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Abstract: W,sCuss, CrgsCuss, and Cr;W4Cusy alloys were obtained in order to study the mechanism of “smart
response” of the structure of these alloys when using them as arc-resistant circuit-breakers. These alloys differ from
industrial ones with frameless packing of Cr and W phases in the copper matrix. The alloy production method is based
on the infiltration of copper melt into a mixture of non-compacted Cr and W powders under vibration exposure (80 Hz).
The research results show an increase in the arc resistance of contacts when changing from “frame” packing of W to
“frameless,” as well as the decisive role of Cr in the processes of self-dispersion of arc-resistant phases and passivation
of W and Cu. Based on the obtained results, conclusions are drawn about the advantage of frameless packing of
arc-resistant phases in copper and the reasons for the “smart behavior” of the structure of Cr-containing contacts in
response to functional loads in the presence of oxygen and an inert atmosphere.
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1 Introduction

Different methods are utilized to produce
commercial electric contact materials W—Cu and
Cr—Cu with a high content of arc-resistant phases,
including infiltration of copper melt into a “frame”
sintered from refractory powders, mechanical
alloying, high-temperature liquid-phase sintering,
electric-arc or vacuum induction melting, and
casting with rapid cooling [1—4]. One can also note
such synthetic techniques as surface alloying,
microwave and spark plasma sintering, metal
injection molding, high-pressure casting, explosive
compact-coating, and infiltration of melt under
vibration [5—12].

Today, there is a tendency to expand the use of
electrical contact arc-resistant Cr—Cu materials
instead of conventional W—Cu despite of higher
melting temperature, hardness, and wear resistance

of W in comparison with Cr [11,13-16].
Comparative tests of W—Cu and Cr—Cu composites
show the advantages of the latter: higher electro-
erosion resistance, lower and at the same time more
stable contact resistance [1,17].

However, studies of the mechanisms of
interaction of copper with W and Cr under the
action of an electric arc explaining the high arc
resistance of Cr—Cu electrical contacts are very
limited. Thus, in Ref. [18], the beginning of the
formation of ultradispersed mixtures (Cu)+(Cr) in
the Cr—Cu alloy was found already at a temperature
of 1300 °C as a result of mechanical activation of
the compositions “Cu melt—Cr powder” by low-
frequency vibration. It was suggested that the
appearance and development of such structures
under the action of arc is one reason for the high arc
resistance of Cr—Cu alloys. A similar “blurring” of
the Cr—Cu interface and the formation of
ultradispersed chromium inclusions in the copper
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matrix were found earlier in the Cu—50Cr alloy
after irradiation of its surface with a high-current
pulsed electron beam at 20 and 30 keV [14]. CHAI
et al [14] proposed a scheme for the evolution of
chromium grains in copper under the action of
high-energy beams. And they associated the
formation of spherical microparticles of chromium
with the process of liquid-phase separation.

In Ref. [19], the structure of formation—
decomposition of the solid solution (W,Cr) in the
Cu—10W-10Cr alloy was studied. The alloy was
obtained using pre-crystallization  vibration
treatment of the compositions “Cu melt—a mixture
of W and Cr powders” for 10 min at 1300 °C. The
decay structure is represented by submicron
inclusions of secondary tungsten particles in the
secondary (W,Cr) matrix.

On the other hand, to increase the functionality
of electrical contacts operating in the air, protection
from oxidation is required. For this purpose,
oxidation passivators (Cr, Zr, Ti, etc) are introduced
into copper alloys. Among them, chromium is of
the most interest since it passivates both copper and
tungsten. It was shown that the oxidation resistance
of binary alloy W—Cr and ternary alloys W—Cr—Me
(Me=Y, Ti, Si, Nb) is much higher than that of pure
W [20—33]. The adaptive stability of these alloys at
high temperatures allowed us to classify them as
smart materials.

At elevated temperatures, Cr and W form a
continuous series of solid solutions, which
decompose on cooling into two solid solutions
(W,Cr) < (W) + (Cr) [19,34]. It was also shown
that chromium, as a decay product, is an effective
passivator of W [20].

Thus, Cr—W-Cu alloys containing arc-
resistant components can be a promising material
for electrical contacts; however, we have not found
any information in the literature about their use.

