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ABSTRACT

The lead frame C19400 strips are warped during the etching process due to
the presence of the residual stress. Therefore, it is essential to eliminate the residual
stress of the C19400 strips. The microstructure, residual stress, and mechanical
properties of the C19400 alloy were studied after different stress relieving annealing.
After annealing at 300 °C for 5 minutes, the microhardness of the alloy increased to
148.6 HV, and the residual stress decreased from 125.9 MPa (RD) and 137.1 MPa (TD)
to 13.2 MPa (RD) and 16.5 MPa (TD), with a decrease rate of 89.5% (RD) and 87.9%

(TD). Residual stress is mainly released through thermal activation during the low-



temperature recovery process. Furthermore, as the temperature increases, the a-Fe
precipitates grow from 31 nm at 300 °C to 82 nm at 500 °C. Following annealing at
500 °C, the alloy undergoes recrystallization, resulting in a rapid decrease in mechanical
properties and still high residual stress. This trend is considered to be due to the uneven
distributions of the grain size and orientation caused by high temperature, further
leading to plastic mismatch.
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Introduction

Semiconductor integrated circuits [1, 2] are the core devices of electronic
products, and the development of their industrial technology directly affects the level
of the power industry. As an important component of integrated circuits, the lead frame
[3] serves to connect the circuit with the chip. It not only transmits the information of
chip, but more importantly, dissipates the heat generated by the circuit. The lead frame
material needs to meet certain conditions [4-7], such as high strength, high conductivity
and thermal conductivity. Among many materials, copper alloys [8-10] are known for
their superior thermal and electrical conductivity. And through appropriate plastic
deformation processes such as rolling [11, 12], equal channel angular pressing [13, 14]
and high pressure torsion [15, 16], the tensile strength of copper alloys can be greatly
improved. Therefore, at present, the lead frame material is mainly copper alloy,
especially Cu-Fe-P alloy [17, 18]. Because the Cu-Fe-P alloy not only possesses the
excellent properties mentioned above, but also has a lower cost. As the most
representative Cu-Fe-P alloy, C19400 alloy was developed earliest and is currently the
most commonly utilized [19].

When preparing lead frame materials, the C19400 alloy usually undergoes
multiple processes including rolling, aging annealing and etching [4]. During the plastic
deformation process of the strip, uneven plastic deformation occurs inside the strip due
to factors, such as friction between rollers and strips, roller pressure, and roller speed,
resulting in residual stress inside the strip [20, 21]. The presence of residual stress can

cause surface warping behavior of the C19400 alloy during the etching process of the



finished product. Eventually, the C19400 alloy strip will fail and become unusable.
Therefore, it is urgent to find a suitable method to eliminate residual stress inside the
strip material.

The methods for eliminating and adjusting residual stresses are mainly
divided into mechanical action and heat treatment. Mechanical-action methods reduce
residual stresses by causing yield effects in the residual-stress area of the material.
Mechanical methods mainly include hammering [22, 23], vibration aging [24, 25], and
stretch-bending straightening [26]. After being processed by these methods, the residual
stress can be effectively reduced. For example, the residual stress of the C19400 alloy
can be reduced by about 86% through selecting appropriate tension and straightening
parameters [27]. However, due to the need for more precise equipment, the cost of using
mechanical methods to eliminate residual stresses is relatively high. Secondly, the
mechanical method inevitably reduces the dimensional accuracy of copper strips and
reduces the surface flatness of copper strips during the process of eliminating residual
stresses. Therefore, mechanical techniques have not been widely used in eliminating
residual stresses of copper strips. Then, in addition to mechanical methods, heat
treatment is often utilized to eliminate residual stresses of various materials. For
instance, it was found that the residual stress of the TC4 alloy produced by laser additive
manufacturing decreased after the heat treatment. And the temperature and cooling rate
are the main factors affecting the residual stress [28]. Furthermore, relevant literature

has reported the effect of heat treatment on residual stresses of Al1-6061 rods [29]. These



results indicate that heat treatment reduces residual stresses of AI-6061 rods and creates
a symmetrical balance between compressive and tensile stresses. In the study of the
effect of heat treatment on residual stresses in SiCp/Al-Cu-Mg materials [30], it was
found that the effect of heat treatment temperature on residual stresses is much more
important than other factors. The increasement of the heat-treatment temperature will
make residual stresses decrease. Thus, it can be seen that using heat-treatment methods
to reduce materials’ residual stresses is feasible. However, it is worth noting that there
are few reports studying the effect of heat treatment on residual stresses in the C19400
alloy. The effect of stress-relieving annealing on the C19400 alloy is not quite clear.
The mechanism of the residual-stress release is also unknown. Therefore, it is necessary
to conduct research on stress-relieving annealing of the C19400 alloy.

In this study, a high-precision nanoindentation technology was used to
evaluate the residual stress of the C19400 alloy. The dislocation distribution,
precipitates’ size and volume fraction inside the alloy after stress-relieving annealing
were further characterized. More importantly, this study provides a more suitable stress-
relieving annealing process by studying the evolution of the microstructure, residual
stress, and microhardness of the alloy. Finally, the residual stress-release mechanism

was discussed in detail from the perspective of dislocations and precipitates.



