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A Cr-Cu surface alloy is synthesized using successive operations of Cr film deposition followed by mixing in a
melted phase with the Cu substrate by a low-energy, high-current electron beam (LEHCEB). The parameters of
LEHCEB are as follows: electron energy 20-30 keV and pulse duration 2-4 ps. Depending on the LEHCEB energy
density, the concentration of Cr in the alloy is in the range from 60 to 20 at.%. The alloy microstructure has been
analyzed, and its morphology is shown to represent nanosized chromium particles measuring 10-30 nm uni-
formly distributed in the copper matrix. The synthesized Cr-Cu surface alloys demonstrate a more than a factor

of 3 a decrease in wear coefficient, which is nearly as low as the wear coefficient of Cr coatings. Some defects
such as networks of cracks and pores, are observed in the lengthy regions of chromium. They are attributed to
the tensile thermal stresses taking place during solidified melt cooling due to a large difference between the
thermal expansion coefficients of copper and chromium.

Introduction

A Cr-Cu alloy is a basic material for producing electrodes for high-
current vacuum interrupters operating at medium voltages. It is well
known that the high electrical and thermal conductivity of copper-
chromium alloys is ensured by their Cu matrix, and the Cr particles
embedded into it improve the alloy wear resistance, contact erosion,
and prevent the contacting surfaces from welding. A common method
utilized for the production of such alloys is the powder metallurgy (PM)
process involving uniaxial compaction of Cu and Cr powders, followed
by their sintering. The quality of vacuum-electrical components man-
ufactured by this method is, however, far from being perfect, which is
mostly due to two major limitations — pores and oxygen present in the
material, with Cu and Cr oxides formed due to the latter. That is why
the density of the resulting Cr-Cu alloy is at best as high as 95% of the
density of a cast material [1].

During manufacture, it is not so easy to achieve efficient service
characteristics, since they depend on the material properties controlled
not only by the concentrations of the components, Cr and Cu, but also
by the alloy microstructure, specifically, by the grain size, their dis-
tribution, and morphology. For instance, it is known that chromium
grain refinement improves the properties of the Cu-Cr contact material
[2,3]. One of the methods that allow changing, in a wide range, both
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the microstructure of a material and its grain size is surface modifica-
tion consisting of the pulsed power impact on metallic surfaces. The
formation of a Cr-Cu alloy under non-equilibrium conditions of surface
modification processes is appealing not only from a practical point of
view but also in terms of fundamental investigations of the Cr-Cu
system. The point is that in this system characterized by low mutual
solubility of the elements under conditions of high-rate (~10°-10° K/s)
melt quenching, we might expect an excessive solubility of the com-
ponents and a formation of metastable phases with attractive proper-
ties. It is one more feature, which convinces to use the surface mod-
ification for the formation of alloys.

One of the surface modification methods, referred to as laser surface
alloying (LSA), is quite common, e.g., in alloying of Cu [4,5]. During
alloying, pure alloying dopants, such as Cr, W, Ni, Al or Ti, mixed with
4 wt% of a polyvinyl alcohol binder were applied onto Cu substrates
using a brush, followed by the surface scanning with a 2 mm continuous
laser beam [6,7]. After the Cr particles melted with the Cu matrix, the
surface layer hardness increased, and the reaction rate of electro-
mechanical erosion decreased, which according to the authors thinking
was due to the formation of an oversaturated copper solution. It is
worth mentioning that there are other literature data available on the
possible formation of chromium - oversaturated copper solutions [8,9].
The limitation of the LSA method is its inability to form surface layers of
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Table 1
Surface alloy formation modes.
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Mode Charge voltage, kV LEHCEB energy density, J/cm?* Thickness of Cr film deposited per cycle, pm Number of cycles Number of irradiation pulses
1 22 4.6 0.1 10 10
2 25 5.7 0.1 10 10
3 27 6.3 0.1 10 10
4 30 7.0 0.1 10 10

defined chemical composition.

A surface layer with a defined chemical composition can be formed
using some other surface modification processes — laser- or electron-
beam cladding, where the powder is fed onto the surface of the sub-
strate melted by the irradiation with a scanning laser- or electron beam
and is fused into it [10,11]. Using a continuous scanning electron beam,
a Cr-Cu surface layer was formed by A. Schneider and V. Durakov
[12,13]. The size of Cr grains formed as a result of cladding (3-5 pm)
was found to be much smaller than that formed by the PM process
(50-100 pm). This decrease in the grain size resulted in better stability
of cathode spot burning and lower chopping current. A disadvantage of
this process consists in the necessity of subsequent mechanical fin-
ishing.

