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Abstract: The effects of trace cerium (Ce) addition on the microstructural and textural evolution and the dynamic 
recrystallization (DRX) of the ultrahigh-purity copper (Cu) containing small amounts of sulfur (S) were investigated 
using a Gleeble−1500 thermal simulation tester at 600 °C. The results show that with increasing Ce content, the grain 
size of the Cu−S (S2) alloy gradually decreases and the grain boundary embrittlement induced by S impurities is 
considerably inhibited. The addition of Ce promotes the DRX process of the S2 alloy and changes its DRX mechanism 
from discontinuous to continuous and twinning-induced DRX mechanisms. The texture component and intensity of the 
S2 alloy vary with the increase of Ce content. The addition of 120×10−6 Ce (mass fraction) is favorable for the grain 
orientation randomization, which is attributed to the promoted DRX. 
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1 Introduction 
 

Copper (Cu) and its alloys have excellent 
mechanical properties, thermal conductivity, and 
corrosion resistance. Thus, they are widely used in 
the aerospace and transportation industries and 
electronic communication, becoming indispensable 
materials for social development. Generally, Cu 
materials contain impurity elements, particularly S, 
since Cu ores primarily exist as sulfides in nature. 
Moreover, the sulfuric acid–copper sulfate system  
is used for electrolytic refining of pure Cu. S 
impurities in Cu usually cause grain boundary 
embrittlement (GBE) and considerably decrease the 
ductility during hot working [1−4]. The ultrahigh- 

purity Cu containing 53×10−6 S (mass fraction) 
undergoes GBE at 300−750 °C due to the formation 
of brittle Cu−S phases and their phase 
transformation at the grain boundaries (GBs) [4]. 
However, the effect of trace S impurities on the 
deformation behavior of ultrahigh-purity Cu and the 
modification of GBE induced by S impurities 
during hot working have been rarely reported. 

Microalloying is an effective way to modify 
the microstructure of metallic materials and thus 
improve their mechanical properties. As the 
vitamins of modern industry, rare-earth elements 
(REs) are extensively used as alloying additives  
to steels [5−7], aluminum alloys [8−10] and 
magnesium alloys [11−13], which can remove the 
impurities and significantly improve the processing 
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performance of materials. Similarly, REs in Cu 
alloys, such as Y, Ce, and La, have also shown 
beneficial effects on microstructural modification, 
thereby enhancing the processing properties [14−18]. 
XU et al [19] found that the addition of Y element 
can promote the DRX and weaken the texture of the 
Cu−Sn−Ni−Zn−Ti alloy, which improved the 
thermal deformation ability. The effects of Ce on 
the hot deformation behavior of the Cu−Zr−Cr [20], 
Cu−Mg [21] and Cu−Mg−Fe alloys [22] were 
studied. Their results showed that the addition of Ce 
produced grain refinement and increased the flow 
stress, optimizing the hot workability of alloys. It 
can be seen that the addition of REs can effectively 
improve the hot-working properties of Cu materials 
via grain refinement and texture weakening. 
However, the role of REs in the hot deformation of 
Cu or Cu-based alloys containing trace S impurities 
is unclear. Therefore, the effect of REs on the 
deformation behavior of Cu−S alloys must be 
comprehensively studied for developing the 
high-performance Cu-based materials. 

In this work, in order to eliminate the effect of 
other impurities, Cu with an ultrahigh-purity of 
99.99999% (7N) is selected as the raw material. 
The S2 alloy containing 53×10−6 S from our 
previous study [4] is chosen as the research object. 
The effects of trace Ce addition on the deformation 
behavior of the S2 alloy, including the 
microstructural and textural evolution as well as the 
DRX during hot compression are systematically 
investigated. Our findings comprehensively reveal 
the effect of S impurities with trace concentration 
on the hot deformation behavior of 7N Cu, which 
provides an effective way for the inhibition of  
GBE induced by trace S impurities and thus     
the significant improvement of the hot working 
performance for Cu and Cu-based alloys. 
 