It is reasonable to assume that temperature
increase in Cu—W—Cr alloys when an electric arc is
burning will contribute to an increase in both
(Cu)+(Cr) ultrafine mixtures and (W,Cr) solid
solutions. We suppose that the subsequent cooling
of the contact surface when the arc is interrupted
should lead to the conservation of ultrafine
(Cu)+(Cr) mixtures. Simultaneously, (W,Cr) solid
solutions will disintegrate in the Cu—W—Cr system.
One should also expect that the multiply repeated
cycles of arc burning—interrupting will constantly

reproduce such changes in the structure and,
thereby slowing down the electric erosion of
contacts in operation. Thus, these alloys can exhibit
“smart behavior” during operation.

The purpose of this work is to verify and
reveal the mechanism of “smart response” of the
structure in the alloy with frameless packing of Cr
and W phases in copper when using these materials
as arc-resistant circuit breakers and also to present
an original method of their synthesis.

2 Experimental

2.1 Materials

The research was carried out on model alloys
prepared of industrial metal powders without any
preliminary treatment. As initial materials, copper
(99.98 wt.%) from CJSC Kyshtym Copper
Electrolytic Plant, powders of reduced metal
chromium (99.6 wt.%) from JSC Polema, and
tungsten (99.9 wt.%) from JSC Kirovgrad Hard
Alloys Plant were used.

To determine the particle size of chromium
and tungsten, the scanning electron microscope
(SEM) of type Carl Zeiss Evo 40 was used. The
fractional composition of powders was analyzed
using the HELOS/BR (Sympatec GmbH) laser
diffraction particle analyzer with RODOS/M air
dispersion module. The powder morphology and
histograms of distribution of particle sizes are
shown in Fig. 1.

2.2 Composite alloys production

The alloys were obtained by infiltration of
copper melt into the fill of Cr and W uncompacted
powders (or their mixtures) under low-frequency
vibration using a laboratory apparatus [35]. The
apparatus scheme is shown in Fig. 2.

The electromagnetic vibration generator with a
capacity of 1.2 kW transmits oscillations with the
amplitude of 1 mm and the frequency of 80 Hz
through the piston-emitter to the graphite bushing
with a set of crucibles of 11 mm in diameter.

Before infiltration, the initial Cr and/or W
powders were placed into the graphite crucibles and
covered with a copper rod. The graphite bushing
with the crucibles was put into the resistance
furnace operating area. Activation of the infiltration
process was carried out with the application of a
low-frequency vibration to the crucibles at 1300 °C
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Fig. 1 Powder morphology (a, b) and distribution of particle size (c, d): (a, ¢c) Chromium; (b, d) Tungsten

Fig. 2 Scheme of apparatus for low-frequency treatment
of “melt-powders” composites: 1—Electromagnetic
vibration generator; 2—Acceleration sensor; 3—Vibration
generator power unit and control panel; 4—Oscillation
frequency meter; 5—Graphite tube-heater; 6—Thermo-
couple in sheath; 7—Millivoltmeter; 8—Graphite bushing
with cylindrical hollows for initial alloy components
(filled);

transformer;

9—Piston-emitter;  10—Resistance
11-Balloon  with  argon;
transmitting vibrations to graphite bushing

furnace
12-Rod

for 10 min in argon flow. The obtained material was
cooled down to 1000 °C with the furnace and then
in the air.

The efficiency of the low-frequency vibration
impact is based on the mechanical activation of
diffusion processes and chemical reactions. In
previous investigations, we produced composite
alloys with Cu and Al matrices and different
refractory inclusions [12,18,19,36—42]. It was
shown that the application of low-frequency
vibration allows reducing the time of synthesis of
alloys with low porosity and specified structure
significantly.

2.3 Characterization

The data on the particle size of W powder in
our earlier paper [12] do not agree with the results
in this study. The particles size in the present work
was refined and re-evaluated after additional
thorough studies because the powder is prone to
cohesion and large and stable agglomerates are
formed from small particles.
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Electroerosion tests of the obtained alloys
were carried out using cylindrical samples (10 mm
in diameter and 20 mm in height) on the laboratory
device, simulating the work of the AC contactor.
The test conditions were as follows: rate of on/off
switching of 2 Hz, test current of 125 A, voltage of
50V, the distance between the contacts of 5 mm,
and the total number of arc on/off cycles of 10000.