Experimental procedures

The initial state of the commercial C19400 alloy is hot rolled, provided by
the Taiyuan Jinxi Chunlei Copper Company Limited. The specific chemical
composition of the C19400 alloy contained 2.13 weight percent (wt.%) iron, 0.026 wt.%
phosphorus and balance copper. Copper alloys with the same chemical composition can
be found in our previous work [31]. Firstly, the hot-rolled plate with a thickness of 8
mm is cold rolled at room temperature to a thickness of 0.8 mm (90% deformation rate),
with each reduction of 0.3 mm. To ensure the uniformity of the rolling process, after
each pass of rolling is completed, the alloy plate is flipped 180 ° before proceeding to
the next pass of rolling. Then, the 0.8 mm thickness strip was annealed at 200 °C, 300 °C,
400 °C, and 500 °C for 5 minutes, 60 minutes, 300 minutes and 480 minutes,
respectively, and subsequently cooled in air to room temperature.

The residual stress of the copper strip was tested by the Hysitron TI Premier
Nanoindenter (Bruker, Minneapolis, MN, USA) with a Berkovich diamond pyramid tip
at room temperature. The maximum load is 10 mN, the load holding time is 2 s, and
the loading rate is 2 mN/s. These indentation experiments with an array of 2 X 3 grid
indents were carried out on each specimen and the interval between two points was 20
pum. For standardization, residual-stress values are presented in absolute values. Phase
characterization and dislocation density were analyzed by X-ray diffraction (XRD)
using a PANalytical diffractometer with Cu-Ka radiation. The microstructures were

performed by Phenom XL scanning electron microscopy (SEM). The precipitates’



distribution and dislocation configuration were characterized by JEOL F200
transmission electron microscope (TEM) with a maximum acceleration voltage of 200
kV. TEM thin foils were prepared by twin jet polishing (Tenupol-5, Struers) in a 75%
methanol + 25% nitric acid solution at 10 V and - 30 °C. The precipitates’ sizes were
counted by the Image-Pro Plus 6.0 software. Microhardness measurements were
conducted on an MH-600 digital microhardness tester with a load of 200 g for 15 s. For

each sample, 5 points were measured , and the results were averaged.

Results

Mechanical properties

Figure 1 exhibits the microhardness curves of the C19400 alloy with a
deformation of 90% and after annealing under different processes. The specific
microhardness values are displayed in Table 1. From Figure 1 and Table 1, it can be
seen that the alloy has a microhardness of 143.4 HV after undergoing 90% cold-rolling
deformation. Then, the alloy deformed to 90% is annealed at 200 °C. It can be observed
that as the annealing time increases, the microhardness of the alloy will gradually
decrease. After annealing at 200 °C for 480 minutes, the microhardness of the alloy
decreased from 143.4 HV to 139.4 HV. Subsequently, the alloy with a deformation of
90% was annealed at 300 °C. It can be observed that when the alloy is annealed at
300 °C, the microhardness of the alloy does not show a gradual decrease trend with the
extension of the annealing time. After annealing at 300 °C for 5 minutes, the

microhardness of the alloy increased from 143.4 HV to 148.6 HV. Then, as time



increases, the microhardness gradually decreases. After annealing at 300 °C for 480
minutes, the microhardness of the alloy decreased to 137.8 HV. When annealing the
90%-deformed alloy at 400 °C, the trend of the microhardness change of the alloy is
consistent with that at 300 °C. As the annealing time increases, the microhardness of
the alloy first increases at 5 minutes, and then gradually decreases with the extension
of time. Unlike annealing at 300 °C, the microhardness of the alloy annealed at 400 °C
for 480 minutes is 129.9 HV, which decreases more than that of annealing at 300 °C for
480 minutes. This result shows that the higher the annealing temperature, the more
significant the decrease in microhardness. Similar results have been found in other
reports [32-34]. It is worth noting that a significant change occurs when the alloy with
a deformation rate of 90% is annealed at 500 °C. When annealed at 500 °C for 5 minutes,
the microhardness of the alloy decreased from 143.4 HV to 140.6 HV. However, when
prolonged at 500 °C, the microhardness of the alloy will significantly decrease. After
annealing at 500 °C for 60 minutes, the microhardness of the alloy decreased from 143.4
HV to 97.6 HV, with a decrease rate of up to 32.2%. Then, as time continued to increase,
the microhardness of the alloy gradually decreased and remained at 95.1 HV after
annealing for 480 minutes. The decrease rates of microhardness of the alloy with a
deformation rate of 90% after annealing at 200 °C, 300 °C, 400 °C, and 500 °C for 480
minutes are 2.8%, 3.9%, 9.4% and 33.7%, respectively. It can be concluded that
annealing at 200 °C and 300 °C has little effect on the microhardness of the alloy, while

annealing at 500 °C can significantly reduce the microhardness of the alloy.



Residual stress after annealing

The elastic work model [35] using the nanoindentation technology is utilized

to calculate the residual stress of the C19400 alloy after different annealing processes.

The elastic-work model can be expressed by the following equation:

when the indenter of nanoindentation performs work:

hmax hmax m hmax'h m+1 Pmax
We = [ P(h) dh= [ a(h-hy)  dh="Cm— — Jos (- py (1)

m+1

when there is the compressive stress in alloys,
We = We’ = (PaxtOresAcSina-Poa) (Amax-fr)
when there is a tensile stress in alloys,
We = W = (Poax = OresAcPmax) (hmax~ 1)
substituting Equation (1) into Equations (2) and (3):

the compressive stress:

Pr%ax(hmax'hf) _ Pr%ax(hmax'bf) _ : _
( (me+1) (my+1) ) - (O-resAcSHla)(hmax hf)

the tensile stress:

Pr(r)lax(hmax'hf) _ Pr%ax(hmax'hf) _
( (mo+1) (m,+1) ) - (O-resAc)(hmax'bf)

simplifying Equations (4) and (5) as follows:
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where W, represents the work done by the indenter of the nanoindentation. /.y 1S
the maximum contact depth obtained from nanoindentation testing. /¢ is the final
indentation depth on the alloy surface after the completion of the nanoindentation test.
A. 1is the contact area between the indenter and C19400 alloy. P is the load of
nanoindentation. The fixed load, Py %, used in this study is 10 mN. The superscripts
“0”, “c” and “t” are the stress free, compressive and tensile stresses, respectively. m is
the power-law exponent of the unloading curve, and the subscripts “0” and “1”
represent the stress free and stressed????, respectively. a is the angle of the indenter,
which is a constant of 24.7°. ¢, is the residual stress of the C19400 alloy.

