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Abstract: A Cu−25Cr alloy prepared by vacuum induction melting method was treated by the high current pulsed electron beam 
(HCPEB) with pulse numbers ranging from 1 to 100. Surface morphologies and microstructures of the alloy before and after the 
treatment were investigated by scanning electron microscopy and X-ray diffraction. The results show that significant surface 
modification can be induced by HCPEB with the pulse number reaching 10. Craters with typical morphologies on the Cu−25Cr alloy 
surface are formed due to the dynamic thermal field induced by the HCPEB. Micro-cracks, as a unique feature, are well revealed in 
the irradiated Cu−25Cr specimens and attributed to quasi-static thermal stresses accumulated along the specimen surface. The 
amount of cracks is found to increase with the pulse number and a preference of these cracks to Cr phases rather than Cu phases is 
also noted. Another characteristic produced by the HCPEB is the fine Cr spheroids, which are determined to be due to occurrence of 
liquid phase separation in the Cu−25Cr alloy. In addition, an examination on surface roughness of all specimens reveals that more 
pulses will produce a roughened surface, as a result of compromising the above features. 
Key words: Cu−Cr alloy; surface modification; high current pulsed electron beam; microstructure 
                                                                                                             
 
 
1 Introduction 
 

Due to an excellent combination of mechanical 
properties and electrical conductivity, Cu−Cr alloys have 
found important applications as contact materials      
in medium-voltage and high-current vacuum    
interrupters [1]. Earlier studies [2,3] revealed that the 
actual performance of Cu−Cr contacts could be greatly 
affected by their microstructure, especially the grain size 
and distribution of Cr phases. Generally, Cu−Cr alloys 
with large and segregated Cr phases have inferior 
properties compared with those with fine and uniformly 
distributed Cr grains. 

Traditional methods for preparing Cu−Cr alloys 
include powder metallurgy from densification of mixed 
Cu−Cr powders [4], infiltration of Cu into Cr matrix [5], 
and arc melting of Cr and Cu in low pressure argon 
atmosphere [1]. These techniques are often blamed for 
either poor abilities to limit the size of Cr phases or high 
complexity and cost. Hence, researchers are motivated to 
explore new flexible techniques with the capability of 

obtaining optimized microstructures for Cu−Cr alloys 
effectively. Nowadays, a variety of novel techniques, 
such as mechanical alloying [6], melt spinning [7], 
vacuum induction melting [8], and electromagnetic 
levitation and splat-quenching [9], have been 
successfully applied to the preparation of Cu−Cr alloys. 
Enhanced performance is thus achieved through 
microstructure optimization, which can to a large extent 
be attributed to the effective control of these methods on 
Cr phase sizes. 

Along with the unceasing efforts of exploring new 
preparation methods, attention has recently also been 
paid to the effects of surface treatments on Cu−Cr alloys 
by a few investigators [10−13]. This is because the 
surfaces of many engineering materials, including Cu−Cr 
alloys, are frequently the sites where failures prefer to 
occurring. Among various techniques used for surface 
treatments, high current pulsed electron beam (HCPEB) 
is a relatively new but very advantageous technique due 
to its high efficiency, simplicity and reliability [14−16]. 
During the HCPEB irradiation, a dynamic temperature 
field would be generated near the surface of materials, 
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featured by super fast heating (even melting or 
evaporating) and cooling. In the meantime, there also 
exists a dynamic stress field that could cause intense 
deformation on the material surface. Due to such 
combined effects, the HCPEB is able to substantially 
modify the surface characteristics and then possibly 
improve properties of the irradiated materials. 

To date, there have been a number of successful 
applications of the HCPEB technique to various metals 
and alloys, such as stainless steels [17−19], Al alloys 
[16,20,21], Mg alloys [22,23], Ti alloys [24−28] and 
intermetallics [29,30]. With careful selection of operation 
parameters, greatly improved corrosion resistance, wear 
resistance and mechanical properties were obtained by 
different researchers, clearly indicating its large  
potential. However, few efforts have been made to 
examine the surface modification effect of this technique 
on Cu−Cr alloys, except a recent attempt by LAMPERTI 
et al [10,11]. By use of secondary ion mass spectrometry 
and atomic force microscopy, they reported the 
formation of some Cu1−x−Crx compounds, unattainable 
by other methods, on the surface of a HCPEB-treated 
Cu−30Cr alloy. In the current investigation, we will 
further study the effect of HCPEB treatment on the 
surface modification of a Cu−25Cr alloy, and present in 
detail the microstructural evolution of the material 
surface with different irradiation numbers. 
 
