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Surface Modification of Aluminized Cu-10Fe Alloy by High Current Pulsed Electron Beam
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A Cu-10Fe alloy with magnetron sputtered Al films was irradiated by high current pulsed electron
beam (HCPEB) with various pulse numbers, next changes of its microstructure and corrosion property
were investigated. Compared with the initial sample, microhardness and corrosion resistance of the
aluminized Cu-10Fe alloys after the HCPEB treatment are remarkably improved with increasing
pulse numbers. This improvement could be attributed to formation of Al,Cu intermetallic compounds,
occurrence of liquid phase separation and grain refinement in the surface layer of the Cu-10Fe alloy
during the process of rapid remelting and solidification induced by the HCPEB treatment.
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1. Introduction

Inrecent years, high current pulsed electron beam (HCPEB)
has emerged as a new and promising surface modification
technique for materials researchers. Compared to widely used
laser, plasma, and ion beam treatments, the HCPEB provides
narrower energy distribution, better surface finish and wider
energy density range'*. With proper selection of operation
parameters, various surface modification processes like
surface quenching, annealing, impulse hardening, alloying
and amorphization can be achieved by HCPEB treatments™.
As aresult, optimized mechanical strength, microhardness,
wear and corrosion resistance may be obtained. To date,
there have been many successful applications of the HCPEB
technique to enhancing surface performance of steels’®,
magnesium alloys®’, aluminum alloys'*", etc.

Thanks to excellent electrical properties and reliable
performance, Cu-Fe alloys account for approximately half of
contact materials for vacuum interrupters'>. Cu-Fe alloys utilize
Cu as the matrix element with Fe and other trace elements
added to form different grades of alloys. By and large, they
belong to metastable immiscible alloys, with good application
prospects in aviation, automobile and electronic industries.
Along with the rapid development of long-pulsed magnetic
field and high-speed railway technologies, higher requirements
for magnetic conductors and electrical contact materials
have been asked'>'*. For the Cu-Fe contact materials, better
strength, electrical conductivity, wear resistance and corrosion
resistance properties should be of primary consideration'.
There are already some attempts'®!” on preparation techniques
for producing stronger, more ductile and higher conductive
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Cu-Fe alloys. However, few attentions have been paid to the
effect of the HCPEB technique on the surface modification
of Cu-Fe alloys, in spite of its well testified effectiveness for
other metallic materials'®?. In this paper, the modification
effects of the HCPEB treatment on the surface of Cu-10Fe
alloys coated with Al films were studied. The reason for
depositing Al films on the surface of Cu-10Fe alloys is that
Al, Cu and Fe are easy to generate complex intermetallics
and could improve corrosion and wear resistance. Surface
microhardness and corrosion resistance properties of samples
with and without the HCPEB treatment were measured, and
reasons accounting for their changes were discussed in light
of microstructural characterization.

2. Experimental

The substrate Cu-10Fe alloy was prepared by vacuum
induction melting (VIM). Specimens with dimensions of
®14 mm x 3 mm were cut from the as-prepared Cu-10Fe
alloy. All the samples were ground and polished, followed
by ultrasonic cleaning in alcohol for 5 minutes. A FILS60A
type ultrahigh vacuum magnetron and ion beam sputtering
system was employed to deposit Al films on the surface of
Cu-10Fe alloys. Technology principle and advantage of
the plasma-enhanced magnetic sputtering could be found
elsewhere?!. Prior to the deposition, the system was evacuated
to a vacuum pressure about 10 Pa by a mechanical pump.
Then a molecular pump was used to reach a high vacuum
of about 3.4x107* Pa for the system to avoid contamination
and improve adhesion. During the deposition, the working
pressure was maintained at 0.9~1 Pa, the target power was
125 W, and sputtering time was 20 minutes. A RT-2M type
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HCPEB source was then employed to irradiate the surface
of Cu-10Fe alloys at room temperature, with pulse numbers
of 1, 5, 15 and 30, respectively. The HCPEB treatments
were conducted under the following conditions: the electron
energy 25 keV, the pulse duration 1 ps, the spray distance
80 mm, and the vacuum 5x%1073 Pa. More details about the
HCPEB system can be found in Refs.?>.

Microstructures of the samples were characterized by
an Olympus GX51 optical microscope (OM) and a JEOL
JSM-6460LV scanning electron microscope (SEM) equipped
with an energy dispersive spectrometer (EDS). Cross-section
microhardness of the samples was measured by a HVS-1000
testing instrument. Phase changes in the surface layers were
examined by a DX-2700 X-ray diffractometer (XRD) with
CuK radiation. Meanwhile, the corrosion resistance was
measured by using a M273 electrochemical workstation.
With respect to corrosion process, 3.5wt.% NaCl solution
was selected as the corrosive medium. The corrosion
current density was estimated by Tafel extrapolation of the
polarization curve.

