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Abstract: The Cu—Cr-Ni alloy is a key material for the manufacturing of connectors, which requires
excellent resistance to stress relaxation. However, the inherent correlation among microstructure,
texture, and properties is still unclear. In this study, we investigated the influence of calefaction
and stress relaxation on the grain boundaries (GBs), textures, and properties of the Cu-Cr-Ni alloy.
The results showed that calefaction and stress relaxation had opposite effects on GBs and textures.
Calefaction led to a decrease in the proportion of low-angle grain boundaries (LAGBs), an increase
in the Schmidt factor (SF) value of the grains, and a transition of texture from <111> to <113>. The
grains with higher SF values were more susceptible to plastic deformation, which deteriorated the
stress relaxation resistance. By comparison, stress relaxation led to an increase in the proportion of
LAGBs, a decrease in SF values of the grains, and a transition of texture from <113> to <111> and
<001>. After stress relaxation, the variation trends of the GBs and textures were consistent with those
of other plastic deformations, indicating that stress relaxation can be verified by the variations in GBs
and textures. Our findings provide a theoretical basis for improvements in stress relaxation resistance
of the Cu-based alloys used in connector industry.
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1. Introduction

Stress relaxation resistance is the primary index for connectors [1,2]. Most of the
terminal materials are made of copper (Cu) alloys. However, steel- or nickel-based alloys
have been adopted under special conditions (high-temperature, wear-resistant conditions).
With the development and application of connectors, higher requirements have been
put forward for their high-current miniaturization and high-temperature performance.
Therefore, terminal materials need to have high electrical conductivity, excellent formability,
and high resistance to thermal stress relaxation. Cu and its alloys greatly meet the needs
of electrical conductivity and formability, but their heat-resistant performances are not
outstanding [3,4]. In general, Cu alloys are less resistant to thermal stress relaxation.
Exploring the effect of calefaction on stress relaxation resistance is a hot research topic
regarding the application of Cu alloys in connectors.

Yang et al. [5] investigated the effect of temperature on the stress relaxation resistance
of coarse-grained, nano-grained, and nano-twinned Cu. It was demonstrated by high
resolution transmission electron microscope (HRTEM) and molecular dynamics (MD)
that stress relaxation at high temperatures was related to dislocation-mediated plastic
deformation. The higher temperature contributed to faster stress relaxation. Lyu et al. [6]
investigated the effect of stress and temperature on the stress relaxation of an AI-Mg-Zn
alloy. The results showed that a high temperature was favorable for dislocation movement,
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which accelerated stress relaxation. Stress relaxation tests were performed on Ti-6Al-4V by
Peng et al. [7]. The results showed that temperature enhanced the ability of atomic diffusion
and dislocation movement. The temperature shortened the time to reach the second stage
of stress relaxation. In the studies of various scholars, experimental results have shown
that high temperatures can deteriorate the stress relaxation resistance of materials [8-10].
The effect of calefaction on stress relaxation has mostly been discussed by the dislocation
theory. There is no doubt that calefaction can also significantly influence the texture [11-15].
However, the effect of calefaction on stress relaxation has rarely been reported on from the
perspective of texture.

Texture has a close correlation with performance. For example, the quality of a deep-
drawing sheet is directly related to the types of texture, and the ideal textures are {111}
<112> and {111} <110> [16]. The texture also closely correlates with other properties.
Chen et al. [17] performed hot rolling, followed by cold rolling, on aluminum foil and
discovered that the yield strength was reduced due to the increase in soft orientation.
Yang [18] performed a cold drawing test on low-oxygen Cu wires. The plastic deformation
was dominated by a plane slip and formed the <111> texture at low tensile strain. The <111>
and <100> textures were interlaced in distribution at high tensile strain. The experimental
results showed that the yield strength of the material was influenced by textures. Many
scholars have since investigated the relationship between textures and properties, such
as stretch, compression, and electrical conductivity, proving that textures are correlated
with material properties [19-25]. However, the relationship between textures and stress
relaxation remains unclear.

Statistically, it was found that the research on stress relaxation of Cu alloys has mainly
been focused on precipitation strengthening and solid solution strengthening [9,26-29].
The effect of textures on material properties has mainly been focused on conventional
mechanical properties [16-25]. However, the study of the relationship between textures
and stress relaxation is rare. Stress relaxation may be exacerbated by calefaction. The
effect of calefaction on stress relaxation from a standpoint of texture has also been rarely
elaborated on. Therefore, the evolution of the texture due to calefaction or stress relaxation
and the essence of stress relaxation were investigated in the present study.