The alloy microstructure was studied before
and after the arc impact test using thin sections
obtained perpendicularly to their working surface.
The Struers Tegramin-30 sample preparation
complex was used to prepare the sections.

Scanning electron microscopes (Carl Zeiss
Evo 40, Hitachi TM4000, Tescan Mira 3 LMH, and
Phenom-World), as well as the inverted optical
metallographic microscope (Olympus GX-51), were
used for investigating the alloy structure. X-ray
structural analysis was carried out using the
XRD-7000 Shimadzu diffractometer in CuK,
radiation with an adaptor to rotate a thin section in
the horizontal plane at 30 r/min.

The hardness of composite layers in the alloys
was measured by IT-5010 hardness meter (LLC
Test Devices Plant) with the load on indenter
(prism) equal to 49.03 N and loading exposure of
15s. The measurement error of the device was
+1.5%. Vickers microhardness of phases was
measured with Buehler Micro Met 5103 using the
Image Analysis Program, Thixomet Pro.

3 Results and discussion

Produced alloy ingots have a two-layer
constitution with a clear boundary between the
layers. The top layer consists of a-copper. The
bottom layer is a composite structure of
arc-resistant metals nearly uniformly distributing in
the copper matrix. The arc-resistant metals do not
form a continuous (rigid) frame because they are
separated from each other with copper interlayers.
Compositions of the obtained alloys are CrgsCuss,
Wy4s5Cuss, and W 4Cr3,Cusy (in at.%).

When making contacts for the arc-resistance
test, the polished surfaces of the ingot bottom parts
were used as commuting surfaces. Henceforth, the
term “alloy” will only be used for its composite
layer.

The wvertical cross-sections of the contacts
were used to make the alloy microstructure analysis

before and after the multiple exposures of the alloy
to the electric arc. It was found out that the changes
took place only in the top layers of the commuting
surfaces. The structure remained unchanged at the
depth (i.e., >500 pm) of the contacts.

3.1 CrgsCusjs alloy

The images of the CrgsCuss alloy structure
before arc-resistance tests are shown in Fig. 3. It
can be seen that the macro distribution of chromium
inclusions in the alloy is uniform enough (Fig. 3(a)).
The chromium particles mainly preserve their
different morphology and wide range of sizes
(Figs. 3(b,c)) compared to the initial state
(Fig. 1(a)).

The maximum value of the microhardness of
large chromium inclusions is not more than
2500 MPa, while in alloys with frame packaging,
this limit is 3000 MPa. This is apparently due to the
relative softness of the copper sublayer under each
chromium grain.

The interphase boundary between chromium
particles and «-Cu is sometimes blurred
(Figs. 3(c—e)), according to the data obtained in
Refs. [14,18]. Cr and Cu distributions in the blurred
layers are of gradient nature toward the center of
the chromium particles (Fig. 3(c)).

Some small chromium particles look
completely blurry, for example, the particle at the
end of the scanning line A—B (inset in Fig. 3(c)).
The average content of copper in it, according to
energy dispersive X-ray (EDX) analysis, is about
48%—50%. A homogeneous mixture of such a
composition in equilibrium conditions can only
exist at temperature >1750°C (Fig.4). This
mismatch can only be explained by the micro-
heterogeneity of the areas under investigation. In
Figs. 3(d, e), some block inclusions of chromium in
o-Cu can be seen. Thus, the blurred areas
without clearly expressed interphase boundary
consist of a mechanical mixture of a-Cutf-Cr
ultrafine phases.

The phase blockiness (mosaicity) of the
blurred structures registered by the BSE sensor was
revealed by an ion etching additional to the
mechanical one with Linda SEM Prep 2 (5 min at
10 kV with a beam of 8§ mm x 8 mm at an angle of
7°) (Figs. 3(d—f)). The image of the alloy surface
after its etching also shows in secondary electrons
its relief blockiness (inset in Fig. 3(f)).
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Fig. 4 Binary phase diagram of Cr—Cu system (redrawn
according to Ref. [34]): 1-Temperature of alloy smelting;
2—Composition of CrssCuss alloy; 3—Composition of
blurred regions of a-Cutp-Cr ultrafine mixtures in
Fig. 3(c)

The copper matrix (according to SEM) except
for the blurred a-Cu+f-Cr areas is also filled with
ultrafine chromium inclusions of the secondary
generation chromium (Cr’) (“Sec” means the
phases of the secondary and higher generations) and
chromium nitrides Cr,N;-, (gray and black-gray
phases, respectively) (see Figs. 3(b—e)). The reason
for the Cr,N;-, originating in the alloy is the
nitrogen in the air, which was adsorbed by the
initial chromium powder particles and was not
removed during alloy production [42]. The phases
filling the matrix increase its microhardness to
(1250+70) MPa.