2 Experimental 
 

Three Cu ingots, named S2, SC1 and SC2, 

were produced by vacuum induction melting under 
a pure Ar atmosphere at 6×104 Pa. The electrolytic 
Cu with an ultrahigh-purity of 99.99999% 
purchased from the Henan Guoxi Ultrapure New 
Materials Co., Ltd. was used as the raw material for 
melting. The S and Ce elements with purities of 
99.99% were enwrapped by pure Cu foils and 
added into the Cu melt via secondary feeding. After 
the ingots were cooled to room temperature, the 
casting risers were cut off and the surfaces were 
turned. Then the ingots were annealed at 900 °C for 
1 h and then extruded in one step with a final outer 
diameter of 20 mm. The chemical compositions 
were determined by inductively-coupled-plasma 
atomic emission spectrometry method (GB/T 
5121.27—2008), as shown in Table 1. The results 
of three independent specimens were averaged, and 
the errors of the three investigated alloys were 
within the range of (3−6)×10−6. 

Cylindrical specimens with a diameter of 
8 mm and height of 12 mm were machined with the 
compression axis parallel to the extrusion direction 
(ED) from the as-extruded rods. All the samples 
were annealed at (450 °C, 1 h)+(650 °C, 1 h)+ 
(950 °C, 0.5 h) in a tube furnace with flowing Ar 
gas, and then immediately quenched in ice water. 
Compression tests were conducted using a 
Gleeble−1500 thermal–mechanical simulation tester 
at a strain rate of 1.0×10−2 s−1 and stopped under 
different strains at 600 °C. Water quenching was 
applied to preserving the high-temperature 
structures. The deformed samples were cut along 
the compression axis diameter by electrical 
discharge machining, and then ground and polished 
through ion milling in Leica EM RES102 
instrument. Electron backscatter diffraction (EBSD) 
was performed on OXFORD NordlysMax2 to 
investigate the microstructural and textural 
evolution and DRX during hot compression. A 
lower-limit boundary-misorientation cutoff of 2° 
was used, and a criterion of 15° was used to 
differentiate low-angle GBs (LAGBs) and high- 
angle GBs (HAGBs). The major texture components 

 
Table 1 Impurity content from S2, SC1 and SC2 samples obtained by analytical chemistry (10−6) 

Sample Zn Si Ag Pb Fe Bi P S Ce 

S2 0.013 0.006 0.08 0.007 0.003 0.005 0.007 53 − 

SC1 0.017 0.009 0.13 0.006 0.008 0.003 0.004 58 78 

SC2 0.012 0.009 0.08 0.007 0.007 0.004 0.005 55 120 
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were counted with a deviation angle of ±10°. The 
nucleation of recrystallized grains was studied via 
transmission electron microscopy (TEM), for which 
specimens were prepared from pre-characterized 
profiles. TEM investigations were carried out on a 
FEI Talos F200X microscope equipped with a 
high-brightness field emission gun and a mono- 
chromator operating at 200 keV. 
 
3 Results and discussion 
 
3.1 Initial microstructure and texture 

Figure 1 shows the EBSD analysis of the three 
samples before hot compression, including their 
orientation maps and corresponding misorientation 
distributions as well as the inverse pole figures 
(IPFs). It is clear that the addition of Ce has an 
evident refining effect on the microstructure of S2 
alloy, showing that the average grain sizes of the S2, 
SC1 and SC2 alloys are 132.7, 103.6 and 102.4 µm, 
respectively, as presented in Figs. 1(a–c). This is 

mainly attributed to the dragging effect of the 
dissolved Ce atoms and the pinning effect of  
Ce−S precipitates on GBs during the high- 
temperature solid-solution process. After annealing, 
these alloys mainly contain HAGBs, the volume 
fractions of which are 91.7%, 97.9% and    
91.6%, respectively, as shown in Figs. 1(d−f). 
Figures 1(g−i) provide the IPFs of the alloys, 
wherein the grains with 〈111〉 orientation are 
dominant in the S2 alloy, which has a high texture 
intensity of 8.31. After trace Ce is added, the  
grain orientation of the S2 alloy becomes more 
randomized and the texture intensity significantly 
decreases to 2.73 and 3.2, respectively. Similar to 
the S2 alloy, the grains with 〈111〉 orientation are 
dominant in the SC1 alloy, but the volume fraction 
of the 〈100〉-oriented grains evidently increases. 
However, in the SC2 alloy with a higher Ce content, 
most grains have an orientation of 〈110〉, causing a 
slight increase in texture intensity compared to that 
of the SC1 alloy. 