The residual-stress distribution of the C19400 alloy after annealing with
different processes is shown in Figure 2. The residual stress was tested separately in the
rolling direction (RD) and transverse direction (TD) of each sample. The specific
residual-stress values are listed in Table 2. As displayed in Figure 2 and Table 2, all
samples exhibit compressive stresses. The residual stresses of RD and TD after 90%
rolling deformation of the sample are 125.9 MPa and 137.1 MPa, respectively. Then,
the specimen with a deformation rate of 90% was annealed at 200 °C. As the annealing
time increased, the residual stress gradually increased, reaching the maximum values
of 253.5 MPa (RD) and 261.9 MPa (TD) at 300 minutes. Then, when the annealing
time increases to 480 minutes, the residual stress decreases to 211.2 MPa (RD) and
229.9 MPa (TD), as displayed in Figure 2(a). It is worth noting that after annealing at

200 °C, the residual stress of the alloy did not decrease but instead increased.
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Furthermore, there is a slight difference in the residual stress between the rolling
direction (RD) and transverse direction (TD). Similar phenomena have been found in
other reports [36, 37]. Next, the 90%-deformed alloy was annealed at 300 °C for
different times, seen in Figure 2(b). It was found that when annealed at 300 °C for 5
minutes, there was a significant decrease in the residual stress in both the rolling
direction and transverse direction of the alloy. After annealing for 5 minutes, the
residual stress decreased from 125.9 MPa (RD) and 137.1 MPa (TD) to 13.2 MPa (RD)
and 16.5 MPa (TD), with a decrease rate of 89.5% (RD) and 87.9% (TD), respectively.
However, when the annealing time increased to 60 minutes, the residual stress increased
to 191.3 MPa (RD) and 189.6 MPa (TD), even higher than the alloy with a rolling
deformation rate of 90%. As the annealing time continues to increase, the residual stress
of the alloy gradually decreases. And at 480 minutes, the residual stress of the alloy
decreased to the minimum values of 9.9 MPa (RD) and 12.3 MPa (TD). Compared with
annealing at 200 °C, the residual stress after annealing at 300 °C is generally lower.
Figure 2(c) depicts the residual-stress distribution of the alloy after annealing at 400 °C
for different time. It can be seen that the trend of the residual-stress change after
annealing at 400 °C is consistent with that at 200 °C. As the annealing time prolongs,
the residual stress of the alloy first increases and then decreases. The maximum residual
stress after annealing at 400 °C occurs at an annealing time of 60 minutes, with
maximum values of 235.8 MPa (RD) and 228.3 MPa (TD). Then, after annealing at

400 °C for 300 minutes, the residual stress decreased significantly. After annealing for
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300 minutes, the residual stress decreased to 32.3 MPa (RD) and 20.8 MPa (TD).
Compared with annealing for 60 minutes, the residual-stress reduction rates of
annealing for 300 minutes are 86.3% and 90.8%, respectively. As the annealing time
increases to 480 minutes, the residual stress values stabilize at 22.6 MPa (RD) and 25.1
MPa (TD). Compared with alloys with a deformation rate of 90%, the residual stress
reduction rates reached 82.1% and 81.7% after annealing at 400 °C for 480 minutes.
Finally, the residual stress after annealing at 500 °C is exhibited in Figure 2(d). After
annealing at 500 °C, the evolution of the residual stress is similar to that at 300 °C. The
residual stress shows a trend of first decreasing, then increasing and then gradually
decreasing. After annealing at 500 °C for 60 minutes, the residual stress of the alloy
reached its maximum values of 145.8 MPa (RD) and 168.2 MPa (TD). And the stress
value is still higher than that of alloys with a deformation rate of 90%. Further
observation revealed that after annealing at 500 °C for 5 minutes, the residual stress
reached the lowest values of 72.5 MPa (RD) and 66.1 MPa (TD). Compared to the alloy
with a deformation rate of 90%, the residual-stress reduction rates were 42.4% and
51.8%. However, it is worth noting that after annealing at 500 °C, the residual-stress
value is generally higher. This result does not seem to show the characteristic that the
higher the temperature, the lower the residual stress. This trend will be discussed in

detail below.

Microstructure of C19400 alloy
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Figures S1(a) and (b) demonstrate SEM images of the hot-rolled and 90%-
deformed samples, respectively. From Figure S1(a), it can be seen that the grains of the
hot-rolled sample are characterized by being parallel to the rolling direction. Due to the
high-temperature during the hot-rolling process, the alloy undergoes recrystallization.
According to statistics, the grain size of the hot-rolled samples is approximately 24.7
um. However, after 90%-cold-rolling deformation, the grains of the alloy are almost
crushed, and dense grain boundaries are observed distributed along the rolling direction,
as indicated in Figure S1(b). Similar results have been reported in relevant literatures
[38-40].