3. Results

3.1. Surface and cross-section morphologies

Microstructure of the substrate Cu-10Fe alloy as-prepared
by the VIM is illustrated in Figure 1. As clearly shown in
Figure la, coarse dendrites of primary Fe-rich phases are
dispersed in the Cu matrix. Figure 1b shows the cross-section
OM micrograph of Cu-10Fe alloy with deposited Al films.
From the cross-sectional image, one can see that the Al film
with columnar morphology has a thickness of about 6 pm.
A very low adhesive strength of Al film on the substrate
material is expected.

The SEM micrographs of the microstructure of aluminized
Cu-10Fe alloys irradiated by the HCPEB with different

pulses are displayed in Figure 2. As shown in Figure 2a, a
few craters with different sizes are formed on the surface
of Al films after a single shot. Cross-section composition
analyses by the SEM-EDS reveal that Al element is almost
exclusively detected on the surface of one-pulse treated
sample, suggesting that only an insignificantly remelted layer
is produced (Figure 2b). As the pulse number increases to 5
(Figure 2c¢), most of the Al films are remelted and remarkable
element aggregation is found. Meanwhile, in addition to
craters, cracks also appear as revealed by the magnified
images in Figs. 2d and 2e. After the 15-pulse treatment
(Figure 2f), more craters are observed on the irradiated
surface, similar to other metallic materials after HCPEB
treatments*?3. When the pulse number reaches 30 (as shown
in Figure 2g), the Al films sputtered on the surface of the
Cu-10Fe alloy almost disappear. Instead, a clearly remelted
layer with a thickness of about 10 pm is observed (Figure
2h). EDS analyses across the remelted layer reveal that
both Fe and Cu elements are present in the surface layer, in
addition to Al element. Furthermore, composition changes
are also found for prior Fe-rich phases and the Cu matrix.
Extra EDS analyses reveal 7.35 wt.% Al in Fe-rich phases
and 74.3 wt.% Al and 25.7 wt.% Cu for intermetallics formed
in Cu matrix, confirming the occurrence of remarkable
alloying on the surface.

3.2. XRD analysis

XRD measurements were carried out for the aluminized
Cu-10Fe alloys before and after HCPEB treatments and
results are shown in Figure 3. One can notice that Cu and
a-Fe phases are always the majority in the surface layers
of all samples. Nevertheless, a new phase of Al,Cu is
definitely detected in those HCPEB-treated samples. This
is consistent with the microstructural analysis according
to Figure 2.

Figure 1: (a) surface SEM micrograph of the Cu-10Fe master alloy (the gray and the light indicate Fe-rich phases and Cu-rich substrate,
respectively); (b) cross-section optical micrograph of Cu-10Fe alloy coated with Al films (the white dashed line roughly indicates the
interface between Al films and substrate)
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Figure 2: Micrographs and EDS results (red, green and blue lines
indicate Cu, Fe and Al, respectively) illustrating microstructures of
Cu-10Fe alloys with different pulses: (a) and (b) 1 pulse; (c), (d)
and (e) 5 pulses; (f) 15 pulses; (g) and (h) 30 pulses
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Figure 3: XRD patterns of the aluminized Cu-10Fe alloys with and
without HCPEB irradiation

3.3. Microhardness and coefficient of friction

Microhardness variation from surface layers to substrates
and coefficients of friction (COFs) all samples are measured
and presented in Figure 4. From Figure 4a, one can see that
for the unirradiated sample, the top surface appears to be
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the softest, followed by an almost constant hardness value
towards the substrate. This is because that the top surface
is composed of relatively soft Al films, compared with
the harder substrate. After HCPEB treatments, however,
significant hardness increase can be noticed for the top
surface of samples; the prior softest part becomes the hardest
even for the sample with a single shot. With increasing pulse
numbers, a general increase trend is seen for the top surfaces
of the irradiated samples. For the 30-pulse treated sample,
highest hardness value (256 HV) is obtained in the current
work, which is 45% higher than the as-sputtered Al film.

Figure 4b presents the surface COFs measured for all
samples. For the unirradiated sample, the COF is about
0.5. After one-pulse treatment, the COF rapidly increases
to higher than 0.6. As the pulse number increases, a clear
decrease trend can be seen, with the lowest COFs value of
about 0.3 achieved for the 30-pulse treated sample.

3.4. Corrosion resistance

The polarization curves and corrosion current densities
are displayed in Figure 5 and Table 1 to reveal the change
of corrosion resistance between the initial and irradiated
samples. According to the Tafel extrapolation, corrosion
current density (I ), corrosion potential (E_ ) and corrosion
rate are acquired and given in Table 1. From both Figure
5 and Table 1, one can see after the HCPEB irradiation,
E, ., andI

of all samples with various pulse numbers are
€Ol corr

respectively higher and lower than the unirradiated sample.
For the most heavily irradiated sample (30 pulses), the
highest E_ and the lowest I are obtained. Generally, a
lower corrosion current density indicates a slower corrosion
rate. This is also the case in the present work, as revealed in
Table 1. Therefore, the corrosion resistance can be effectively
improved by the HCPEB treatment. The sample irradiated
for 30 pulses presents the best corrosion resistance, corrosion
rate of which is 6 times slower than the initial sample.