In the recent decade, a wide-aperture low-energy high-current
electron beam (LEHCEB) of a microsecond duration has been success-
fully used for surface modification; in particular, it is installed as the
main part of RITM-SP electron-beam machines (EBMs) [14,15]. An
EBM is used for modification of metallic materials, for instance, pure
titanium, nickel, zirconium, copper, and various steels and alloys
[16-21]. In addition to surface irradiation, EBMs have become quite
common in surface alloying or formation of surface alloys [22-26]. The
formation of high-adhesion coatings — surface alloys, is an attractive
method for improving the properties of components and parts. In a
number of cases, in order to substantially improve the service proper-
ties, it is sufficient to form a defined elemental composition in the
surface layer of a part, which is only a few micrometers (2-5) thick
[15].

As far as the Cr-Cu alloys are concerned, so far LEHCEBs have been
used for irradiation of surfaces of alloys prepared by standard processes,
such as PM, in which the size of Cr inclusions was tens or even hundreds
of micrometers [27-30]. The aim of such a treatment was formulated as
both a technological task of cleaning from inclusions and smoothing
electrode surfaces, as far as refining of recrystallized Cr grains, resulting
in higher breakdown electrical fields of vacuum gaps, and a funda-
mental task of forming metastable phases and an attempt to solve the
excessive fraction of Cr in Cu or Cu in Cr. One of the recent studies on
modification of Cu with LEHCEBs deals with its alloying by tungsten;
prior to irradiation W was applied to its surface in a powder form, si-
milar to the LSA process [31].

The purpose of this work is to synthesize a Cr-Cu alloy immediately
on a Cu substrate rather than merely irradiate the surface of a PM alloy.
This was achieved by multiple depositions of thin Cr films and their
intermixing in a liquid phase using LEHCEBs without breaking the va-
cuum. In addition, a study of morphology along with chemical and
phase compositions of the synthesized surface alloy has been carried
out, and its properties are compared with those of Cr-Cu alloys syn-
thesized by other methods.

Experimental procedure

In this study the surface alloys were formed using a wide-aperture
(beam diameter 80-100 mm) LEHCEB located in the same chamber
with a number of magnetron sputtering systems, which allowed de-
positing films, melting them, and mixing in a liquid phase with the
substrate in a single vacuum cycle. Technologically this approach was
implemented in a RITM-SP EBM (Institute of High Current Electronics,
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00O Microsplav) with the following parameters: electron energy of
10-30 keV, electron beam pulse duration of 2—4 ps, electron beam en-
ergy density on the target of 2-8J/cm? film deposition rate of
~10um/h [14,15].

A Cr-Cu surface alloy was formed by alternating the operations of Cr
film deposition on a Cu substrate, followed by subsequent irradiation of
the resulting film/substrate system with a LEHCEB in a single vacuum
cycle. The specimens (substrates) measuring 15 X 15 X 2mm were
manufactured from oxygen-free copper of the MOOb grade (99.997 wt
%). The surface roughness of the initial specimens R, was of
1 *+ 0.25pum. Before film deposition, copper specimens were irradiated
with a LEHCEB in order to clean and homogenize the surface. Optimal
electron energy in this operation was determined experimentally and
was found to be 25keV. The films were deposited by magnetron sput-
tering from chromium of the ERCr-1 grade (99.95 wt%) at the deposi-
tion rate of 8.1 * 0.2um/h. A 100 nm thick film was formed within
one operation, the total number of deposition/irradiation cycles was
10, and thus the total thickness of the film deposited in the course of
surface alloy formation was 1 pm. The modes of surface alloy formation
are listed in Table 1. For a comparative analysis of the resulting surface
alloy properties, we prepared a reference sample — a 1-um chromium
film deposited onto a copper substrate by a common magnetron sput-
tering process without LEHCEB irradiation.