 

 

Fig. 1 Orientation maps (a–c), misorientation distribution maps (d–f), and inverse pole figures (g–i) of S2 (a, d, g), SC1 
(b, e, h), and SC2 (c, f, i) alloys before hot compression 
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3.2 True stress–strain curves 
Figure 2 shows the true stress–strain curves 

and the corresponding peak stresses of the S2, SC1 
and SC2 alloys during the hot compression at 
600 °C. The true stress–strain curves of these alloys 
exhibit similar variation trends as the strain 
increases. The flow stress first reaches a peak value 
and then slowly decreases, with the corresponding 
strain of ~0.3 for the peak stress. In general, the 
thermal deformation of materials is relevant to 
work-hardening, dynamic recovery (DRV) and 
DRX. In the early stage of deformation, 
dislocations rapidly multiplicate and tangle, leading 
to a significant increase in deformation resistance 
and thus an obvious improvement in flow stress. 
Then, driven by the deformation storage energy, the 
samples undergo the DRV or DRX, resulting in a 
decrease in flow stress [23,24]. In Fig. 2(a), it is 
observed that the flow stresses of the three alloys 
gradually decrease after reaching their peak values. 
This indicates the occurrence of DRX, which 
softens the alloys and enhances their plastic 
deformation ability. Figure 2(b) shows that the peak 
stresses of the S2, SC1 and SC2 alloys are 77.9, 
77.4 and 83.6 MPa, respectively, suggesting that Ce 
can strengthen the S2 alloy only when its addition 
exceeds a certain content. 

 
3.3 Microstructural evolution 

Figure 3 illustrates the microstructural 
evolution of the S2, SC1 and SC2 alloys during hot 
compression at 600 °C, the corresponding average 
grain sizes are presented in Fig. 4. At the initial 
deformation stage, the average grain size of the S2 
alloy decreases from 146.5 to 135.4 µm with the 
increase of Ce content. This suggests that the 

addition of trace amounts of Ce does not contribute 
to an obvious grain refinement of S2 alloy under a 
small deformation amount. Moreover, it is noted 
that the grain coarsening occurs in all the alloys 
compared to that before the compression, indicating 
that the grain boundary migration results in grain 
growth due to the high-temperature deformation.  
In addition, small amounts of DRX grains are 
observed in the SC2 alloy, as presented in Fig. 3(g). 
Most of these grains nucleate and grow along    
the twin boundaries (TBs), indicating that adding a 
certain amount of Ce is favorable for twinning- 
induced DRX in Cu−S alloy. 

With the increase of deformation to 40%, the 
average grain sizes of the S2, SC1 and SC2 alloys 
decrease owing to the proliferation and tangling  
of high-density dislocations that cause grain 
elongation and fragmentation and DRX causes 
grain refinement. It is observed that the S2 alloy 
undergoes a severe intergranular cracking, which is 
due to the formation of brittle Cu−S phases and 
their phase transformation behavior at GBs, as 
reported in our previous work [4]. Figures 3(e, h) 
show that the intergranular embrittlement of the S2 
alloy is significantly inhibited after addition of trace 
Ce. However, the SC1 alloy still retains some of the 
characteristics of intergranular cracking because of 
the lower Ce content, while no cracks at GBs are 
observed in the SC2 alloy containing a higher Ce 
content. Moreover, the content of sub-grain 
boundaries in the SC1 and SC2 alloys increases 
compared to the initial deformation stage. In the 
SC1 alloy, the sub-grains inside the grains rotate to 
form new DRX grains, and the TBs act as the 
nucleation sites for the small DRX grains, similar to 
the SC2 alloy shown in Fig. 3(g). 