Subsequently, the effect of different annealing processes on the
microstructure of the C19400 alloy was studied. Figure S2 reveals the SEM images of
the alloy with a deformation rate of 90% annealed at 200 °C. As shown in Figure S2(a),
after annealing at 200 °C for 5 minutes, the interior of the alloy is mainly composed of
block shaped recovery grains. The grain boundaries are still relatively dense and mainly
propagate parallel to the rolling direction. It is worth noting that after annealing at 200 °C
for 5 minutes, no recrystallized grains were observed. Further observation revealed the
presence of some precipitates inside the alloy, mainly composed of Fe3P particles. This
trend has been confirmed in our previous work, and specific details can be found in our
previous study [31]. Then, as the annealing time increased to 60 minutes, 300 minutes,
and 480 minutes, there was no significant change in the microstructure of the alloy, as

seen in Figures S2(b), (¢), and (d). The difference is that as the annealing time increases,

13



the block grains inside the alloy tend to become larger, but there is still no
recrystallization phenomenon, even after annealing at 200 °C for 480 minutes.

Figure 3 indicates the SEM image of the 90%-deformed alloy after annealing
at 300 °C. From Figures 3(a)-(d), it can be exhibited that the alloy did not undergo
recrystallization after annealing at 300 °C for different times. The microstructure is
mainly composed of restored grains. After annealing at 300 °C for 300 minutes, it can
be observed that the blocky grains of the alloy seem to become more obvious, and the
grain boundaries gradually appear. It is worth noting that most grains undergo a
recovery process mainly along the rolling direction.

The SEM image annealed at 400 °C is exhibited in Figure S3. Unlike 200 °C
and 300 °C, after annealing at 400 °C, the alloy has more blocky grains and gradually
grows. Especially after annealing at 400 °C for 300 minutes, the grain boundaries of
the alloy not only become obvious, but also the grains gradually appear, as seen in
Figure S3(c). This feature indicates that the effect of temperature on the microstructure
of the alloy is gradually manifested.

Then, the alloy was annealed at 500 °C, as displayed in Figure S4. After
annealing at 500 °C for 5 minutes, the interior of the alloy is mainly composed of block-
like restored grains. Then, some small spherical grains were observed, even though their
proportion was very small. This small spherical grain was not observed at 200-400 °C.
Interestingly, after annealing at 500 °C for 60 minutes, the grains of the alloy underwent

significant changes. The recovered grains in the alloy gradually disappear, and the
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recrystallized grains become the main part. This feature indicates that 500 °C has
reached the recrystallization temperature of the C19400 alloy. As the annealing time
continues to increase, the recrystallized grains of the alloy gradually increase, and at
480 minutes, almost no recovered grains can be seen inside the alloy.

In summary, when annealing the C19400 alloy with 90%-rolling deformation
at 200 - 400 °C, the alloy mainly consists of restored grains, and no recrystallized grains
appear. However, after annealing at 500 °C for 60 minutes, the alloy exhibited
significant recrystallization grains, and the recrystallization phenomenon became more

pronounced with the increase of the annealing time.

Discussion

Stress-relieving annealing [41-43] usually means reducing the residual stress
of the alloy while ensuring that the mechanical properties of the alloy do not decrease.
It can be clearly seen from Figure 2 that compared to 200 °C, 400 °C, and 500 °C, the
residual stress of the alloy after annealing at 300 °C is lower. Although the residual
stress is relatively low after annealing at 400 °C for 300 minutes and 480 minutes, the
hardness of the alloy decreases after annealing at 400 °C for 300 minutes and 480
minutes. From Figure 1, it can be seen that after annealing at 400 °C for 300 minutes
and 480 minutes, the hardness of the alloy decreased to 136.7 HV and 129.9 HV. More
importantly, the longer the annealing time, the greater the cost involved. Therefore,
annealing at 400 °C for a long time can reduce the residual stress, but it will lead to a

decrease in mechanical properties and an increase in cost.
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However, compared to 400 °C, annealing at 300 °C for 5 minutes can
effectively reduce the residual stress of the alloy. After annealing at 300 °C for 5
minutes, the residual-stress-reduction rate of the alloy is 8§9.5% (RD) and 87.9% (TD),
as shown in Figure 1 and Table 1. Furthermore, after annealing at 300 °C for 5 minutes,
the hardness of the alloy did not decrease, but instead increased to 148.6 HV. This trend
fully satisfies the conditions for stress-relieving annealing. More importantly, annealing
for 5 minutes is a shorter time, and the cost will be greatly reduced. Then, after
annealing at 300 °C for 480 minutes, the residual stress of the alloy also decreased.
Compared to annealing at 400 °C for 480 minutes, the decrease in hardness is not
significant. It is worth noting that the cost of 300 °C is also lower than 400 °C.

In summary, for the C19400 alloy, annealing at 300 °C for 5 minutes and 480
minutes is a more suitable stress-relieving annealing process. Therefore, it is necessary
to conduct deep research on the precipitates and dislocation characteristics after

annealing at 300 °C for 5 minutes and 480 minutes.