A study of the surface layer morphology was conducted using op-
tical and scanning electron microscopy (OM and SEM) in the MMU-3
(Russia), Philips SEM-515 (the Netherlands), and FEI Quanta 200 3D
(the USA) electron microscopes. The surface topography was examined
using the method of optical profilometry in an MNP-1 (Russia) and
atomic-force microscopy (AFM) in a Solver HV (Russia) device. A
chemical analysis of the surface was performed by the method of energy
dispersive X-ray spectroscopy (EDS) at the accelerating voltage of
15kV, which allowed analyzing a thin subsurface layer ~1um. The
distribution of the elements over the depth of the specimens with the
surface alloy was examined using Auger electron spectroscopy
(Shkhuna — 2, Russia) and optical-emission spectroscopy in a glow
discharge (Spectruma, Germany). A study of the phase composition of
the specimens was carried out using the X-ray diffraction analysis in a
Shimadzu XRD 6000 (Japan) diffractometer in a grazing incidence
diffraction geometry at the incident angle of ® = 5°. An investigation of
the microstructure was performed by the method of transmission
electron microscopy (TEM) in a JEOL JEM2100 (Japan) electron mi-
croscope. The tribological tests were performed in a pin-on-disc mode
in a TRIBOtester device (France). The counter body was a 3 mm ball
made of Steel 100Cr6. The load on the specimen was 2N, the sliding
distance was 40 m, the track radius R was 2 mm, and the sliding velo-
city — 25mm/s. The tests were performed under normal conditions
without lubrication. The wear coefficient was calculated
asK,, = V,,/F,a, where V,, is the wear track volume; F, — is the load on
the specimen, and a - is the sliding distance. In the experiments with an
optical profilometer, we determined S, the cross-section of wear track
averaged over ten measurements made at different parts of the track.
Then multiplying the averaged cross-section of the wear track S by
track length 27R, the wear track volume V;, was obtained.
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Fig. 1. SEM images of the specimen surfaces with a Cr-Cu alloy formed at the LEHCEB energy densities 4.6 (a), 5.7 (b), 6.3 (c) and 7.0 (d) J/cm?

Results

Figs. 1 and 2 present SEM images from the surfaces with the Cr-Cu
surface alloy formed at different LEHCEB energy densities and the re-
spective element distributions of Cr and Cu. An examination of the
surface morphology demonstrated that depending on the LEHCEB en-
ergy density the surface relief patterns are noticeably different. Speci-
fically, there are defects of the pore type on the entire surface of the Cr-
Cu specimen, where the surface alloy was formed at the LEHCEB energy
density of 4.6 J/cm? (Fig. 1a). This surface pattern implies the presence
of non-homogeneous structure, high concentration gradients associated
with incomplete mixing of the deposited chromium film with the
copper substrate, which is consistent with the elemental analysis data
(Fig. 2a). The surface roughness, in this case, was found to be
0.57 * 0.1 pym. More effective mixing of the film and substrate mate-
rials is observed when the surface alloy is formed at the LEHCEB energy
density of 5.7 J/cm? (Figs. 1b, 2b). In this case, the surface is smooth
and free from defects; its roughness is 0.55 * 0.1 pm. Similar results
were obtained at the LEHCEB energy density of 6.3 J/cm? (Fig. 1c, 2c).
When the LEHCEB energy density is, however, higher — 7J/cm?
(Fig. 1d, 2d), the elements begin to stratify and there are regions de-
pleted in chromium, which measure 20-40 um. The surface roughness
in that mode was found to be 0.68 * 0.1 um. Thus, in terms of
homogeneity of the Cr-Cu surface alloy, an optimal LEHCEB energy
density is within the interval of 5.7-6.3 J/cm?. It should be noted that
only few craters were observed on the specimen surface with the Cr-Cu
surface alloy irrespective of the LEHCEB energy density, which in-
dicates high purity of the initial Cu.

Note that despite the smooth surface and absence of defects, even
under optimal irradiation modes a noticeable scatter in the element
concentrations throughout the surface can be observed in the images
obtained by electron backscattering (EBS, see Fig. 3). It is evident that
during surface alloy formation at the LEHCEB energy density of 5.7 J/
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cm?, chromium particles measuring 1-5 um begin to precipitate in the
form of a dendrite-like structure (Fig. 3a), and the concentration of Cr
across the surface is varied within the range from 30 to nearly 60 at.%.
When the surface alloy is formed at the energy density of 6.3 J/cm?
(Fig. 3b), the precipitation of fine individual Cr particles, whose size is
~1-2 um, is observed.

Fig. 4 presents the research findings of the integral (from the area
100 x 100 pm?) elemental composition of the specimens. During the
EDS analysis, the electron energy was adjusted in such a way that the Cr
concentration on the reference sample Cr(0.1)/Cu was 100% (see
dotted line in Fig. 4). It is also evident in Fig. 4 that the concentrations
of Cr and Cu on the surfaces of the specimens with the Cr-Cu surface
alloy formed at energy density of 4.6 J/cm? are 59.7 and 40.3 at.%,
respectively. When the LEHCEB energy density is increased, the con-
centration of Cr on the specimen surface decreases and Cu is increases
that suggests a more intensive liquid-phase mixing of the film and
substrate materials at high LEHCEB energy densities along with a for-
mation of thicker regions of the Cr-Cu surface alloys. At the energy
density of 7 J/cm?, the concentrations of Cr and Cu in the surface layer
sharply change and are found to be of 21.2 and 78.8 at. %, respectively.
According to the EDS point analysis, the elemental composition on the
oval convex regions, formed at this LEHCEB energy density, differs from
that on the rest of the surface (Fig. 1d). It was identified that the
average content of Cr in the center of the oval convex regions is 10 at.
%, which is by more than three factors lower than for the rest of the
surface, where the concentration of Cr is equal to 31 at.%. The me-
chanism of this elemental stratification is likely to be due to the liquid-
phase segregation of the Cr-Cu alloys well known from the literature
[5].