 

 
Fig. 2 True stress–strain curves (a) and peak stresses (b) of S2, SC1 and SC2 alloys during hot compression at 600 °C 
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Fig. 3 Microstructural evolution of S2 (a–c), SC1 (d–f), and SC2 (g–i) alloys during hot compression at 600 °C and 
different deformations 
 

 
Fig. 4 Average grain sizes of S2, SC1 and SC2 alloys 
during hot compression at 600 °C and different 
deformations 
 

As the deformation increases to 60%, an 
apparent DRX occurs in all the alloys, causing the 
considerable grain refinement. The average grain 

sizes of S2, SC1 and SC2 alloys are 53.1, 42.5 and 
29.7 µm, respectively, as shown in Fig. 4. From 
Figs. 3(c, f), it can be observed that the cracks in 
the S2 alloy are still apparent, whereas the 
intergranular cracks in the SC1 alloy are not 
apparent because of the grain refinement. Although 
the SC1 alloy has smaller grain size than the S2 
alloy, the cracks in SC1 alloy are retained as the 
deformation increases. This alleviates the stress 
concentration at the GBs, which is responsible for 
the slight decrease in the peak stress of the SC1 
alloy compared with the S2 alloy. In contrast, no 
cracks appear in the SC2 alloy, and the grains of 
SC2 alloy are finer and much more uniformly 
distributed. This contributes to the grain refinement 
strengthening and thus the corresponding highest 
peak stress, as shown in Fig. 2(b). 

Figure 5 shows the misorientation distribution 
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of the S2, SC1 and SC2 alloys during the hot 
deformation, and the corresponding average 
misorientation angles are presented in Fig. 6. As  
the deformation increases, the volume fraction of 
LAGBs of the S2 alloy decreases from 80.2% to 
55.9% and its average misorientation increases 
from 12.7° to 23.1°. This indicates that the 
dislocation slip dominates the deformation process. 
After trace amounts of Ce are added, the volume 
fractions of the LAGBs in the SC1 and SC2 alloys 
exhibit an increasing tendency, with the average 
misorientations of 8.7° and 9.1° at a deformation of 
20%, and 12.4° and 7.3° at a deformation of 40%, 
respectively, which are smaller than those of the S2 
alloy. This indicates that the dislocation slip 
remains the main deformation mechanism in SC1 
and SC2 alloys when the reduction is less than 
40%. 

As the deformation increases from 20% to 
40%, the volume fraction of LAGBs in the SC1 
alloy decreases from 88.1% to 79.6%, while that of 
LAGBs in the SC2 alloy increases from 87.3% to 
91.7%. This is due to the higher content of Ce in 

SC2 alloy (120×10−6), which can completely 
consume the S impurities to form the Ce−S 
precipitates. Thus, the SC2 alloy contains a higher 
precipitate content than the SC1 alloy. During hot 
compression, both the particles and the dissolved 
Ce atoms can hinder the movement of dislocations, 
causing them to pile up and thereby increasing the 
volume fraction of the LAGBs. 

When the deformation exceeds 40%, the DRX 
of the SC1 and SC2 alloys is significantly 
accelerated driven by the deformation storage 
energy, which results in a rapid increase in the 
content of HAGBs, as presented in Figs. 5(f, i). 
Moreover, the volume fractions of TBs in the SC1 
and SC2 alloys also display an obvious increase.  
In Fig. 6, it can be seen that the average 
misorientations of the SC1 and SC2 alloys at a 
deformation of 60% are respectively 36.0° and 
34.1°, an increase of approximately 50% compared 
with the S2 alloy. Such a variation indicates that the 
dominant role of twinning deformation during the 
hot deformation is obvious at the later stage of 
deformation due to the addition of trace Ce. 