Precipitation behavior of the C19400 alloy during annealing

Figure 4 demonstrates the TEM image of the C19400 alloy annealed at 300 °C
for 5 minutes. A large number of dislocations can be observed from Figures 4(a), (b),
and (c). These dislocations tangle and accumulate with each other, forming dislocation
cells. It is observed from Figure 4(a) that there are high dislocation density regions and

low dislocation density regions inside the alloy. As is well known, the formation of
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dislocations usually means that the alloy undergoes plastic deformation. In this study,
the alloy underwent 90% cold-rolling deformation, which is relatively large for copper
alloys with a face-centered-cubic structure [44-46]. Therefore, after 90%-cold-rolling
deformation, there will be a large number of dislocations inside the C19400 alloy.
However, after annealing at 300 °C for 5 minutes, there were still a large number of
dislocations inside the alloy, which may be due to the fact that there was no
recrystallization phenomenon inside the alloy after annealing at 300 °C for 5 minutes,
and the alloy mainly underwent a recovery process. This result corresponds to the SEM
image displayed in Figure 3. Because if the alloy undergoes recrystallization,
dislocations will decrease. Further observation reveals the presence of a -Fe
precipitates within the alloy. In fact, the presence of dislocations is beneficial for the
precipitation of the second phase during the annealing process. Because dislocations
not only provide the nucleation energy, but also offer nucleation sites for the second
phase. From Figures 4(c) and (d), it can be clearly observed that the FesP precipitate
with a size bigger than 500 nm. This characteristic is consistent with previous research
results [31]. Then, high-resolution TEM (HRTEM) characterization was performed at
the interface between the FesP precipitate and the Cu matrix, as seen in Figure 4(e). The
crystal-plane spacing of the FesP precipitate and Cu matrix is 0.16 nm and 0.21 nm,
respectively. The precipitated phase forms a phase interface with the matrix, as seen in
Figure 4(e). The relationship between precipitates and the matrix can be determined by

the mismatch degree of the interface [47-49]. The mismatch degree (&) can be
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expressed as follows:

__ 2(aqg—ap)
T (aatap)’

®)
where a, and ap are the surface spacing between the two parallel interfaces of the
second phase and the matrix, respectively. When & < 0.05, the two phases exhibit a
coherent relationship; When 0.05 <§ < 0.25, the two phases exhibit a semi-coherent
relationship; When & > 0.25, the two phases exhibit a non-coherent relationship. The
mismatch degree between the FesP precipitate and the matrix is calculated to be 0.27.
Therefore, the relationship between the FesP precipitate and the matrix is non-coherent.
It is worth noting that during the transmission-spot analysis of the alloy, the
diffraction spot of the a-Fe precipitate was not observed, as shown in Figure 4(f). This
trend may be caused by two reasons. Firstly, annealing at 300 °C for 5 minutes, due to
the lower temperature and shorter annealing time, the a-Fe can’t precipitate; Secondly,
the precipitates are relatively small and cannot grow up in time, resulting in TEM
equipment being unable to distinguish the a-Fe precipitate. And after annealing at 300 °C
for 5 minutes, there are a large number of dislocations inside the alloy, and a small a-
Fe precipitate is entangled with the dislocations, making it difficult to distinguish them.
The TEM image of the C19400 alloy annealed at 300 °C for 480 minutes is
displayed in Figure 5. After annealing at 300 °C for 480 minutes, the dislocation density
inside the alloy significantly decreased. Some large recovered grains gradually appear,
and grain boundaries are also clearly observed, as displayed in Figures 5(a), (b), and

(c). More importantly, after annealing at 300 °C for 480 minutes, a large number of
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dispersed a-Fe precipitates appeared inside the alloy. The a-Fe precipitates are mainly
distributed at grain boundaries and dislocations. This is because in areas, such as grain
boundaries and dislocations, the energy is higher and can provide a driving force for
the precipitation process. Meanwhile, grain boundaries and dislocations can serve as
channels for atomic diffusion, promoting further precipitation of the second phase.
Similar results have been found in other reports [50, 51]. Through further analysis, it
can be confirmed that after annealing at 300 °C for 480 minutes, the size of the a-Fe
precipitate inside the C19400 alloy is about 31 nm, with a volume fraction of 1.15%,
as seen in Figure S5(a). This dispersed distribution of fine a-Fe precipitates ensures the
mechanical properties of the C19400 alloy, as presented in Figure 1. Even after
annealing at 300 °C for 480 minutes, the decrease in the microhardness of the C19400
alloy i1s not significant. As is well known, the effect of annealing on alloys is
contradictory. On the one hand, the annealing process will produce some small and
dispersed second-phase particles, which will hinder dislocation slip through
interactions with dislocations, thereby improving the mechanical properties of the alloy.
On the other hand, annealing can cause the dislocation rearrangement and annihilation,
resulting in a decrease in the dislocation density and softening of the alloy [52-54]. Next,
high-resolution analysis was conducted at the interface between the a-Fe precipitates
and Cu matrix, as shown in Figures 5(e) and (e1). It can be clearly observed that the
crystal plane spacing of a-Fe precipitates is 0.232 nm. According to Equation (8), the

mismatch degree between the a-Fe and Cu matrix is 0.09. Therefore, there is a semi-
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coherent relationship between the a-Fe and Cu matrix. This conclusion is consistent
with the results reported in other studies [19, 55]. Figure 5(f) indicates the diffraction
patterns of the a-Fe precipitate and Cu matrix. The appearance of diffraction spots
further proves the existence of the a-Fe precipitate.