Fig. 5 presents the profiles of the element concentrations with re-
spect to the depth of a 300 nm layer of the initial Cu specimens, of the
LEHCEB-irradiated specimen, and the specimen with a Cr-Cu surface
alloy formed at the LEHCEB energy density of 5.7 J/cm?, obtained by
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Fig. 2. Distribution of Cu and Cr across the specimen surfaces with the Cr-Cu surface alloys formed at different LEHCEB energy densities: 4.6 (a), 5.7 (b), 6.3 (c) and

7.0 (d) J/em*

the Auger electron spectroscopy. It is evident that after the LEHCEB
irradiation the subsurface layer of Cu is cleaned from the impurities of
oxygen and, which is especially critical, carbon, whose concentration in
a 100-nm subsurface layer of the initial specimen is quite high. While
there are oxygen and carbon impurities in the resulting Cr-Cu surface
alloy, the contaminated layer thickness is essentially smaller (~ 25 nm)
than in the initial specimen (~100 nm). The distribution of Cr and Cu
over the depth is quite homogeneous; their average concentrations are
found to be of 28 and 69 at.%, respectively.

The element distributions over the depth for a 5um layer of the
specimens with the surface alloy formed at different LEHCEB energy
densities are presented in Fig. 6. It is clear that the Cr concentration at
the LEHCEB energy density of 5.7 J/cm? has a sharp curve in the region
of 1.7-1.8 um, and at the LEHCEB energy density of 6.3J/cm? this
curve is more gradual and is found deeper in the specimen — at about
2 um. This suggests alloying of copper with chromium at deeper sub-
surface layers as the LEHCEB energy increases. It is also evident from
Fig. 6 that the concentration of Cr decreases as the LEHCEB energy
density increases, which is consistent with the data obtained by the EDS
method. Note also that areas under the Cr concentration curves are
practically the same, which suggests that the deposited chromium does
not virtually evaporate from the surface in the course of the surface
alloy formation.

According to the calculations, the melted surface layer thickness is
~3um. Thus, an XRD analysis of the specimens with a Cr-Cu surface
alloy in the grazing incidence geometry (analyzed depth ~2um) pro-
vides the data on the melted layer only [32]. The results of the phase
composition investigations on the specimens with a Cr-Cu surface alloy
are presented in Fig. 7 in comparison with the reference and initial Cu
specimens. It is clear that the initial Cu specimen consists of an FCC-
copper with the lattice parameter a = 3.6157 A. The reference
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specimen, in addition, consists of BCC-chromium with the lattice
parameter a = 2.9042 A, both phase lattice parameters agree with the
tabulated data. The formation of a Cr-Cu surface alloy does not change
the phase composition, changing the phase ratio only. For instance, for
the specimen with a Cr-Cu surface alloy formed at the LEHCEB energy
density of 4.6 J/cm? the copper and chromium phase contents are 61
and 39%, respectively. An increase in the LEHCEB energy density re-
sults in a smaller fraction of the Cr phase and, hence, a larger fraction of
the Cu phase; at the energy density of 7 J/cm? they constitute 7 and
93%, respectively. After the surface alloy is formed, there is a slight
shift of the lines towards a larger angle. It suggests emerging tensile
microstresses formed as a result of rapid melt quenching.

During the formation of a Cr-Cu surface alloy, the specimen surfaces
undergo nanostructuring. Fig. 8 presents the surface topography images
obtained by the atomic-force microscopy for different LEHCEB energy
densities. The grain sizes for the specimens with a Cr-Cu layer formed at
the energy densities of 4.6 and 5.7 J/cm? are found to be 50-100 nm,
and at the LEHCEB energies 6.3 and 7 J/cm? they are 25-50 nm, re-
spectively.

Fig. 9 presents the images of the microstructure formed in the
subsurface layer of the specimen with a Cr-Cu surface alloy formed at
the LEHCEB energy density of 5.7 J/cm?, microdiffraction patterns, and
dark-field images formed in the respective reflections obtained by the
TEM method. It is clear that the structure of the resulting surface layer
has nanoparticles (Fig. 9a), whose microdiffraction represents a com-
bination of point and ring structures (Fig. 9b); the latter pattern is ty-
pical for nanocrystalline materials. An interpretation of the micro-
diffraction pattern allowed identifying that the main phase is that of
copper with comparatively large grains measuring 200-500 nm
(Fig. 9d), and the ring diffraction, corresponding to nanosized particles,
belongs to the Cr-phase. The Cr particles are evenly distributed
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Fig. 3. EBS images of the specimen surfaces with the Cr-Cu surface alloys
formed at the LEHCEB energy densities 5.7 (a) and 6.3 (b) J/cm*

throughout the entire region under study and their sizes lie within
10-30 nm (Fig. 9a, b). This finding is a quite important, since such a
nanostructure has not been observed in the investigation of Cr-Cu alloys
modified by LEHCEBs. The minimal size was commonly no less than
1 pum; in our case, the ultrafine Cr precipitates are by nearly two orders
of magnitude smaller.