 

 
Fig. 5 Misorientation distributions of S2 (a–c), SC1 (d–f), and SC2 (g–i) alloys at different deformations during hot 
compression at 600 °C: (a, d, g) 20%; (b, e, h) 40%; (c, f, i) 60% 
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Fig. 6 Average misorientation of S2, SC1 and SC2 alloys 
at different deformations during hot compression at 
600 °C 
 
3.4 Dynamic recrystallization 

Figure 7 presents the proportions of different 
types of grains in the S2, SC1 and SC2 alloys at the 
deformation of 60%. The volume fractions of the 
DRX, sub-structured and deformed grains in the  
S2 alloy are 17.2%, 14.8% and 68.0%, respectively. 
After trace amounts of Ce are added, the 
proportions of the DRX grains in the SC1 and SC2 

 

 
Fig. 7 Volume fractions of different types of grains in S2, 
SC1 and SC2 alloys at deformation of 60% 
 
alloys increase to 18.4% and 21.4%, respectively, 
whereas those of the deformed grains decrease to 
40.1% and 32.9%, respectively. Therefore, it can be 
considered that even small amounts of Ce addition 
can promote the DRX of the S2 alloy. 

Figure 8 shows the nucleation characteristics 
of the DRX grains in the S2 alloy. In Fig. 8(a), 
numerous DRX grains nucleate and grow at     
the interface between the original grains A and B.  

 

 
Fig. 8 Analysis of DDRX grain orientation of S2 alloy deformed at 600 °C: (a) Orientation map; (b) Corresponding 
Taylor factor graph; (c) Distribution of orientation difference of Line 1; (d) Crystallography orientation relationship 
between Grains 1# and 2# 
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Figure 8(b) provides the corresponding diagram of 
the Taylor factor, which is greater for Grain B than 
Grain A. Thus, the interface advances from A to   
B, thereby gradually decreasing the amount of 
〈111〉-oriented grains. In addition, Grain A contains 
massive sub-grain boundaries, and there is a sudden 
change of ~12° between the sub-grains 1# and 2#, 
as presented in Fig. 8(c). The corresponding pole 
figure shown in Fig. 8(d) reveals that the orientation 
of the two sub-grains follows a ~12°/[111] specific 
crystallography relationship. Furthermore, the 
deformation storage energy of sub-grain 2# is 
greater than that of sub-grain 1# because of the 
relatively large Taylor factor (Fig. 8(b)). Therefore, 
sub-grain 2# likely undergoes DXR under this 
deformation condition, which is achieved by the 
continuous absorption of dislocations by the sub- 
grain boundaries near GBs. Such an orientation 
transformation is considered as a typical 
discontinuous dynamic recrystallization (DDRX) [25], 
mainly comprising three steps. First, the primary 
GBs migrate and bow out driven by the temperature 
and applied stress. Then, the continuous thermal 
deformation generates numerous dislocations at the 
arched area, forming strong strain gradients near the 
GBs. Finally, the sub-grain boundaries around   
the arched area increase the misorientation by 
absorbing dislocations or generating lattice rotation, 
thus forming an independent DRX grain. 

Figure 9 provides the TEM images of the S2 
alloy at the deformations of 20% and 40%, 
respectively. At the initial stage of compression, the 
GB slightly bows out, causing the dislocation 
density to increase significantly and thus the DXR 
grain begins to nucleate, as shown in Fig. 9(a). 
Then, with the increase of the deformation, 
sub-grains form and rotate, resulting in the 
formation of DXR grains, as presented in Fig. 9(b). 
Thus, the DDRX mechanism dominates the DRX of 
the S2 alloy. 

After the addition of trace Ce, the 
recrystallization mechanism of the S2 alloy changes. 
Figure 10 shows the nucleation characteristics of 
the DRX grains in the SC1 alloy. The original grain 
is labeled as A, which has a 〈110〉 orientation, and 
the DRX grains are marked as 1#−5#. These DRX 
grains are formed inside the Grain A by in-situ 
transformation of the sub-grains. Such a process   
is a typical continuous dynamic recrystallization 

 

 
Fig. 9 TEM images of S2 alloy at deformations of 20% 
(a) and 40% (b) 
 
(CDRX) mechanism [26]. Figure 10(c) presents the 
misorientation distribution of the Line 2, which 
reveals that the misorientations between adjacent 
DRX grains are greater than 20°. Nevertheless, the 
pole figure shown in Fig. 10(d) demonstrates that 
the DRX grains have a common rotation axis, close 
to [110]. Typically, the deformation storage energy 
of the primary grains with different orientations 
varies because of the different Taylor factors. The 
〈100〉-oriented grains usually initiate few slip 
systems, therefore, they tend to undergo strong 
DRV to retain their orientations during the 
deformation. In contrast, the grains with 〈110〉 or 
〈111〉 orientations are likely to stimulate DRX due 
to the excitation of more slip systems [27−29]. This 
is the fundamental reason for the appearance of 
DXR grains in the 〈110〉 or 〈111〉 grains in 
Cu−S−Ce alloy, as shown in Figs. 3(e, h). 