The impact of the electric arc on the alloy
leads to significant changes in the structure of the
surface layers of the contacts. The structure
fragments with a maximum thickness of the
accumulated layer are shown in Figs. 5(a, b). The
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Fig. 5 Microstructures of CrgsCuss electrical contacts after arc-resistance test: (a) General view of upper layer

contact; (b) Oxidized Layer A (Scanned areas are marked with numbers, and their compositions are given in Table 1);

(c—f) Inclusions of Cr (gray) and Cr,N,—, (dark-gray) in unoxidized working layers; (g) Areas of EDX analysis of Cr

content in unoxidized layers of lower contact; (h) Precursors of Cr dispersions

top layer is oxidized, with the compositions of
oxidized layer given in Table 1. It has a dense
composite-like structure with large vertical and
horizontal cracks (Layer A). The thickness of
Layer A is defined by the degree of peeling.

If contacts work in an oxygen-free atmosphere
(for example, in a vacuum), the oxidized layer is
not formed. In this regard, the structure of the
non-oxidized working layer of the composite is of
significant interest.

Table 1 Compositions of oxidized layer on CrssCuss
alloy surface after arc-resistance test

Scanned area Composition/at.%

inFig. 5b) Cu  Cr Cr/O Cr/Cu
1 1 39 60 - 0.7 39
2 3 49 48 - 1.0 163
3 12 55 33 - 1.7 4.6
4 1 46 53 - 09 46
5 4 46 50 - 09 115
6 3 50 47 - 1.1 167
7 74 20 6 - 33 03
8 8 63 8 21 79 79

Analysis of the structure and composition of
the unoxidized layers shows the strong saturation of
a-Cu  with ultrafine inclusions of chromium
(Figs. 5(c—f)). The self-dispersion of chromium
increases towards the contact surface along with an
increase in temperature.

According to EDX microanalysis, the
maximum content of Cr in the dispersion-
strengthened sections of a-copper achieves 30%.
Areas 2-5 in Fig. 5(g) contain 24.5-20.0 at.% Cr
(Cu the rest). The gradual Cr decrease towards the
contact surface is associated with the transition of
Cr into an oxide. Thus, the Layer 6 in Fig. 5(g)
contains CrsoCu3z0.3.

Uniform  distribution of ultrafine and
nanosized Cr particles and their morphology
indicate overheating these areas of the contact
above the liquidus line. Such high temperatures are
entirely achievable when the contact surface is
exposed to arc warming-up. Rapid cooling of the
appeared homogeneous melt leads to the formation
and subsequent disintegration of a supersaturated
solid solution of Cu(Cr) (Fig. 4).

Below dispersed chromium (to the contact
depth up to 200—400 pm), where the temperatures
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are not so high, the aggregate of large grains of
chromium and the matrix is filled with dispersions
of Cr+a-Cu (Fig. 5(h)). The content of f-Crin the
latter depends on the distance to the surface
(Spectrum 8: 3.1%, and Spectrum 7: 9.2% in
Fig. 5(g)). This layer may be considered a precursor
for the following stages of dispersion strengthening
of a-Cu when the impact cycles of the arc are
repeated.

Figure 5 shows that chromium self-dispersion
taking place during the operation does not depend
on the size of the initial chromium particles, which
fall into the area of arc impact. Smooth relief of
contacting surfaces is formed. Precipitation of Cr**
out of a-Cu provides strengthening without a
significant decrease in electric conductivity.

Thus, both the dispersion of the phase
components of the commutating surfaces and the
passivation of Cu-matrix due to more active
chromium oxidation provide running CrssCuss
electric contacts with “smart response” to
functional loads in the presence of oxygen as well

as in an inert atmosphere.

3.2 W45CU55 alloy
Using W4sCuss alloys with different packing of
W-phase (the frame packing in Alloy 1, and the

indicate areas of EDX analysis)

frameless one in Alloy 2), the difference is found in
arc-resistance and structure evolution after the
impact of an electric arc. External surfaces of the
electrodes after arc-erosion tests are represented in
Ref. [12].