The results of tribological testing of the specimens with a Cr-Cu
surface alloy in comparison with those for the reference, pure Cu, and
commercially produced Cr3oCuyq (Wt.%) alloy sintered by PM method
(size of embedded Cr particles ~10 um) specimens are presented in
Fig. 10. According to the data presented, the wear coefficient of the
initial Cu specimen is 3.06 x 10~ % mm®/(N X m). The wear coefficient
of the reference specimen (a 1-um chromium film deposited onto a
copper substrate) is essentially — more than a factor of 4, lower
(0.72 x 10~°> mm3/(N x m)), which is to be expected; this is accounted
for by high hardness and tribological characteristics of Cr coatings [33].
Unfortunately, such low wear coefficient values are unattainable for the
specimens with Cr-Cu surface alloys, since the presence of ‘soft’ copper
reduces their wear resistance. Nevertheless, the minimum wear coeffi-
cient demonstrated by the specimen with a Cr-Cu surface layer formed
at the LEHCEB energy density of 4.6J/cm? (0.98 x 10~° mm®/
(N x m)) was close to that of the reference specimen. Its value is three
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Fig. 5. Element distribution over the specimen depth obtained by the Auger
method for the initial specimen (a), specimen irradiated with LEHCEB (b), and
specimen with a Cr-Cu alloy formed at the LEHCEB energy density 5.7 J/cm?
(c).

times less that of the initial specimens. As the LEHCEB energy density
increases (and hence the concentration of Cr in the subsurface layer
decreases), the specimen wear resistance drops. For instance, at the
LEHCEB energy density of 7.0 J/cm? the wear coefficient is found to be
2.61 x 10* mm>/(N x m), which is only 15% lower than that of the
initial Cu specimen. However, under the optimal modes of formation of
Cr-Cu surface alloys the specimen wear coefficient is by 30-35% lower
than that of the initial specimen, which could be considered as a good
result.
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Fig. 6. Element distribution over the specimen depth obtained by the GDOES
method from the Cr-Cu surface alloy formed at the LEHCEB energy densities 5.7
(a) and 6.3 (b) J/cm?.

s g S ) -
T 8 g 8 S
g S g S g
(@) O (@] O (@]
. X ; . ;
. T . T .
| . | . a
| : | :
I . | .
! . ! .
|
A A
|I 1 T 1 I' 1
1 . 1 ,
: ! : ! b
. | . | .
. | . | .
] | ' | '
1. 1 . 1 .
i | : | :
;:' |; Y T i T ;' T
> 2000 . 1 . 1 . c
B 1 I : I :
CIC.) i I: | ' | !
£ 10004 O | : | :
- |I :
[N : M
T T .' T TT T
. | v d
. ! .
' I '
. 1 .
. | .
. | .
. | .
T T T ; T
. | . €
. ! .
. I .
. X .
. | .
. | .
AN
1
T T T T T T
60 70 80
20 (deg)

Fig. 7. XRD patterns obtained in the grazing incidence geometry. Initial Cu
specimen (a), Cr(0.1)/Cu reference specimen (b) and specimens with the sur-
face alloys formed at 4.6, 5.7, and 7.0 J/em? (c, d, e), respectively.
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Discussions
Oversaturated solid solution

The issue of the formation of a Cr-Cu oversaturated solid solution
under non-equilibrium conditions is not only a theoretical challenge,
but it is also of practical interest as well. This interest stems from the
fact that dispersion-hardened copper alloys could be manufactured
using an oversaturated Cr-Cu solid solution. In this study, despite super-
high velocities of melt cooling, we did not observe any formation of a
Cr-Cu oversaturated solid solution: the analytic methods demonstrated
the formation of a Cr and Cu two-phase mixture, where the con-
centration of the solved elements corresponded to an equilibrium state
diagram. Other studies [27-29] dealing with modification of the Cr-Cu
alloy by LEHCEBs report some contradicting data.