2. Material and Methods

A Cu—Cr-Ni alloy ingot was melted in a vacuum induction furnace. Table 1 shows the
chemical compositions of the alloy. The ingot was annealed at 980 °C for 2.5 h. Subsequently,
the ingot, with a thickness of 16 mm, was subjected to hot extrusion by 4 passes. After hot
rolling, the thickness of sheet was 5.3 mm and the total reduction was 67%. Water cooling
was carried out immediately to maintain the solid solution microstructure. Then, the sheet
was subjected to cold rolling with large deformation, and a sheet with a 0.9 mm thickness
was finally obtained, with a total deformation of 83%, by 5 passes. The sheet-forming
process is shown in Figure 1.

Table 1. The elementary analysis of the Cu—Cr-Ni alloy (mass fraction, wt.%) [30].

Alloy Cr Ni Ti Fe Si Zr Cu
Cu-Cr-Ni 0.27 0.19 0.058 0.034 0.028 0.0036 Bal.

The cold-rolled specimens were subjected to an aging treatment at 450 °C for 1 h in
the vacuum tube furnace (STGK-100-12, Sante Furance Corporation, Luoyang, China). The
samples for the tensile and stress relaxation tests were prepared by electrical discharge
machining from the aged sheets; the dimensions followed GB/T 34505-2017 [31] with a
gauge length of 60 mm. The tensile rate was 0.75 mm/min. R0 was calculated from the
tensile data and taken as the yield strength. The uniaxial tensile test method was used for
the stress relaxation test. The initial stress of the stress relaxation test was half of the yield
strength, and the test environment was 194.7 °C for 24 h. For the macro- and microscopic
investigations, optical microscopy (OM, OLYMPUSPMG3, Olympus Corporation, Tokyo,
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Japan) was performed on the mechanically ground and polished surfaces of the aged
specimens. The TEM samples were prepared from the aged state. Cylinders of 3 mm
in diameter were spark eroded and cut into thin discs of 500 pm with a diamond saw.
These discs were ground down to 100 um using SiC paper. Electron transparency was
achieved by twin-jet polishing in the MTP-1A system with a voltage of 20 V at 10 °C. The
electrolyte consisted of phosphoric acid, ethanol, and deionized water, with a volume ratio
of 1:1:1. The TEM investigations were carried out on FEI Talos F200X (FEI Corporation,
Waltham, MA, USA) operated at an accelerating voltage of 200 kV. The selected area electron
diffraction (SAD) was performed to resolve the exact crystal structure of the Cr precipitates.
Electron backscatter diffraction (EBSD) was performed on OXFORD NordlysMax3 (Oxford
Instruments, Oxford, UK) to investigate the texture under different treatment processes.
The major texture components were counted with the deviation angle of +15°. The data
processing was carried out in CHANNEL 5 software.
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Figure 1. The material forming process.

3. Results and Discussion
3.1. Properties and Microstructure

The tensile strength of the Cu-Cr-Ni alloy was 480 MPa (Figure 2a). The Ry of the
alloy was 440 MPa, which was calculated from the tensile curve. The stress relaxation curve
is shown in Figure 2b. After stress relaxation, the percentage of residual stress was 93.1%.
As can be seen from Figure 2b, the stress relaxation curve was divided into two stages. In
the first stage, the stress decreased rapidly, and in the second stage, it gradually leveled off.

The microstructure of the aged specimen was observed, including metallography,
precipitation, and dislocations. Figure 3 shows the metallography of the aged specimen,
and it can be seen that the grains are in a broken state. The grains appear as long strips
rather than isometric crystal. Most of the grains have a length of greater than 150 pm and a
width of less than 70 um. The average ratio of the grain length to its transverse size L/D
was 2.3. No obvious precipitation was found in the metallographic microstructure.
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Figure 2. (a) Tensile curve at room temperature and (b) stress relaxation curve at 194.7 for 24 h.

Figure 3. Metallography of Cu—Cr-Ni alloy in aging state.

The results of the TEM investigations of the precipitates in the aged Cu-Cr-Ni alloy
were analyzed and are shown in Figure 4. In Figure 4a, the precipitates are oval or
round. Figure 4b,c show the EDS point analyses of precipitates 1 and 2, respectively.
The results indicate that both of them are Cr-rich phases. Figure 4d shows a randomly
selected precipitate in a Cu-Cr-Ni alloy. The SAD and map scanning of the representative
precipitation show that it is an elemental Cr phase with bcc structure, as presented in
Figure 4e-g.