2 Experimental 
 

The starting material employed in this work was a 
Cu−25Cr (mass fraction, %) alloy prepared by vacuum 
induction melting (VIM). Details on its preparation could 
be found elsewhere [8]. Specimens with dimensions of 
d20 mm × 5 mm were cut from the as-prepared Cu−25Cr 
alloy. Prior to HCPEB treatment, these specimens were 
ground using SiC abrasive papers and polished with 
diamond paste. A RT−2M type HCPEB source was 
employed to irradiate the surfaces of the as-polished 
specimens, with various pulse numbers of 1, 10, 30, 50 
and 100. The HCPEB treatments were performed under 
the following conditions: the electron energy 30 keV, the 
pulse duration 2 μs, energy density about 14 J/cm2, and 
vacuum 1×10−2 Pa. 

Surface microstructures of the specimens before and 
after the HCPEB treatment were characterized by a 
JEOL JSM−6460LV scanning electron microscope 
(SEM). Both secondary electron and backscattered 
electron images were taken to reveal different 
characteristics of the surface microstructures. An energy 
dispersive spectroscopy (EDS) attached to the SEM was 
also employed to analyze chemical compositions of local 
positions. In addition, the phase constituents of all 
specimens were determined by a conventional X-ray 

diffractometer (DX−2500) using Cu Kα radiation. 
 
3 Results and discussion 
 
3.1 Before HCPEB treatment 

The microstructures of the starting (as-prepared) 
material are shown in Fig. 1. Figure 1(a) shows a 
secondary electron image taken from the specimen 
surface, etched in a mixed solution to reveal the 
morphology of Cr phases. One can see that a number of 
Cr phases showing round or elliptical shapes are densely 
distributed in the matrix of Cu phase. In earlier work [8] 
coarse dendrites were reported to be the main feature of 
the Cr phases in VIM-prepared Cu−25Cr alloys. In fact, 
the discrepancy is just due to a stereological effect, that 
is, the round or elliptical shapes in Fig. 1(a) 
corresponding to the cross sections of the Cr dendrites. 
The lengthwise section of some Cr dendrites can also be 
seen, as marked in Fig. 1(a), which is helpful to envision 
their global shapes. 
 

 
Fig. 1 Surface microstructures revealed by secondary electron 
(a) and backscattered electron (b) images, and cross-section 
morphology (c) of starting material 
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Figure 1(b) shows a backscattered electron (BSE) 
image of the as-prepared Cu−25Cr alloy. Thanks to the 
intrinsic property of backscattered electrons, heavy 
elements (high atomic number) have brighter contrast 
than light elements (low atomic number) in a BSE  
image. This is known as atomic number or Z-contrast of 
backscattered electrons. In the present case, the atomic 
number of Cr (Z=24) is significantly lower than that of 
Cu (Z=29). Therefore, the Cr phases are darker in    
Fig. 1(b), compared with the Cu phases. From Fig. 1(b), 
one can also note that there are clear and sharp 
boundaries between those bright and dark contrasts, 
separating the Cr- and Cu-phases. In fact, this is a 
general feature for Cu−Cr alloys obtained under an 
equilibrium condition, as a result of the very limited 
mutual solubility (near zero at room temperature) 
between the two constituents [31]. In addition, the grain 
size of the Cr phases, widely acknowledged as a key 
parameter for this kind of materials, can be estimated 
from Fig. 1(b). Measurements by the linear intercept 
method reveal that the majority of the grain sizes (more 
precisely, diameters of cross sections of Cr dendrites) lie 
in the range of 20−40 μm. The cross-section morphology 
of the starting material is shown in Fig. 1(c), with its 
surface being well prepared for HCPEB treatment. It can 
be seen that the surface of the unirradiated specimen is 
relatively smooth, thus suggesting a small roughness. 

Results of an XRD examination for the as-prepared 
Cu−25Cr alloy are shown in Fig. 2. It can be seen that all 
detected peaks could be successfully indexed by 
elementary Cu and Cr, indicating the absence of any 
other phases. 
 