Alloy 1 was produced by mechanically
processing an industrial electrical contact with an
average tungsten content of 45%. Its portion was up
to about 75% within the top contact layer (width of
800—1000 pm). Alloy 2 was produced by the
method described above in Section 2.2.

Figure 6 shows the microstructure of the alloys
after the arc-resistance tests. The images show both
the accumulated layers and the deeper layers with
the unchanged initial structure.

The initial structure of Alloy 1 is a frame of
tungsten layers, fully impregnated with copper. The
layers of W are extended along the working surface
of the contacts and have the length of 20—200 pm,
and the width of 10—30 um (Figs. 6(a, b)).

The initial structure of Alloy 2 is represented
by inclusions of the dispersed (1—3 um) particles of
W in the Cu-matrix. The particles of W exist in the
alloy as clusters of different sizes. The wide
interlayers of copper between large clusters are also
filled with dispersed inclusions of W or their small
associates (Figs. 6(c, d)). All the tungsten particles
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in any cluster must be separated from each other
with Cu-interlayer.

The average hardness values of Alloys 1 and
2 before the tests are (172+6) and (117+6) HVs5ys,
respectively. The lower hardness of Alloy 2 is
related to both the absence of a rigid W-frame and
less content of W in the alloy surface layers.

The formation of tungsten clusters in Alloy 2
can be explained by the good cohesion and
autohesion of tungsten particles in the initial
powder. If conventional methods of powders
admixing to liquid phase are used, their aggregates
behave in a liquid flow like one big particle. When
the liquid—solid mixture undergoes vibration,
tungsten particles are separated by the liquid phase
due to the intensification of capillary forces and
mobility of individual particles inside the
aggregates. Our conclusions are in good agreement
with the data from other work [3], where the
authors observed similar behavior of tungsten
particles under high-frequency (600 Hz) treatment
of bimodal tungsten powder in molten copper.

During arc-resistance tests, the accumulated
layers gradually covered the surface area of the
electrical contacts. The surface of Alloy 1 was
completely oxidized after 3000 on/off cycles, and
that of Alloy 2 was oxidized after 5000 cycles [12].

The comparison of the average composition of
the structurally uniform oxidized layers of Alloys 1
and 2 (Areas 1-4 in Figs. 6(b, d)) is given in
Table 2. It can be seen that the change of W content
in Alloy 1 is almost an order of magnitude higher,
although the total oxidation level of layers in the
alloys does not differ greatly.

Table 2 Average compositions of homogeneously
oxidized areas of W,sCuss alloys

All Composition/at.%
oy P . W/Cu
No. AW Cu
1 33.5+8.5 17.0+2 61.5+£3.5 2.0
2 22.0£1.0  21.0+4 57.0+4.5 1.0

The frame of W was gradually destroyed in the
submelted layers of Alloy 1 under the influence of
an arc. At the same time, both divisions of the
frame into parts of different sizes (2—60 um) and
their fusion took place. Those processes led to the

formation of the rough relief of the working surface.

Figures 6(a, b) (EDX Areas 5 and 6) show that the
big newly-formed particles consist of W. And the
structure of the oxidized layer presents with W
cores inside the mantle of W,0,. At the same time,
in frameless Alloy 2, W particles do not sinter with
each other at all, even in the top layers of the
contacts where the arc creates enormous heat
(Figs. 6(c, d)).

Thus, the advantages of Alloy 2 are the follows:
initially more plastic general structure of the contact,
more regular relief of the commuting surfaces,
absence of rough W-inclusions both on the contact
surfaces and in the unoxidized working area, higher
homogeneity of the composition of the oxidized
layers, and higher copper content in them (Table 2).
We can argue that exactly those properties of
Alloy 2 make it more arc-resistant despite of less
content of W in it.

A frameless structure similar to that produced
in this work is not often described in publications.
In Ref. [9] such structure was produced by hot
pressing in the vacuum of the mixture of tungsten
(50 wt.%) and Al-alloyed copper powders.
However, the reported synthesis of the alloy [9]
took one order of magnitude more time than the
method described in this work.