Precipitation and textures are relational, and precipitation can affect textures and
properties under the influence of tension or calefaction [32,33]. In the follow-up work,
precipitation was considered as a process variable in the stress relaxation test, while the
textures reflected the final effect.
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Figure 4. (a) BE-TEM image of the Cr-rich precipitates and (b,c) corresponding EDS point analyses;
(d) BF-TEM image of the representative Cr phase (e) with corresponding SAD analysis and (f,g) EDS

surface analyses.
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3.2. Effect of Calefaction and Stress Relaxation on Grain Boundaries

Figure 5 shows the proportion and the variation in GBs in different states. The
proportion of 0-5° LAGBs (green line) was as high as 50-57% for all the states, and a
higher content of LAGBs indicated a higher dislocation density. The proportion of 5-15°
medium-angle GBs was about 26-29%, and the proportion of 15-65° high-angle grain
boundaries (HAGBs) was approximately 16-23% for all the states. Compared to the cold-
rolled state, the proportion of GBs for both aging and heated states were altered because of
calefaction. Compared to the heated state, the content of GBs in the relaxed state changed
due to stress. As can be seen from Figure 5, the proportion of LAGBs decreases, while
that of the medium-angle GBs changes slightly, and that of the HAGBs increases, under
the influence of calefaction [34]. The proportion of LAGBs increases while the content of
HAGBs decreases after stress relaxation.
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Figure 5. The proportion of different types of GBs in different states.

The content of LAGBs rose with the increasing deformation ratio [35]. Figure 6 shows
the TEM morphologies of the Cu—Cr—Ni alloy in the aging state. A large number of sub-
grains and dislocation interaction structures such as dislocation walls, dislocation cells,
and dislocation entanglements are clearly observed, which correspond to the high-content
LAGBs in Figure 5. Theoretically, the dislocation interaction structures can effectively
impede the movement of dislocations through deformation strengthening [36]. However,
dislocations are more likely to move when subjected to calefaction. As shown in Figure 5,
the calefaction leads to a proportion decrease in LAGBs. It has been reported that the sliding
motion of dislocation interaction structures reduces the stress relaxation resistance [37]. In
the present study, the percentage of LAGBs increased after stress relaxation. The elastic
deformation was transformed into plastic deformation during stress relaxation. During this
process, massive dislocations slipped up, which led to an increase in the proportion of small-
angle GBs. Relevant studies have shown that the material will generate more dislocations
and increased LAGBs during deformation [38—40]. Therefore, the variation in LAGBs
content proves that the nature of stress relaxation is related to dislocation motion. And
calefaction can reduce the content of LAGBs, which deteriorates stress relaxation resistance.
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Figure 6. TEM investigations of the Cu-Cr-Ni alloy in aging state. (a,b) images of sub-grains;
(c,d) morphologies of dislocations.

3.3. Effect of Calefaction and Stress Relaxation on Fiber Texture

When polycrystal is compressed or stretched, the rotation of the crystal will induce
the formation of fiber textures [41,42]. Figure 7 shows the inverse pole figure (IPF) of
the Cu-Cr—Ni alloy in different states in RD direction. From Figure 7a, the strength of
<111> reaches a maximum value of 6.71, which indicates that the alloy obtains a preferred
orientation (RD//<111>) after cold rolling with a large deformation. In Figure 7b, the
strength of <111> decreases to 5.79, indicating that a short calefaction can cause a slight
shift of the preferred orientation. Figure 7c shows that the preferred orientation of the
heated state changes significantly after calefaction for a long time, shifting from <111> to
<113>. The textures of the relaxed state are shown in Figure 7d, where it is found that the
strength around <111> increases significantly, and the strength of <001> increases slightly.
After stress relaxation, the preferred orientation shifts from <113> to <111> and <001>,
indicating that the stress relaxation can significantly change the preferred orientation of the
heated state.

In summary, the calefaction made the preferred orientation of the cold-rolled state
deviate from <111>, but the preferred orientation re-approached the <111> direction after
stress relaxation. The changes in fiber textures caused by calefaction or stress relaxation
are shown in Figure 8. Cold-drawn Cu wire had bicomponent fiber textures of <111> and
<001>, while the volume fraction of <111>-oriented grains increased during the deformation
process [43,44]. The change in fiber textures after stress relaxation was consistent with cold
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rolling, and the final result tended to RD//<111>. The results thus verify that the essence
of stress relaxation is the transition from elasticity to plasticity.
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Figure 7. The IPF maps of Cu-Cr-Ni alloy in different states in RD direction: (a) cold-rolled state;
(b) aging state; (c) heated state; (d) relaxed state.
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Figure 8. The changes in fiber texture after calefaction or stress relaxation.