 

Fig. 2 XRD patterns of specimens with or without HCPEB 
treatment 
 
3.2 After HCPEB treatment 

Figure 2 also shows the XRD patterns obtained for 
specimens HCPEB-treated for various pulses. Under 
various conditions, it seems that all irradiated specimens 

have almost the same peak profiles as the unirradiated 
specimen. Although the X-ray diffraction intensity is 
presented in a logarithmic unit, best for resolving minor 
phases, no peaks corresponding to any new phases can 
be clearly differentiated from the background. This 
provides a strong implication that phase alteration would 
not occur during irradiating the Cu−25Cr alloy by the 
HCPEB. 

BSE images of surfaces of the specimens treated by 
the HCPEB for various pulse numbers are displayed in 
Fig. 3. From Fig. 3(a), one can see that the 
microstructure of the specimen with one shot is not 
significantly changed, compared with that of the initial 
specimen (Fig. 1(b)). Sharp interfaces between Cr and 
Cu phases remain clear and the integrities of almost all 
Cr phases are also maintained. As the pulse number 
increases to 10, remarkable changes on microstructure 
can be noticed, as shown in Fig. 3(b). Clearly, most Cr 
phases are heavily damaged by the electron beam 
irradiation, evidenced first by loss of prior regular  
shapes. Near-edge parts of these prior Cr phases seem to 
be blasted away, with irregular-shape residual Cr phases 
left. Meanwhile, a few cracks are also observed in some 
Cr phases, as indicated by arrows in Fig. 3(b). With 
further increasing the pulse number from 10 to 50, 
microstructural modification caused by the electron 
beam is more evident (Fig. 3(c)). Edges of the prior Cr 
phases seem to be well “dissolved” into the Cu matrices, 
which produce a visual effect of amount reduction of Cr 
phases. In addition, there are more cracks existing in Cr 
phases. For the specimen HCPEB-treated for 100 pulses, 
its microstructural characteristics closely resemble those 
with 50 pulses, except denser cracks in Cr phases    
(Fig. 3(d)). 

Apart from bulk Cr phases (original Cr dendrites), 
many small Cr-rich spheroids (or particles) are also 
found in irradiated specimens. An example is given in 
Fig. 4, which is a secondary electron image of 
HCPEB-treated specimen for 30 pulses. Sizes of these 
spheroids are limited to a few micrometers, greatly lower 
than those of bulk Cr phases (see the spheroid indicated 
by an arrow and its neighboring bulk Cr phase). A 
composition measurement for the arrowed spheroid 
reveals 34.43% Cr and 65.57% Cu (mole fraction). In 
consideration of the small size of the spheroid, most of 
the detected Cu signals should result from the alloy 
matrix. Since the XRD results in Fig. 2 confirm that 
there are no new phases formed after HCPEB treatment, 
these spheroids can be determined to be Cr phases. In 
fact, a liquid phase separation (LPS) phenomenon is 
often reported for Cu−Cr alloys [7,9,32−35], because of 
the existence of a liquid miscibility gap in such a binary 
phase diagram. One direct result of the LPS is the 
formation of fine Cr-rich spheroids, which are very 
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Fig. 3 Backscattered electron images of surfaces of specimens HCPEB-treated for 1 pulse (a), 10 pulses (b), 50 pulses (c) and 100 
pulses (d) 
 

 
Fig. 4 Morphology (a) and composition (b) of fine Cr-rich spheroids in specimen HCPEB-treated for 30 pulses 
 
similar to those revealed in the present work. 

A special surface morphology showing craters, was 
often reported in many HCPEB-treated metal materials 
[36,37]. As shown in Fig. 5, the present experiment 
reveals that craters can also be induced by the HCPEB 
treatment in the Cu−25Cr alloy. Figures 5(a) and (b) 
show the morphologies of craters formed in specimens 
HCPEB-treated for 30 and 50 pulses, respectively. The 
two craters in Fig. 5 are both located in Cr phases, 
evidenced by the presence of cracks and EDS analyses 
(not shown here). These craters, generally with round 
edge, could be easily discriminated from Cr phase 

matrices with serrated boundaries. Sizes of these craters, 
confined by the parent Cr phases, range from a few to 
more than ten micrometers. Another interesting result in 
Fig. 5(a) is cracks formed within the crater, as indicated 
by a white arrow. To differentiate them from those 
(indicated by a black arrow and hereinafter denoted as 
primary cracks) formed earlier in parent Cr phases, they 
are referred to as secondary cracks. 