In summary, after annealing at 300 °C for 5 and 480 minutes, there are
dislocations and precipitates inside the C19400 alloy. As shown in Figures 1 and 2, after
annealing at 300 °C for 5 minutes, the residual stress of the alloy was significantly
reduced, but its hardness was improved. This feature is mainly because after annealing
at 300 °C for 5 minutes, the strengthening effect of the precipitates is greater than the
softening effect of annealing. After 90%-rolling deformation, the internal defects of the
alloy increase sharply, which is conducive to the rapid precipitation of precipitates. And
short-term annealing for 5 minutes is not enough to cause the precipitation phase to
grow. Therefore, after annealing at 300 °C for 5 minutes, it mainly exists as dispersed
and fine a-Fe precipitates, as analyzed earlier. This feature also explains why the a-
Fe precipitate was not detected in Figure 4, but the alloy hardness still exhibits a
precipitation-strengthening effect. Because in fact, after annealing at 300 °C for 5
minutes, the small a-Fe precipitates are covered by dense dislocations, making it
difficult to detect. However, the precipitated phase of the a-Fe actually exists. Then,
even annealing at 300 °C for 480 minutes can reduce the residual stress of the C19400
alloy, but after annealing for 480 minutes, the hardness of the alloy decreases, even if

the decrease is not significant. This trend indicates that after annealing at 300 °C for
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480 minutes, the softening effect of annealing is greater than the precipitation-
hardening effect. Moreover, annealing for 480 minutes requires more time and cost
compared to 5 minutes. Therefore, annealing at 300 °C for 5 minutes is a more suitable
stress-relieving annealing process.

As exhibited in Figures 2 and  S4, the C19400 alloy undergoes
recrystallization after annealing at 500 °C. However, the residual-stress value after
annealing at 500 °C is relatively high. Therefore, in order to explore this reason, further
research was conducted on alloys annealed at 500 °C for 480 minutes.

Figure 6 reveals the TEM image of the C19400 alloy annealed at 500 °C for
480 minutes. It can be observed that even after annealing at 500 °C for 480 minutes,
there are still dislocations inside the alloy. And a-Fe precipitates are distributed around
the dislocations. From Figure 6(a), annealing twins can be observed with twin spacing
of 600 and 667 nm. It is worth noting that annealing twins did not appear after annealing
at 300 °C. By detecting the a-Fe precipitates, it can be observed that after annealing at
500 °C for 480 minutes, the a-Fe precipitates in the C19400 alloy grew to 82 nm, and
the volume fraction decreased to 0.95%, as seen in Figure S5(b). This feature indicates
that when the annealing temperature is increased from 300 °C to 500 °C, small a-Fe
precipitates aggregate and rapidly grow, leading to a decrease in volume fraction. This
process further led to a sharp decrease in the microhardness of the C19400 alloy after
annealing at 500 °C for 480 minutes. According to the Orowan-strengthening

mechanism [56-58], the finer and more dispersed the precipitates, the more favorable
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the increase in mechanical properties. Therefore, from Figures S4 and 6, it can be seen
that the decrease in the microhardness of the C19400 alloy after annealing at 500 °C for
480 minutes is mainly due to the recrystallization behavior and the growth of
precipitates. However, it is worth noting that even if recrystallization occurs at 500 °C,
the residual stress of the alloy remains high. It is generally believed that as the
temperature increases, the residual stress will decrease [59]. However, annealing at 500 °C
revealed the opposite results. Some studies [60-62] suggest that the residual stress is
related to the grain orientation and grain-size distribution. The presence of large-angle
grain boundaries and twin boundaries can lead to thermal and plastic mismatches with
surrounding grains, leading to the generation of the residual stress. In addition, there
are relevant literatures [63, 64] reporting that the release of the residual stress is mainly
through the recovery process, rather than through the recrystallization behavior. Indeed,
the C19400 alloy exhibited significant recrystallization behavior after annealing at
500 °C, and obvious annealing twins can be observed from Figure 6(a). The above
phenomena were not observed during annealing at 200 - 400 °C. That is to say, after
high-temperature annealing at 500 °C, the grains inside the alloy transform from low-
angle deformed grains to large-angle recrystallized grains, accompanied by the
appearance of large-angle annealing twins. However, it is worth noting that after
annealing at 500 °C, the alloy did not undergo complete recrystallization. This feature
also means that after annealing at 500 °C, the interior of the alloy is mainly composed

of recrystallized grains, accompanied by a small amount of un-recrystallized grains. As

22



mentioned in the literature [60], there are thermal and plastic matching differences
between these large-angle grains and the surrounding un-recrystallized grains.
Therefore, both deformation and annealing processes can lead to the occurrence of the
residual stress. More interestingly, through further observations, it was found that the
residual stress after annealing at 500 °C for 5 minutes was smaller than that after
annealing for 60 - 480 minutes. From Figure S4, it can be seen that after annealing at
500 °C for 5 minutes, the interior of the alloy is mainly composed of block-like
recovered grains, and the recrystallized grains are almost invisible. This phenomenon
is consistent with what is shown in Reference [63]. These results fully demonstrate that
the release of the residual stress is mainly carried out through recovery rather than
recrystallization. As is well known, the residual stress is an elastic distortion within an
alloy. Therefore, the residual stress is mainly released through the thermal activation of
dislocations. Although recrystallization at 500 °C can also reduce the dislocation
density, incomplete recrystallization leads to an uneven grain-size distribution, which
leads to the plastic mismatch and has a malignant effect. Moreover, from Figure 6, it
can be seen that after annealing at 500 °C for 480 minutes, the a-Fe precipitates rapidly
grow. As can be seen from the previous analysis, there is a semi-coherent relationship
between the a-Fe precipitate and Cu matrix. Hence, there is already a certain degree of
elastic distortion between the two. After the coarsening of the a-Fe, the elastic
distortion between the a-Fe and Cu matrix may be greater, thereby increasing the

residual stress of the C19400 alloy.
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Dislocation evolution and residual-stress relaxation mechanism of the C19400 alloy
after annealing

The evolution of the dislocation density is crucial for the residual stress. From
the above discussion, it can be seen that the residual stress of the alloy after annealing
at 300 °C is generally lower. Therefore, the dislocation density of the C19400 alloy
annealed at 300 °C was quantitatively calculated, using the XRD technology. The
calculation of the dislocation density can be simplified as follows [65]:

p =16.1 x £2/b? )
where ¢ is the alloy’s lattice strain, b is the Burger vector of the copper alloy,
approximately 0.256 nm. The lattice strain (&) of the alloy can be obtained by fitting
following equation [66, 67]:

FW - cos@ = 4¢ - sinf + KA/D (10)
where FW is the XRD peak broadening, and 6 is the Bragg angle of the peak. K is
a constant, approximately 1, 4 =0.15 nm is the wavelength of the Cu-Ka radiation,
and D represents the grain size.