3.4. Effect of Calefaction and Stress Relaxation on Plate Texture

Figure 9a—-d show the orientation distribution function (ODF) of the Cu-Cr-Ni alloy
in different states. It can be seen that the alloy had a Brass texture at 0° ODF, a strong
Copper texture and a weak Brass texture at 45° ODEF, and a S texture at 65° ODF. The plate
textures in Figure 9 are consistent with the typical textures of rolled Cu alloys. The types
of plate texture did not change after calefaction or stress relaxation, but the intensity of
the Brass, Copper, and S textures did change, indicating that there was a transformation
process between the plate textures.

Figure 10 shows the distribution of the Copper, S, and Brass textures in different states
and the distribution of the Schmidt Factor (SF) on the (111) <—110> slip surface. From
Figure 10a—d, it can be seen that the proportions of Copper and S textures are higher, but
the proportion of Brass textures is lower. The insets show the unit cell corresponding to
each type of texture. Comparing the texture and SF distributions, it can be found that
different textures correspond to different SF values. Combining the statistics of different
textures with their corresponding SF values, the SF values of the Copper, S, and Brass
textures are 0.31-0.37, 0.41-0.47, and 0.41-0.46, respectively. We counted the twelve slip
systems composed of {111} and [110], and all the statistical data were the same as (111)
<—110> slip surfaces.
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Figure 9. The ODF at 0°, 45°, and 65° of Cu—Cr—Ni alloy in different states: (a) cold-rolled state;
(b) aging state; (c) heated state; (d) relaxed state.

AT AT “

* Brass Texture-

Min(0.27) Max(0.5)

Figure 10. The distributions of textures and SF of Cu—Cr-Ni alloy in different states: (a) cold-rolled
state; (b) aging state; (c) heated state; (d) relaxed state. The scale bar is 200 pm.
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Figure 11 shows the variation tendency of SF values of the Cu-Cr-Ni alloy in different
states. It can be seen that the SF in cold-rolled state exhibited a double-peak distribution.
One peak with hard orientation was around 0.34 and the other peak with soft orientation
was around 0.45. The change from cold-rolled state (black curve) to heated state (green
curve) was influenced by calefaction. The textures (SF = 0.275-0.376) decreased significantly,
while the textures (SF = 0.376-0.465) increased significantly after the calefaction. The
transformation of SF indicated that the material had undergone a process from hard to
soft orientation. The aging state (red curve) was also in accordance with the transition law
of calefaction. It was not a coincidence that the SF curves of the cold-rolled state, aging
state, and heated state intersected at 0.367. The turning point from hard orientation to soft
orientation was SF = 0.367 under the calefaction. The calefaction led to an increase in soft
orientation, so the crystals were more susceptible to plastic deformation. Soft orientation
can accelerate the stress relaxation process and shorten the service life. The change from the
heated state to the relaxed state was influenced by stress relaxation. The SF value of texture
between 0.394 and 0.475 decreased, and the SF value between 0.315 and 0.394 increased.
Stress relaxation transformed the soft orientation into the hard orientation.

10
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7L Relaxed state

Percent (%)
i
I

4 : | ‘
i 0.376 : S Texture:
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[ 0315 o~ : | :
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Figure 11. The variation tendency of SF of Cu—Cr-Ni alloy in different states and the transformation
of plate textures.

The variation in SF was combined with the textures. The SF of the plate textures
(Copper, S, Brass) was included in the change range of the SF of calefaction or stress
relaxation. The ODF map shows that Copper, S, and Brass textures are strong textures.
During the whole experiment, the types of texture did not change, but the intensity varied.
The changes in SF indicate a transformation of textures from hard (Copper texture) to soft
orientation (S and Brass texture), while the stress relaxation led to a transition from soft to
hard orientation. The reduction in SF after stress relaxation was consistent with the study
results of stretching, which indicates that the essence of stress relaxation is the same as that
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of stretching, and both are related to the process of transformation from elastic deformation
to plastic deformation [45].

4. Conclusions

1. The effect of stress relaxation on the GBs is opposite to that of the calefaction. Calefac-
tion can reduce the proportion of LAGBs, leading to a decrease in stress relaxation
resistance, which is related to the dislocation motion.

2. The Cu-Cr-Ni alloy forms a preferred <111>-orientated texture after cold rolling.
However, the preferred orientation tilts toward the <113> direction due to the calefac-
tion, while shifting toward the <111> and <100> directions after stress relaxation.

3. The Cu—Cr-Ni alloy is composed of Brass, S, and Copper textures regardless of the
state. After calefaction or stress relaxation, the texture type does not change but the
proportion varies. The SF transforms from hard to soft orientation under calefaction,
and from soft to hard orientation when subjected to stress relaxation.

4. The reduction in SF after the stress relaxation is consistent with the stretching results,
indicating that stress relaxation is a transformation process that transitions from elastic
to plastic deformation.
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