For instance, in [27] the authors reported a LEHCEB irradiation of a
CuyoCrsg (Wt.%) alloy. Using the data obtained by the focused ion beam
— secondary-ion mass spectroscopy, they revealed a simultaneous pre-
sence of both Cr and Cu in certain areas of Cr grains irradiated with a
LEHCEB, relying on which they announced synthesis of a non-equili-
brium Cr-Cu compound, which they also termed a solid solution. It
should be recalled that this compound was formed only under irra-
diation of the specimens by high-energy-density LEHCEBs, while no
mutual mixing of these elements occurred under specimen irradiation
at low energy densities, the interfaces between Cu and Cr remained
distinct. The authors however did not report any direct validation of
that synthesis by the XRD or TEM data.

An assumption was made in [28,29], where the authors irradiated
Cuy5Cras and CusoCrsg (Wt.%) alloys with LEHCEBs and analyzed them
afterwards, that no oversaturated solid solution was formed in [27] - it
was merely an ordinary mixture of two phases. The latter conclusion is
supported by the fact that an XRD examination of the specimens irra-
diated by LEHCEBs using the similar mode did not reveal any new
phases in addition to the initial Cu and Cr. On the other hand, the
surface morphology after irradiation changes cardinally: between the
initial Cr and Cu grains there appear evenly distributed Cr spheroids
measuring ~ 1 um, which is essentially smaller than the initial Cr grain
size. It is likely that it was the structure morphology, which provided in
[27] the pattern of the presence of two elements in the same local
spatial region, relying on which the authors made a conclusion on the
formation of an oversaturated solid solution.

The data that we report here, validating the constancy of phase
composition of the surface layer after irradiation with LEHCEBs, agree
with those reported elsewhere [28,29]. Despite the seeming difference
in the conditions of the liquid-phase mixing used in these works, they
are quite similar. In one case, liquid Cr and Cu intermix along the beam
incidence (film-substrate system), while in the other case they are in-
termixed in the direction normal to the beam incidence (PM speci-
mens). Note that in both cases however, due to a large difference in the
thermal properties of these elements, their mixing occurs under con-
ditions of high temperature gradients, i.e., it is intensified by micro-
capillary convection. During fast heating, a homogeneous Cr-Cu melt
forms, while in the course of its fast cooling a liquid-phase separation of
the elements takes place, resulting in precipitation of Cr in the form of
finely dispersed phase crystallizing afterwards, which is followed by
crystallization of Cu having a lower melting temperature.

Thus, one of the principal conclusions concerning the aforemen-
tioned studies — the constancy of the phase composition of a surface
layer irradiated with LEHCEB: even considerably non-equilibrium
conditions do not allow fixing new metastable phases. This seems to be
due to very short times of the melt persistence — liquid copper sustains
for a few microseconds, and liquid chromium - less than 1 s, due to its
high melting temperature. The latter could be seen in Fig. 11 where the
temporal dependence of the melt thickness for the case of irradiation of
the Cr(0.1)/Cu system with LEHCEB at the energy density of 6.3 J/cm?
is presented [32]. Lifetimes of the melted Cu and Cr are 1.9 and 0.2 ps,
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Fig. 8. Images of the specimen topography with the Cr-Cu surface alloys formed at the LEHCEB energy densities 4.6 (a) and 6.3 (b) J/cm?*

respectively. So, the mutual melt of a film (Cr) and substrate (Cu)
persists for ~0.2us only followed by their fast crystallization. The
maximum melt thickness is 3.2 um, and the average rate of the melt
crystallization is 15.5 m/s. Knowing the lifetime of Cr melt and the size
of Cr particles, we can estimate roughly the rate of Cr particle growth
which is ~0.1m/s.

Interestingly, in the case where a contact material is irradiated with
a 45mm cw laser beam at the specimen scanning velocity of

3.5-8 mm/s, and the melt persistence time is noticeably longer than in
the case of LEHCEB, the authors argue that in the remelting and sub-
sequent recrystallization zone they observed an oversaturated solution
of Cu in Cr, the concentration of the former achieving =10 at.% [9]. It
is to be noted that in addition to Cu and Cr the initial powder material
contained 4 wt.% Fe. The authors of [34,35] reported the presence of
chromium particles with a large content of copper, e.g., CrggCu;» par-
ticles during arc-discharge mel ting and superfast melt quenching. The
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Fig. 9. TEM images of the subsurface layer of the specimen with a Cr-Cu surface alloy formed at the LEHCEB energy density 5.7 J/cm? a — bright-field image, b —
microdiffraction pattern, ¢ — dark-field image obtained in the reflection of the first diffraction ring denoted I, and d — dark-filed image obtained in the reflection from
Cu denoted II.