Figure 7(a) indicates the XRD patterns of the C19400 alloy annealed at 300 °C
for different times. It can be seen that after annealing at 300 °C for different times, the
alloy mainly presents FCC and BCC phases. The FCC is the Cu matrix, while the BCC
is the a-Fe precipitate. What’s more, it can be inferred from the changes in the

diffraction-peak intensity that there is a texture transformation inside the alloy after
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annealing at different times, which was discussed in detail in our previous work [31].
Figure 7(b) gives the dislocation density of the alloy annealed at 300 °C for different
times, and the specific values are listed in Table 3. After annealing at 300 °C for 0
minutes, the dislocation density of the alloy was 8.68 x 10'*m™2. Then, with the
increase of the annealing time, the dislocation density of the alloy indicated a gradually
decreasing trend. After annealing at 300 °C for 480 minutes, the dislocation density of
the alloy reached its lowest value of 5.53 x 10¥m~2. Compared to annealing for 0
minutes, the decrease rate of the dislocation density after annealing for 480 minutes
was 36.3%. It is worth noting that during the entire annealing process, the dislocation
density of the alloy did not change by an order of magnitude. To some extent, it proves
that after annealing at 300 °C, the alloy mainly undergoes a recovery process. This
result is consistent with the discussion above. That is to say, for the C19400 alloy, the
recovery process 1s more conducive to the reduction of the residual stress in the alloy.
It 1s worth mentioning that although the alloy is mainly composed of a
restored structure after annealing at 200 °C and 400 °C, their residual stress is still
relatively high. This is mainly because when the alloy is annealed at 200 °C, the
recovery effect inside the alloy is not as significant as at 300 °C due to the lower
temperature. Then, when annealed at a low temperature of 200 °C, the heating rate of
the alloy itself is slower. After holding at 200 °C for a certain period of time, the alloy
core and surface cannot reach the same temperature at the same time. This temperature

difference between inside and outside can easily lead to non-uniformity in the
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microstructure, which ultimately manifests as residual stresses.

However, the annealing of the C19400 alloy at 400 °C is completely opposite
to that at 200 °C. When annealed at 400 °C, due to the higher temperature, the core and
surface of the alloy will quickly reach the same temperature, especially for longer
periods of time. Therefore, at the 400 °C insulation, a relatively uniform recovery
process occurs inside the alloy. More importantly, during the cooling process of the
alloy, due to its high temperature, the cooling rate of the alloy will also be faster,
compared to 200 °C to ensure that it can quickly maintain consistency with room
temperature. Therefore, during the cooling process, the cooling rate inside the alloy and
the core is not consistent. Usually, the cooling rate of the alloy surface is greater than
that of the core. Finally, due to the inconsistent cooling rate, a plastic mismatch occurred
inside the alloy, leading to the increase of residual stress.

To sum up, compared to 200°C, 400 °C, and 500 °C, 300 °C is a turning point.
Less than 300 °C will cause the residual stress in the alloy during heating due to
inconsistent heating rates, while greater than 300 °C will cause an increase in the
residual stress during cooling due to differences in cooling rates.

Figure 8 unveils the inverse fast Fourier transform (IFFT) diagrams of the
alloy annealed at 300 °C for 5 minutes, 480 minutes and 500 °C for 480 minutes. It can
be clearly observed that regardless of the annealing temperature, the dislocation is
mainly concentrated between the precipitate phase and the matrix interface. Whether it

is FesP or a-Fe precipitates, dislocations will entangle at their interface with the Cu
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matrix. In this case, the interface will be in a state of high energy, and lattice distortion
will be more pronounced, leading to the generation of the residual stress at the interface.
Similar phenomena have appeared in other reports [68, 69]. On the advantageous side,
the entanglement of precipitates, dislocations, and interfaces can seriously hinder the
slip of dislocations, thereby greatly improving the mechanical properties of the C19400
alloy.

In order to summarize the evolution process of the microstructure, residual
stress, and mechanical properties of the C19400 alloy during annealing, a schematic
diagram is displayed in Figure 9. Firstly, when the C19400 alloy is annealed at 200 °C,
due to the lower annealing temperature, the alloy still maintains the main characteristics
of the rolled alloy. The dislocation density of the alloy is relatively high, and the grain
boundaries are mainly distributed parallel to the rolling direction. Furthermore, both the
small a-Fe and coarse Fe;P were detected. Due to the interaction between dense
precipitates, grain boundaries and dislocations, the residual stress is relatively high. And
annealing did not reduce the residual stress due to the influence of heating rate. Then,
as the temperature increases to 300 °C, the dislocation density of the alloy decreases
and more a-Fe precipitates are generated. These small precipitates have a pinning
effect on dislocations, leading to an improvement in the mechanical properties of the
alloy. Moreover, after annealing at 300 °C, the recovery structure becomes more
uniform, and the residual stress is effectively reduced. As the temperature continues to

increase to 400 °C, the dislocation density of the alloy also decreases significantly, but
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the residual stress does not decrease. This trend is mainly attributed to the plastic
mismatch caused by the cooling rate. Finally, after annealing at 500 °C, the
microstructure of the C19400 alloy underwent significant changes. The alloy is mainly
composed of recrystallized grains. Moreover, the fine a-Fe coarsen due to aggregation,
and the volume fraction also slightly decreases. However, due to the uneven distribution
of grain sizes and differences of grain orientations, the decrease of the residual stress is

not significant.