In addition to the CDRX mechanism, the 
addition of Ce can also lead to twinning-induced 
DRX (TDRX) behavior in the S2 alloy, as shown in 
Fig. 11. The original grains are marked as A and B, 
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Fig. 10 Analysis of CDRX grain orientation in SC1 alloy deformed at 600 °C: (a) Orientation map; (b) Corresponding 
Taylor factor graph; (c) Distribution of orientation difference of Line 2; (d) {110} pole figure of parent and DRX grains 
 

 

Fig. 11 Analysis of TDRX grain orientation in SC1 alloy deformed at 600 °C: (a) Orientation map; (b) Corresponding 
Taylor factor graph; (c) Crystallography orientation relationship between Grains A and B; (d) IPF of parent and DRX 
grains 
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the DRX grains are labeled as 1#−4#, and the Σ3 
TBs are represented by red lines. Figure 11(c) 
presents the {111} pole figure of Grains A and B, 
which follows a crystallography orientation relation 
of [111]/60°. From Fig. 11(a), it is observed that 
these fine DRX grains nucleate at TBs, with the 
Taylor factors basically consistent with that of the 
parent grains, as illustrated in Fig. 11(b). Moreover, 
the IPF presented in Fig. 11(d) reveals that the 
orientations of DRX grains are also similar to  
those of the original grains. This recrystallization 
mechanism involves the transition from TBs to 
LAGBs, resulting from the interaction between 
different twins or the reaction between twins and 
dislocations that cause a mismatch on both sides of 
the GB [30]. 

Figure 12 shows the TEM images of the twins 
in the SC2 alloy at a deformation of 40%. It is clear 
that a large number of dislocations are generated 
inside the twins. During the deformation, the 
movement of these dislocations can accumulate 
strain on both sides of the TB. When the local strain 
reaches a certain critical value, the DRX grains 
begin to nucleate at the TB. Given that, it can be 
seen that the addition of Ce can transform the DRX 
mechanism of the Cu−S alloy from DDRX to 
CDRX and TDRX. 

 
3.5 Texture evolution 

Figure 13 shows the IPFs of the S2, SC1 and 
SC2 alloys during hot deformation. The major 
texture components and their volume fractions are 
presented in Fig. 14. Before compression, the 〈111〉 
texture is dominant in the S2 and SC1 alloys, while 
the 〈110〉-oriented grains are the major texture 
component of the SC2 alloy (Fig. 1). During hot 
compression, the texture intensity of the S2 alloy 

gradually decreases from 5.23 to 2.04 with 
increasing the strain, as shown in Figs. 13(a–c). The 
proportion of 〈111〉-oriented grains decreases from 
56.1% to 12.4%, whereas that of 〈110〉-oriented 
grains increases from 1.42% to 19.9%, as presented 
in Fig. 14(a). The content of 〈100〉 component 
remains unchanged. After trace amounts of Ce are 
added, the texture component and intensity of the 
S2 alloy significantly change. 

At the initial deformation stage, both the major 
texture types of the SC1 and SC2 alloys have 〈110〉 
orientation, with the volume fractions of 33.1% and 
27% (Figs. 14(b, c)), and texture intensities of 2.01 
and 2.06, respectively (Figs. 13(d, g)). With the 
increase of deformation amount, the volume 
fraction of 〈110〉 texture in the SC1 alloy first 
increases and then decreases obviously, while the 
proportion of 〈100〉-oriented grains gradually 
increases, with the texture intensity slightly 
increases compared to that of the S2 alloy. By 
comparison, the SC2 alloy undergoes a transition  
of 〈110〉 → 〈111〉 → random texture, with a 
considerable decrease in texture intensity compared 
with the S2 and SC1 alloys. 