1921



A. Markov, et al.

~ 6 Cr,,Cu, (PM)
*E B I N e
<5
E |
<{’ 4
e
X 1 Cuinitial _ T
g 3f=======s======= T e B ==
2
O 1 /
% 2 /'// - T
o i
§ 1 I// Cr (1 um)/C
= L ______ i ____Cr(1um)/Cu |
0 : : : : :
4.5 5.0 5.5 6.0 6.5 7.0

Energy density, (J/cm®)

Fig. 10. Wear coefficients of the specimens with Cr-Cu surface alloys as a
function of the LEHCEB energy density.

E 44
!
2 Solid
g 37
£ | Liquid
g 24
©
=
8
s =
0 I 1 . . .
0.0 0.5 1.0

Time/Pulse duration

Fig. 11. Temporal dependence of the melt thickness for the case of irradiation
of the Cr(0.1)/Cu system with LEHCEB at the energy densities 6.3 J/cm?.

presence of oversaturated chromium and copper solutions was revealed
by the EDS analysis. Had we limited ourselves by the EDS analysis only
and did not performed TEM, then, relying on the EDS data, we could
have arrived at the same conclusion about the formation of over-
saturated solutions of chromium and copper, see Figs. 3 and 4. A more
precise TEM analysis, however, demonstrates that during superfast
cooling a large number of evenly distributed nanosized Cr particles are
formed in the copper matrix, in other words, the structure whose in-
vestigation by such integral methods as EDS might create an illusion of
formation of solid solutions of a non-equilibrium composition.

Surface defects

The most valuable information on the surface state after its LEHCEB
irradiation or synthesis of surface alloys is that on its topography, in
particular, such defects as craters. Craters can deteriorate the surface
properties of materials, and their formation is commonly undesirable.
The formation of craters is a factor preventing an extensive use of
LEHCEBs in industrial applications.

After irradiation of a Cr-Cu alloy specimen manufactured by the PM
process, craters and cracks were observed on its surface [28,29]. All
cracks were found in Cr grains, while the craters were predominantly
located either at the Cr grain junctions or even at the cracks. The au-
thors report that in the Cu;sCros and CusoCrsy (wt.%) they did not
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Fig. 12. SEM images of the surface with the Cr-Cu alloy formed at the LEHCEB
energy density 5.7 J/cm?.

observe any second-phase inclusions in either copper or chromium and
that craters are formed on the vacancy clusters or voids rather than on
Cu and Cr inclusions, as it was demonstrated in steel or titanium alloys
[36]. The formation of cracks was attributed to quasi-static pressures
and low plasticity of Cr.

In our case, the situation with defects is quite similar to that de-
scribed in the above-mentioned studies [27,28]. There are nevertheless
certain differences. In particular, there are no initial Cr grains in our
case, since the surface alloy is synthesized on a copper substrate as a
result of liquid-phase mixing by a LEHCEB. Yet, in the course of the
synthesis, we observed lengthy chromium regions not mixed with the
copper substrate. For instance, Fig. 12 shows such a region measuring
approximately 50 um. The concentration of Cr in its center, obtained by
the EDS method, is 95 at. %, i.e., it is a layer of pure chromium about
1 um in thickness. A network of cracks and a large number of pores
have been revealed. In this case it is reasonable to refer to these defects
as pores rather than craters, since there are no features of a classical
crater, such as large transverse dimensions measuring tens or even
hundreds of microns and a characteristic axis-symmetrical shape with a
microhole in the center. The dimensions of pores in our case are found
to be 1-5um, in many cases their contours are non-symmetrical. It is
evident in Fig. 12 that most pores are located on the cracks and some of
them — on double or triple joints of the cracks. The situation observed
here reminds the process of a spalling crack formation under the action
of high-power relativistic electron beams (REBs) on metals. Only in the
case of REBs, a wave of tensile stresses gives rise to the formation of
micropores, followed by a subsequent nucleation of microcracks, while
in our case the process is reverse: first microcracks nucleate and then
pores are formed on them [37].

The dynamics of the surface layer formation allows identifying the
mechanism by which cracks are formed in Cr grains. During crystal-
lization of the surface melt, chromium particles are the first to crys-
tallize, since the crystallization temperature of chromium is nearly
800K higher than that of copper. Copper is the second to crystallize,
and then the copper matrix and the embedded chromium particles to-
gether undergo fast cooling. During cooling the linear dimensions of the
metal decrease. It should be recalled that chromium is a metal with a
low thermal expansion coefficient (TEC), while the TEC of copper is by
2-3 factors higher. Thus, during cooling a particle of Cr would be af-
fected by tensile stresses from the copper matrix. The value of these
stresses can be estimated using the formula

o = EAaAT,

where E - is the Young modulus, Aa - is the difference between TECs of
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chromium and copper, and AT - is the difference between the crystal-
lization and room temperatures.