Conclusions

The microstructure, residual stress, and mechanical properties of the C19400
alloy annealed by different processes were studied. The most suitable stress-relieving
annealing process has been proposed. The evolution of the residual stress of the C19400
alloy after annealing at different temperatures is discussed in detail. The effects of
dislocations and precipitation on the residual stress and mechanical properties have
been revealed. The main conclusions can be summarized as follows:

(1) After annealing at 200°C, 300°C, and 400 °C, the microhardness of the C19400
alloy did not decrease significantly. However, after annealing at 500 °C for 60
minutes, the microhardness of the alloy exhibited a significant decrease. The
microhardness decreased from 143.4 HV after 90%-rolling deformation to 97.6 HV
after annealing. The decrease rate of microhardness is 31.9%. This is mainly

because the alloy undergoes recrystallization after annealing at 500 °C for 60
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minutes.

(2) For the C19400 alloy, annealing at 300 °C for 5 minutes is the optimal stress-
relieving annealing process. Because after annealing at 300 °C for 5 minutes, the
residual stress decreased from 125.9 MPa (RD) and 137.1 MPa (TD) to 13.2 MPa
(RD) and 16.5 MPa (TD), with a decrease rate of 89.5% (RD) and 87.9% (TD),
respectively.

(3) The release of the residual stress is mainly achieved through the recovery
phenomenon occurring during the annealing process. Moreover, the high residual
stress after recrystallization at 500 °C is mainly due to the presence of high-angle
grain boundaries and annealing twins, which can lead to the plastic mismatch of
surrounding grains.

(4) The a-Fe precipitate maintains the semi-coherent relationship with the Cu matrix.
And after annealing at 300 °C for 480 minutes, the size of the a-Fe precipitate is
about 31 nm, with a volume fraction of 1.15%. After annealing at 500 °C for 480
minutes, the a-Fe undergoes coarsening due to aggregation, with a size of
approximately 82 nm and a volume fraction of 0.95%. The coarsening of
precipitates can lead to the increase of the elastic strain, thereby increasing the

residual stress of the C19400 alloy.
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Figure 2. Residual stress in the rolling direction (RD) and transverse direction (TD) of
the C19400 alloy with 90%-cold-rolling deformation after different annealing

temperatures: (a) 200 °C; (b) 300 °C; (c) 400 °C; and (d) 500 °C.
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Figure 4. TEM micrographs of the C19400 alloy with 90%-cold rolling annealed at
300 °C for 5 minutes. (a)-(d) bright fields (BF) of dislocations and precipitates; (e)
HRTEM image of yellow rectangular box in (d); and (f) selected area electron

diffraction (SAED) of position 2 in (d).
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Figure 5. TEM micrographs of the C19400 alloy with 90- cold rolling annealed at 300 °C
for 480 minutes. (a)-(e) BF of dislocations and precipitates; (e1) HRTEM image of a

yellow rectangular box in (e); and (f) SAED of a yellow rectangular box in (e).
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Figure 7. XRD pattern and dislocation density of the C19400 alloy after annealing at

300 °C for different times. (a) XRD pattern; and (b) lattice strain, € and dislocation

density, p.
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Figure 8. IFFT diagram that can reflect the distribution of dislocations. (ar)-(a3) the

dislocation distribution of the precipitate, the interface between the precipitate and the
matrix, and the Cu matrix after annealing at 300 °C for 5 minutes; (bi)-(b3) the
dislocation distribution of the precipitate, the interface between the precipitate and the
matrix, and the Cu matrix after annealing at 300 °C for 480 minutes; (c1)-(c3) the
dislocation distribution of the precipitate, the interface between the precipitate and the

matrix, and the Cu matrix after annealing at 500 °C for 480 minutes;
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Figure 9. Schematic diagram of microstructure and residual-stress evolution of the

C19400 alloy after annealing.
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Table 1

Microhardness of the C19400 alloy after different annealing processes.

Microhardness 0 min 5 min 60 min 300 min 480 min
200 °C 143.4 142.7 141.0 139.6 139.4
300 °C 143.4 148.6 141.5 139.2 137.8
400 °C 143.4 147.3 138.1 136.7 129.9
500 °C 143.4 140.6 97.6 96.1 95.1
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Table 2

Residual stress (MPa) of C19400 alloy after different annealing processes.

RD 0 min 5 min 60 min 300 min 480 min
200 °C 125.9 123.1 220.9 253.5 211.2
300 °C 125.9 13.2 191.3 57.3 9.9
400 °C 125.9 178.8 235.8 32.3 22.6
500 °C 125.9 72.5 145.8 120.3 138.2

TD 0 min 5 min 60 min 300 min 480 min
200 °C 137.1 138.5 217.2 261.9 229.9
300 °C 137.1 16.5 189.6 57.7 12.3
400 °C 137.1 169.9 228.3 20.8 25.1
500 °C 137.1 66.1 168.2 155.3 139.9
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Table 3

Lattice strains, &, and dislocation densities, p, of C19400 alloy after annealing at 300 °C

for different time.

Time 0 min 5 min 60 min 300 min 480 min
e (%) 0.188 0.169 0.157 0.156 0.150
p (X 1014 mz) 8.683 7.016 6.055 5.979 5.527
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