Figure 6 shows the evolution of cross-section 
morphologies in HCPEB-treated specimens. In regard to 
surface roughness of these specimens, a clear uptrend 
could be revealed from Fig. 6. For the specimen with a 
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Fig. 5 Surface craters in specimens HCPEB-treated for 30 (a) and 50 (b) pulses 
 

 
Fig. 6 Cross-section morphologies of specimens HCPEB-treated for 1 pulse (a), 10 pulses (b), 50 pulses (c) and 100 pulses (d) 
 
single HCPEB shot, a smooth surface is obtained in   
Fig. 6(a), compared with the unirradiated specimen  
(Fig. 1(c)). This is consistent with the result revealed in 
Fig. 3(a), which indicates very weak influence of the 
only one pulse on the alloy microstructure. For the 
specimen treated for 10 pulses, Fig. 6(b) reveals a clear 
roughening surface. This may correspond to the micro- 
structural change (such as cracks in Cr phases) as seen in 
Fig. 3(b). For specimens irradiated further heavily (for 
50 and 100 pulses), Figs. 6(c) and (d) exhibit that the 
surfaces of both specimens are greatly roughened. 
 
4 Discussion 
 
4.1 Craters 

For many metal materials treated by electron beams, 
craters are often reported as a general characteristic, 
similar to those observed in the present work. By 
conducting both computer simulation and experimental 
examination, QIN et al [37] demonstrated that such 

morphologies are the results of local subsurface melting 
and erupting through the solid outer surface.  
Furthermore, a variety of structural defects near surface 
are also believed to be able to facilitate the formation of 
craters. For example, POGREBNJAK et al [38] reported 
that locations with vacancy cluster agglomeration could 
act as ‘‘weak’’ points where the eruptions occur more 
easily. In parallel work, ZOU et al [19,36] figured out 
that carbides or sulfides in steels were always the 
nucleation sites for craters. Eruptions of these second 
phase particles had a major contribution to improved 
corrosion resistance of the HCPEB-treated steels due to a 
selective surface purification mechanism. 

For the Cu−25Cr alloy used in this study, small 
intermetallic particles are not expected to be present, as 
revealed by the XRD result in Fig. 2. Therefore, reasons 
for the formation of craters in Cr and Cu phases should 
not be attributed to the mechanism proposed by ZOU  
et al [19,36]. Very recently, ZHANG et al [39] have 
presented a detailed microstructural examination on a 
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commercially pure Cu treated by the HCPEB. Abundant 
vacancy defects were found to be introduced into the 
subsurface layer of Cu during irradiation, which is 
consistent with the work of POGREBNJAK et al [38]. 
Therefore, it is reasonable to believe that vacancies 
should also be responsible for the crater formation in the 
irradiated Cu−25Cr alloy. 
 
4.2 Cracks 

As demonstrated above, the existence of surface 
cracks is also a common feature in the Cu−25Cr alloy 
treated by the HCPEB, which are definitely detected in 
all irradiated specimens with pulse number beyond 10. 
Clearly, such cracks are products of the employed 
electron beam treatment. Their absence in the one-pulse 
treated specimens further suggests that these cracks have 
a minimum requirement on the pulse number. It is 
interesting to notice that cracks in Cr phases were also 
detected in HCPEB-treated Cu−30Cr alloy by 
LAMPERTI et al [10,11]. 

To reveal the in-depth reason accounting for these 
cracks, it is necessary to perform a stress analysis for the 
irradiated specimens. During the pulsed electron beam 
irradiation, two types of stresses are known to be  
induced, i.e., the thermo-elastic stress and the quasi-static 
thermal stress [15]. The thermo-elastic stress results from 
rapid elastic deformation caused by a large temperature 
gradient towards the substrate, thus having a propagation 
direction parallel to the electron beam. The quasi-static 
stress, however, is produced by the confinement on the 
surface layer against the difference of lateral thermal 
deformation, with its direction perpendicular to the 
electron beam. The magnitudes of both types of stresses 
have been well investigated by earlier researchers 
[15,40]. The thermo-elastic stress was reported to have a 
low magnitude in the order of 0.1 MPa. It is negligible 
compared with that of the quasi-static stress, which can 
easily reach several hundreds of MPa or even a few GPa. 
Such values are higher than yield limits of most pure 
metals and some high strength alloys. Thus, the 
quasi-static stress is generally determined to be the cause 
of intense plastic deformation on the surfaces of various 
HCPEB-treated materials [22,23,40], and must be 
responsible for the cracks in the irradiated Cu−25Cr 
alloy. 

