stage: (a) as-cast sample, 4,000 cycles;
(b) CT-treated sample, 4,000 cycles; (c) T6-treated sample, 4,000 cycles; (d) LSP-treated sample, 6,000
cycles; (e) T6+CT+ LSP-treated sample, 6,000 cycles; (f) EDS of red box area in Fig. 6a

When there are more precipitates in the ZCuAl,,Fe;Mn, alloy
microstructure, it leads to the phenomenon that the crystalline
grain and grain boundary phases separate and drop from the
matrix, as shown in Fig. 7(b). This detached phenomenon
predominantly occurs at the grain boundaries or defects, and
new cracks initiate near the detached regions, causing more
second phase to detach. During the process of thermal fatigue,
microstructures drop from the matrix preferentially diverting
the driving force for crack growth and inhibiting the crack
growth ', Therefore, compared with the as-cast sample,
thermal fatigue performance of sample is improved by the CT
treatment. For the T6+CT+ LSP-treated sample [Fig. 7(e)], T6
treatment can improve the mechanical properties of the alloy
by solution and aging at first, then CT treatment can eliminate
the residual stress within the alloy, and LSP treatment can
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reserve the compressive stress ' '”. In a word, at the thermal
fatigue crack propagation stage, the combined process of
T6+CT+LSP significantly improves the thermal fatigue
performance of ZCuAl,,Fe,Mn, alloy.

Thermal fatigue crack growth pattern of as-cast sample
with 12,000 cycles is shown in Fig. 8. During the crack
initiation stage, the thermal fatigue crack mainly propagates
intergranularly, as shown in Fig. §(1). On the one hand,
because of the mismatch in expansion coefficient between the
grain boundaries and a phase, the expansion or shrinking of
either side causes plastic deformations to build up at the grain
boundaries. On the other hand, because grain boundaries have
relatively lesser resistance against plastic deformation "% '),
oxygen easily diffuses into the interior of the alloy under thermal
stress, resulting in the weakening of grain boundary strength .
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Fig. 7: Microstructures near notch of samples in thermal fatigue crack propagation stage: (a) as-cast sample,
10,000 cycles; (b) CT-treated sample, 10,000 cycles; (c) T6-treated sample, 10,000 cycles; (d) LSP-treated
sample, 12,000 cycles; (e) T6+CT+ LSP-treated sample, 12,000 cycles

Due to the principle of minimum energy consumption, cracks
grow naturally and preferentially at the grain boundaries.
Therefore, the Cu alloy with excellent grain boundary strength
and resistance to high temperature oxidation is desirable at the
crack initiation stage. During the crack propagation stage, as
shown in Fig. 8(2), the cumulative plastic deformation damage
exceeds the yield strength of ZCuAl,,Fe;Mn, alloy, the crack
naturally tends to intergranular and transgranular propagation.
In conclusion, the Cu alloy with good yield strength property
is desirable at the crack propagation stage.

4 Conclusions

Fig. 8: Thermal fatigue crack growth pattern of as-cast (1) The as-cast ZCuAl,,Fe;Mn, alloy is mainly composed
sample with 12,000 cycles of primary o phase, B-Cu,Al phase, (a+y,)-CuyAl, phase, and
k-AlFe phase. After CT treatment, a large number of brittle
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v, and x phases precipitate at the grain boundary. After T6
treatment, o phase is refined with a more regularized shape, the
number of brittle B phase increases. After LSP treatment, the
refinement effect considerably increases with a considerable
amount of k phase precipitating out. After T6+CT+LSP
treatment, the grain size of the alloy is the smallest, the
roundness of o phase is the best, and the distribution of grain
boundary phase is the most uniform in the matrix.

(2) The combined treatment of T6+CT+LSP can significantly
improve the thermal fatigue performance of the ZCuAl, Fe;Mn,
alloy. If the component does not require high thermal fatigue
performance, LSP is preferred for thin-walled components,
and T6 is considered quite suitable for thick-walled ones.

(3) LSP can refine microstructure and generate pre-
induced compressive stresses in the alloy and improve the
microstructural compactness and oxidation resistance, which is
beneficial to the thermal fatigue performance of the alloy.

(4) At the crack initiation stage, thermal fatigue cracks
primarily propagate along the grain boundaries. At the late
stage of crack growth, the cracks tend to intergranular and
transgranular propagation.
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