3.3 W]4CI‘32C1154 alloy

The above-described technique was used to
synthesize Wi4Cr;;Cuss alloy. The SEM-EDX
method was used in three arbitrary selected areas (1,
2, and 12 mm®) to determine the phase and chemical
composition of the composite alloy. Microstructure
and chemical composition data for the alloy are
shown in Fig. 7(a). According to X-ray structural
analysis, the alloy contains a-Cu, W, and (W,Cr)
solid solutions based on the tungsten lattice. The
ratio of W to Cr in W 4Cr3,Cus4 alloy is marked on
the binary W—Cr phase diagram (Fig. 8) [34].

The alloy synthesis was activated by applying
low-frequency vibration to the compositions of
“Cu melt—an uncompacted mixture of W and Cr
powders”. During the alloy production, the (W,Cr)
solid solutions and a small amount of W** were
formed. All the refractory phases are separated with
or permeated by copper interlayers.

Electric arc multiple impacts activated
formation and destruction of the solid solutions
(W,Cr)** e (W)> + (Cr)>*. The content of W5 in
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Fig. 7 Structures of W,4Cr;,Cus, alloys: (a) General view of microstructure; (b) (W,Cr) solid solutions in copper matrix;

(c, e) Microstructure of upper layers of electrical contacts after arc-erosion tests; (d, f, h) Microstructure of bottom

layers of electrical contacts after arc-erosion tests; (g) EDX results of scanning along A—B line in (e)

the structure was increased, and its morphology
became more explicit (Fig. 7(b)). The maximum
changes resulting from arc-erosion tests took place
in the structure of the contact surface layers to a
depth of about 200 um (Figs. 7(c—h)).

During the tests, the thickness of the copper
layer along the commuting surfaces of electrical
contacts was increased, and the matrix composition
was enriched with dispersed chromium from 5.9%

to 21.0% (Areas 5, 6, 12—-15 in Fig. 7(f), and
Table 3). However, chromium particles as a
separate phase in the copper matrix were not
discovered by the SEM due to the sensitivity limit.
Therefore, an increase of Cr amount took place just
in the arc action area of small size. In the main
undamaged part of the alloy (according to
SEM-EDX), a-Cu contains less than 1.5% of
dissolved Cr.
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(reproduced from Ref. [34]): 1-Temperature of alloy
smelting; 2—Ratio of W to Cr in W4Cr3,Cus, alloy

The macro- and micro-segregation of W can be
observed in the working layers of the contacts. The
inclusions of W*° appeared both in (W,Cr)**
aggregates and the working layer of the matrix.
They are larger than those in the composite part (the
white phase in Figs. 7(c—h)). The segregation of W
is demonstrated by SEM images both for the upper

and the bottom contacts. EDX analysis of the upper
contact structure fragments was carried out along
the A—B line with a length of 75 um (Figs. 7(e, g)).
The scanning line intersects the cluster of (W,Cr)%,
dispersed inclusions of W5, g-Cu, and the product
of macro-segregation (W inclusion) with an
average diameter of about 10 um.

Dispersed of W°° under the
scanning line 4—B demonstrate micro-segregation
of W (Figs. 7(e, g)). The structure of a cluster
[(W,Cr)%*+W>] is visible in Fig. 7(¢). The
inclusions of W (the white phase) cover the
matrix of (W,Cr)*¢ (the light grey phase) and
interlayers of copper (the dark grey phase). It can be
seen that the size of W** and its general content in
the cluster increase towards the contact surface.
Macro- and micro-segregations of W5 are
demonstrated in Fig. 7(g). The diagram shows two
extrema of the tungsten content around 30 and
60 pm at the scanning line.

The unexpected result is that the vector of
heavy particles W displacement is not associated
with the gravitational force despite of the
significant difference in the tungsten and copper
densities. The segregation of W in the process of

inclusions

Table 3 Compositions of structure fragments (Fig. 7(f)) of bottom contact working surface according to EDX analysis

Composition/at.%

Analyzed area Cr/W Structure fragment
Cr W Cu
1 59.5 21.9 18.6 - 2.7
2 61.5 23.5 15.0 - 2.6 Clusters of W5 in
3 59.4 20.0 20.6 - 3.0 matrix [(W,Cr)+ a-Cu]
4 433 25.6 31.1 - 1.7
5 13.3 292 57.5 - 046 Clusters of macro-segregations
6 21.0 19.0 20.4 39.6 1.1 of W**in a-Cu
7 11.7 - 88.3 - - o-Cu in oxide layer
8 50.0 - - 50.0 -
9 425 1.7 3.2 52.6 25.0
Homogeneous oxide layer
10 45.8 0.8 - 534 57.3
11 47.5 - - 52.5 -
12 7.5 - 92.5 - -
13 77 — 923 — _ o-Cu matrix
enriched with dispersed
14 5.9 - 94.1 - - chromium
15 11.5 - 88.5 - -
Initial alloy 32.0 14.2 53.8 - 2.25 Alloy average composition
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periodical “submelting” of the alloy by the electric
arc takes place in both the upper and the bottom
contacts towards their surfaces.