In regards to the fact that cracks prefer Cr phases to 
Cu phases, the difference on crystal structures between 
both phases could be noted. Metals with a body centered 
cubic (BCC) structure, such as Cr, generally possess 
inferior ability to accommodate plastic strain, compared 
with metals like Cu with a face centered cubic (FCC) 
structure. As a result of strain accommodation failure, 
cracks would preferably appear in Cr phases, as revealed 
in the present work (Fig. 3). 

Figure 5 presents an evidence of dynamic formation 
of the cracks during the electron beam irradiation. When 
a critical stress is accumulated after several pulses, 
primary cracks appear in bulk Cr phases. As the pulse 
number increases, an eruption event occurs, during 
which molten Cr phases are sprayed on nearby solid Cr 
matrix. Although the erupted molten Cr may cover some 
primary cracks (see Fig. 5(a)), new (secondary) cracks 
would be produced within the craters by subsequent 
irradiation. Such an analysis indicates that cracks in Cr 
phases induced by the HCPEB could not be self-healed 
or repaired by increasing pulse numbers. 
 
4.3 Liquid phase separation 

Thanks to the existence of a liquid miscibility gap in 
the Cu−Cr binary phase diagram, the LPS could occur 
once a Cu−Cr liquid is undercooled into the gap. The gap 
width was reported to be broad. For example, a recent 
experimental investigation on Cu−Cr alloys prepared by 
electromagnetic levitation and splat quenching verified 
the occurrence of the LPS in melts with Cr contents 
ranging from 5% to 70% (mole fraction) [35]. Clearly, 
the composition of the present alloy lies in the range 
allowing LPS. 

Another important factor to be concerned is cooling 
condition selected for melts. For Cu−Cr alloys with Cr 
contents lower than 50%, such as in the present case, the 
miscibility gap is thermodynamically metastable [34]. 
Thus, a high cooling rate is required to allow the Cu−Cr 
liquid to drop into the miscibility gap and then separate 
into two new liquids. As the minor constituent, each 
separated liquid Cr phase prefers to forming a spherical 
shape to minimize individual surface energy. In the 
sequence, the rapid cooling would suppress the growth of 
the small Cr spheroids into dendrites and solidify them 
soon. As a result, fine Cr spheroids with sizes of a few 
micrometers or lower can be detected by microstructural 
observation and are generally regarded as a direct 
evidence of the occurrence of the LPS [7,9,32−35]. 
Otherwise, a slow cooling would lead to an equilibrium 
or quasi-equilibrium solidification microstructure with 
coarse Cr dendrites presented [9]. 

It is to be noticed that a super fast cooling rate, 
higher than 1×107 °C/s [15,37], would be reached for 
surface melting layer in HCPEB-treated materials. At 
such a high cooling rate, a large supercooling is 
inevitable. As for the Cu−25Cr alloy in this study, the 
employed HCPEB treatment could easily undercool the 
surface of Cu−Cr melt into its liquid miscibility gap and 
then trigger the LPS. Based on the above analysis, fine 
Cr spheroids revealed in Fig. 4 can be confirmed to be 
direct evidences of the LPS in the irradiated Cu−25Cr 
alloy. 

In an earlier attempt, LAMPERTI et al [10,11] 
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claimed that Cu1−x−Crx compound was formed in a 
Cu−30Cr alloy treated by similar HCPEB treatment. By 
employing secondary ion mass spectrometry, they 
presented some evidences that Cr and Cu could be 
concurrently enriched in many sites. They also made a 
simple estimation on possible reaction kinetics and 
believed that the formation of the Cu1−x−Crx compound 
was possible under the non-equilibrium condition created 
by the HCPEB. Nevertheless, more convincing evidence 
verifying the existence of the Cu1−x−Crx compound, such 
as its crystallographic information, was not provided by 
them. On the contrary to their conclusion, no such 
Cu1−x−Crx compounds are detected in our study, as 
suggested by the XRD result in Fig. 2. In fact, it was 
already demonstrated [41] that formation enthalpies of 
Cu1−x−Crx compounds were positive over the entire 
composition range, suggesting a low possibility for the 
existence of such compounds. Therefore, we suggest that 
the Cu1−x−Crx compound reported by LAMPERTI     
et al [10,11] is treated with caution in future work. 