4. Discussion

Due to the high accelerating voltage (25 keV) and high
energy density of the HCPEB treatments employed in this
work, the surface of Cu-10Fe alloys with Al films could be
remelted rapidly and produce splashing phenomenon. Even
for sample with only one pulse, craters with various sizes are
formed as shown in Figure 2a. With further irradiation, as seen
from the surface morphology after 5-pulse irradiation (Figure
2c), a great mass of Al films melt with craters and cracks
appearing (Figs. 2d and 2e). As the pulse number increases,
the phenomenon of remelting and rapid solidification would
continue near the surface of the Cu-10Fe alloy. According to
binary Cu-Fe phase diagram, metastable liquid phase separation
could appear during the process of rapid solidification. The
occurrence of surface alloying and cracks is more evident



Surface Modification of Aluminized Cu-10Fe Alloy by High Current Pulsed Electron Beam 99

2604 (a) —=—original
— —— 1pulse
i 240- —— bSpulses
\g’ —+ 15pulses
Q 220+ —— 30pulses
=
g 200+
2 1801

160 ;

0 50 100 150 200
distance from the top surface (um)

0.7
(b)

Matrix
0.54 -«

®

0.6+

0.4

o

0.3 °

coefficient of friction

0.2+

0.1 T T T T T
number of pulses

Figure 4: (a) Microhardness and (b) coefficient of friction of the aluminized Cu-10Fe alloys with and without HCPEB irradiation
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Figure 5: (a) polarization curves and (b) corrosion current density of the aluminized Cu-10Fe alloys with and without HCPEB irradiation

Table 1: Corrosion data of the aluminized Cu-10Fe alloys with and without HCPEB irradiation.

sample E_, /mV I, /(uA/cm?) Corrosion Rate(mm/a)
initial -613.1 290.75 8.60
1 pulse -452.5 126.58 6.52
5 pulses -602.9 113.13 5.83
15 pulses -475.4 51.22 2.64
30 pulses -419.0 27.23 1.43

when the pulse number increases to 30 (Figure 2g). From
EDS and XRD analyses, the new Al,Cu phases are formed
on the alloy surface. The formation of the Al,Cu intermetallic
compounds is believed to relate to large differences of atomic
radii and electro-negativity between Cu and Al. As the AL,Cu
compound owns high melting point and hardness, they can
make major contribution to improve the surface strength,
hardness, wear resistance and heat resistance.

The cross-section microhardness profile presents a
downtrend from the top surface to the alloy substrate (Figure
4(a)), primarily due to considerable energy loss in the process
of high energy particle effect gradually diffused to the substrate
by HCPEB irradiation. The force is gradually decreased
from the surface to the substrate in the heat-affected zone
formed in the range of 200um.

Asslight COF increase of the alloy surface after one-pulse
irradiation (Figure 4(b)) may be attributed to the formation
of coarse craters. Subsequently, it decreases rapidly with
increasing pulse number. Actually, the final hardness of
specimens is affected mainly by the following two factors:
the surface alloying which leads to the formation of the
Al Cuphase and the fine grain structure induced by the rapid
solidification of the melted layer. The formation of Fe-rich
spheres due to liquid phase separation during the process
of HCPEB treatments is another reason for the increased
surface microhardness.

The improvement of corrosion resistance can be attributed
in part to the generation of Cu,O by oxidation-reduction
reaction in 3.5 wt.% NaCl solution*’. The occurrence of
remelting and rapid solidification of the surface layer can
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greatly improve its microstructure refinement and inhibit
localized corrosion. Meanwhile, rapid solidification increases
the solubility of alloys, dissolving the elements into the matrix.
This reduces the generation of harmful precipitates and leads
to better corrosion resistance. Generation of supersaturated
solid solution after metastable liquid phase separation may be
another reason for improved corrosion resistance. In addition,
the liquid phase separation-induced fine spheroids were
reported® to be able to disrupt continuity of passive films
during corrosion, thus should also contribute to improved
corrosion resistance in HCPEB-treated specimens.

5. Conclusions

Surface microstructure and corrosion resistance of an
aluminized Cu-10Fe alloy after HCPEB treatments were
investigated. Results show that typical craters could be induced
by HCPEB treatments in Cu-10Fe alloy. The microstructure,
microhardness, coefficient of friction and phase constitution
could be remarkably modified by the HCPEB treatments.
The surface microhardness can be increased by more than
45%, due to combined effects of the fine grain structure
induced by the rapid solidification of the melted layer, the
occurrence of Al,Cu phase and liquid phase separation. These
factors also significantly improve the corrosion resistance of
Cu-10Fe alloy, with the best corrosion resistance obtained
in the 30-pulsed sample.
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