The estimations performed by this formula yield o = 2-3 GPa,
which is a few times higher than the ultimate tensile strength of
chromium. Thus, it is evident that it is the tensile stresses operating
during cooling which cause cracking. A large number of pulses used in
LEHCEB irradiation give rise to thermal cycling, during which both the
number of cracks and their size are rising, which eventually results in a
network of cracks presented in Fig. 12.

Wear resistance

As for the tribological testing results, one can state that all the
specimens with Cr-Cu surface alloy have a higher wear coefficient than
a reference specimen (a 1-um chromium film deposited onto a copper
substrate). Taking into account the above and comparing Figs. 4 and
10, it becomes clear that the wear coefficient of the sample only in-
directly depends on the energy density of LEHCEB. In fact, it is de-
termined by the concentration of chromium in the surface layer, and
the latter is higher, the lower the wear coefficient. One can expect this
result because Cr is one of the hardest and most wear resistant metals.
Therefore, it is evident that the maximum wear resistance among all
used irradiation modes for Cr-Cu surface alloy can be observed just for
the LEHCEB energy density of 4.6J/cm? when the chromium con-
centration is the highest and constitutes 60 at. %.

However, the role of the nanocrystalline microstructure, which is
realized during the formation of Cr-Cu surface alloy (see. Fig. 9), is
equally important in terms of a wear resistance increase. It becomes
clear when we compare the wear coefficient of commercially produced
Cr30Cuyo (Wt.%) alloy sintered by a PM method and Cr-Cu surface alloy
synthesized by LEHCEB with close Cr concentrations given in Fig. 10.
The first is more than two times higher than the second. Moreover, it is
even higher than the wear coefficient for pure Cu. At first sight, a high
value of wear coefficient for commercially produced CrzoCuyo (wt.%)
alloy sintered by the PM method is unclear because the addition of a
very high wear resistant element Cr into the Cu matrix has to enhance
the wear resistance of the alloy. It can be explained by the fact that the
friction conditions for Cr-Cu alloy are quite different from those for
pure Cu and Cr (a reference specimen). Indeed, for pure Cu we have soft
Cu material and soft Cu debris appearing in the friction process. For
pure Cr, we have hard Cr material and hard Cr debris. As for sintered
Cr30Cuyo (wt.%) alloy, we have two kinds of debris - soft Cu and hard
Cr. These hard particles of Cr probably cause the enhanced Cu removal
from the friction zone between a steel ball and Cr-Cu surface during the
friction with soft Cu material. Since the size of nanocrystalline chro-
mium particles in LEHCEB synthesized Cr-Cu surface alloy is sub-
stantially smaller than the particle size of chromium in Cr3qCuyo (Wt.%)
alloy sintered by PM, different friction conditions and different wear
pattern are provided for these two types of alloys. The only reasonable
explanation is that during the friction process of Cr-Cu surface alloy
synthesized by LEHCEB, the hard Cr debris does not appear or it is too
small to substantially remove Cu from the friction zone between the
steel ball and Cr-Cu surface.

Thus, the combination of a high concentration of chromium and a
formed nanocrystalline microstructure for a specimen irradiated with
LEHCEB energy density of 4.6 4.6 J/cm? ensures a low wear coefficient.

Conclusions

A Cr-Cu surface alloy has been synthesized immediately on the Cu
substrate, with the Cr concentration varying from 60 to 20 at.%,
depending on the LEHCEB energy density. An optimal mode of the
LEHCEB energy density, at which the resulting alloy is sufficiently
homogeneous and the surface defects are few, has been determined.
It has been demonstrated that at lower LEHCEB energy densities the
elements do not completely mix and the surface contains such
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defects as pores and cracks. At higher LEHCEB energy density Cr and
Cu have been observed to separate due to the liquid-phase segre-
gation of the Cr-Cu surface alloy.

Despite the non-equilibrium conditions of formation of the Cr-Cu
surface alloy under superfast cooling, the phase composition of the
resulting surface alloy is consistent with the equilibrium state dia-
gram. The morphology of the alloy is extraordinary: it represents
nanosized chromium particles measuring 10-30nm, which are
uniformly distributed in the copper matrix.

Under some of the LEHCEB modes investigated in this study, the
wear coefficient of the synthesized Cr-Cu surface alloys is reduced
more than a factor of 3 compared with that of the initial Cu speci-
mens and nearly as low as that of Cr coatings.

Following the formation of the Cr-Cu surface alloy, the lengthy re-
gions consisting of chromium have been observed to contain defects
— networks of cracks and a large number of pores. The reasons for
these defects are the tensile thermal stresses generated during
cooling of the melt due to a large difference between the thermal
expansion coefficients of copper and chromium.
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