In addition, with respect to the simultaneous 
enrichment of Cr and Cu in many sites in experimental 
result in Refs. [10,11], a likely explanation points to 
supersaturation of Cu into Cr phases caused by the rapid 
cooling. There have been a number of studies reporting 
enhanced mutual solubility between Cr and Cu by 
various rapid solidification methods [32,42−44]. For 
example, 12% Cu was detected in LPS-induced Cr 
spheroids of Cu−Cr alloys after a vacuum breakdown 
test [32]. Similar cases could be expected for the LPS- 
induced Cr spheroids in the present work, as revealed in 
Fig. 4 (Cu is overestimated due to the matrix 
contribution). Another clear evidence of enhanced 
mutual solubility in the present work is the 
disappearance of originally distinct interface between Cu 
and Cr phases after heavy HCPEB irradiation (Figs. 2(c) 
and (d)). Instead of sharp separation, gradual transition 
regions with a compromised contrast, suggesting 
coexistence of Cr and Cu, appear from the dark Cr 
phases to the bright Cu phases. 
 
4.4 Roughness and others 

Roughness is often regarded as a direct indicator of 
surface quality of engineering materials and thus has 
received much attention from researchers. In earlier 
studies [22,25,45] on HCPEB-treated materials, both 
surface smoothening and roughening effects were 
reported, largely depending on irradiation conditions and 
intrinsic properties of selected materials. Specifically, for 
the Cu−25Cr alloy under the irradiation condition 
selected in the present work, the surface is always 
roughened with increasing pulse numbers (Fig. 6). 
Generally, the amount of craters induced by the HCPEB 
is believed to have a close relation with the surface 

roughness. For instance, an investigation by GAO     
et al [22] on HCPEB-treated Mg alloys revealed that 
more pulses could suppress the formation of craters and 
thus gave rise to smoother surfaces. In our work, 
however, a clear reduction of crater numbers is not 
observed for irradiated Cu−25Cr alloy for more pulses. 
In contrast, cracks, another unique feature induced by the 
HCPEB, are found to be denser with increasing pulse 
number. As demonstrated in Section 4.2, cracks can be 
consecutively produced by different pulses and are hard 
to be eliminated. Therefore, it should be reasonable to 
ascribe mainly the roughened surfaces to the 
accumulation of cracks. 

Direct examinations on various properties changed 
by the HCPEB treatment are still ongoing and will be 
reported in the near future. Nevertheless, based on the 
results presented in this work, a tentative discussion can 
be given in advance. Size refinement of Cr phases is 
generally known to be desirable for improving the 
dielectric strength of Cu−Cr alloys. Hence, fine Cr 
spheroids produced by the HCPEB treatment should 
bring some beneficial effects for Cu−Cr alloys as contact 
materials. Concomitantly, however, the HCPEB 
treatment could also induce some unfavorable products, 
such as craters and cracks, which destroy surface 
integrities of specimens. To what extent that such 
beneficial and detrimental effects will offset each other 
could be answered only after the comprehensive property 
examinations. 
 
5 Conclusions 
 

1) The HCPEB is capable of inducing remarkable 
surface modifications for the Cu−25Cr alloy. 

2) Typical craters can be induced by the HCPEB 
treatment in the Cu−25Cr alloy. 

3) A unique feature, cracks in Cr phases, is found in 
irradiated specimens and attributed to quasi-static 
thermal stresses accumulated along the specimen surface. 

4) The occurrence of liquid phase separation in the 
HCPEB-treated specimens is confirmed by the presence 
of fine Cr spheroids. 

5) A surface roughening effect of the HCPEB 
treatment on the Cu−25Cr alloy is revealed. 
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Cu−25Cr 合金的强流脉冲电子束表面改性 
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摘  要：采用强流脉冲电子束(HCPEB)技术对真空感应熔炼法制备的 Cu−25Cr 合金进行表面改性处理，所选用的

脉冲次数范围为 1~100。采用扫描电镜和 X 射线衍射技术对 HCPEB 处理前后样品表面的形貌和显微组织进行研

究。结果显示，当脉冲次数增加到 10 次后，样品表面形貌会发生显著变化。在 HCPEB 处理过程中所产生的动态

温度场使 Cu−25Cr 合金表面形成典型的熔坑组织。同时，该过程中所累积的准静态热应力场导致样品表面出现微

裂纹，其数量随脉冲次数的增加而增大。另外，HCPEB 处理还使 Cu−25Cr 合金表面发生液相分离现象，产生大

量细小的 Cr 球。在上述特征组织的综合作用下，样品表面的粗糙度随脉冲次数的增加而增长。 

关键词：Cu−Cr 合金；表面改性；强流脉冲电子束；显微组织 
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