It is quite logical to assume that the
segregation of W is a consequence of the more
intense dissociation (W,Cr)—(W)+(Cr) at elevated
temperatures. This is also confirmed by the
chromium migration to the working area of
contact. The ratio of Cr to W in the clusters
decreases from 2.7 to 0.46 as it gets closer to the
surface (Areas 1-6 in Fig. 7(f), and Table 3) due
to chromium oxidation. Meanwhile, it is important
to note that the particles of the secondary W5
seldom fuse thanks to copper interlayers. A
similar result was described for W4sCuss frameless
alloys.

The work of the contacts in the air leads to
an oxide layer formed on the surfaces. The
composition of the layer, according to EDX
analysis (as well as in CrgCuss alloy), mainly
corresponds to chromium monoxide (Areas 8§—11 in
Fig. 7(f), and Table 3). The vertical and horizontal
cracks in the layer provide peeling of the oxidized
layers and refreshment of the working contact
surface (inset in Fig. 7(d)).

The segregation of W ends with the complete
decomposition of (W,Cr) at the border with the
oxide layer. A “new covering layer” of the contact
is formed here from electroconductive arc-resistant
phase compositions in dispersion-strengthened
copper. They contain more W and less Cr compared
to the bulk of the initial composite alloy due to the
migration of chromium into the oxide layer
(Figs. 7(c—f), and Table 3). This allows the working
contacts to have higher values of the hardness of
the contact working layer while maintaining the
plasticity.

The size of macro-segregated W in the “new
covering layer” is larger than that in the frameless
alloy W4sCuss but smaller than that in the framed
commercial alloy. Such fragments can also be seen
inside the oxidized layer (Figs. 7(f, h)).

3.4 Oxidation of alloys

The comparison of oxidation for all three
alloys is given in Table 4.

Table 4 shows that the content of copper in the
oxidized layer decreases dramatically for complete
substitution of W in the alloy with Cr and for its

Table 4 Average compositions of homogeneously
oxidized areas of contacts

Composition of

Composition of oxidized areas/at.%

initial alloy

W Cr o Cu

W.4s5Cuss 22.0 - 57.0 21.0
Cr5Cuss - 48.0 47.8 4.2
W14Cr3,Cusy 1.3 46.5 522 0.8

partial replacement. The contents of oxidized
tungsten in W 4Cr3;Cus, alloy, compared to WysCuss,
decreased to 1.3 at.%. The latter confirms the
well-known effect of tungsten passivation due to
chromium additions [20—23].

Such changes indicate the synergetic effect of
chromium influence on the protection of tungsten
and copper against oxidation. The findings show
that apart from Cr content, its source plays an
important part (chromium as an initial component
the product of (W,Cr) solid
dissociation).

Thus, the structural changes of the working

or as solution

layers of W4Cr3;,Cus, alloys under the influence of
an electric arc combine the similar changes in
CresCuss and W4sCuss alloys but are more efficient
due to periodic dissociation—synthesis of (W,Cr)
solid solutions.

4 Conclusions

(1) The “smart response” of the structure of
CresCuss and Cr;zW4Cusy electrical contacts to
repeated exposure to an electric arc is manifested in
the self-passivation of W and Cu with chromium
via the self-dispersion of phase components by
different mechanisms. An increase in the arc
resistance of contacts is shown when changing the
frame packing of W to frameless when using, as an
example, the W45Cuss alloy.

(2) Chromium, a decomposition product of a
solid solution (W,Cr), passivates W and Cu more
actively than an individual additive to copper.

(3) The evolution of the structure of Cr—W—Cu
alloys under repeated periodic exposure to high
temperatures indicates the prospects of their
use as various materials operating under similar
conditions. This suggests the need for further
study.
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