The textural evolution due to trace Ce addition 
is mainly related to the DRX and the precipitation 
behavior in the alloys. According to Figs. 8−12, the 
addition of Ce transforms the DRX of S2 alloy  
from DDRX to CDRX and TDRX mechanisms. It 
has been reported that both the occurrence of 
DDRX and CDRX are favor of the texture 
weakening [31−36]. Thus, the gradual decrease in 
texture intensity of the S2 alloy during hot 
deformation is attributed to the DDRX process. 

Compared with the S2 alloy, the texture 
intensity of the SC1 alloy slightly increases when 
the deformation amount exceeds 20%, which results 

 

 

Fig. 12 TEM images of twins in SC2 alloy at deformation of 40% 
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Fig. 13 IPFs of S2 (a–c), SC1 (d–f) and SC2 (g–i) alloys under different deformations during hot compression at 600 °C 
 

 
Fig. 14 Texture components and their volume fractions of S2 (a), SC1 (b) and SC2 (c) alloys under different 
deformations during hot compression at 600 °C 
 
from the TDRX mechanism. From Fig. 11, it can be 
seen that the TDRX generally occurs in 〈110〉- 
oriented grains, the content of which in the SC1 
alloy is much higher than that in the S2 alloy at the 
initial deformation stage, as shown in Figs. 14(a, b). 
Unlike the DDRX and CDRX grains, the 
orientation of the TDRX grains is similar to that of 
the parent grains. Therefore, such a process is 

detrimental to the texture weakening. In Fig. 7, the 
volume fractions of the DRX grains in the S2 and 
SC1 alloys are 17.2% and 18.4%, respectively. For 
the same recrystallization degree, DDRX in the  
S2 alloy is more conducive to grain orientation 
randomization, whereas TDRX in the SC1 alloy 
preserves the partial crystal orientation of the parent 
grains. This causes texture strengthening in the SC1 
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alloy at the later stage of deformation compared 
with the S2 alloy. 

In contrast, the volume fraction of the DRX 
grains in the SC2 alloy (21.4%) is higher than that 
in the S2 alloy, as shown in Fig. 7. Moreover, the 
content of TBs in the SC2 alloy is lower than that in 
the SC1 alloy throughout the deformation process, 
which weakens the contribution of TDRX. In 
addition, the initial texture intensity of the SC2 
alloy is much lower than that of the S2 alloy, thus 
the grain orientation is more randomized during the 
hot compression. Given that, it can be concluded 
that increasing the Ce content is more favorable for 
the texture weakening of the Cu−S alloy. 
 
4 Conclusions 
 

(1) During hot compression, the grain size of 
the S2 alloy gradually decreases with increasing  
Ce content, and its intergranular embrittlement is 
significantly inhibited after the addition of Ce. 

(2) With the increase of strain, the dominant 
role of twinning-induced deformation tends to be 
obvious due to trace Ce addition. 

(3) The addition of Ce can promote the DRX 
of the S2 alloy and transform its DRX mechanism 
from DDRX to CDRX and TDRX. 

(4) The texture component and intensity of the 
S2 alloy considerably change after adding small 
amounts of Ce. Compared with the S2 and SC1 
alloys, the grain orientation of the SC2 alloy is 
more randomized during the hot compression, 
which is ascribed to the promoted DRX. 
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摘  要：采用 Gleeble−1500 热模拟试验机在 600 ℃条件下进行热压缩变形，研究微量 Ce 添加对含微量硫纯铜组

织和织构演化以及动态再结晶的影响。结果表明，随着 Ce 含量的增加，Cu−S(S2)合金的晶粒尺寸逐渐减小，由

杂质元素 S 引起的晶界脆化得到显著抑制。Ce 的添加促进了 S2 合金的动态再结晶过程，其动态再结晶机制由不

连续转变为连续和孪晶诱导共存机制。S2 合金的织构组分和强度随 Ce 含量的增加而发生改变，当 Ce 的添加量

为 120×10−6 时，合金晶粒取向更为随机化，这是由于动态再结晶的促进作用。 

关键词：Ce 添加；杂质 S；超高纯铜；显微组织；动态再结晶；织构 
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