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Core-shell powders have been extensively studied due to their complex structure and wide range of ap-
plications. W@Ag core-shell powders are particularly interesting due to the synergy between the tungsten
and silver, which can be beneficial in the electronics industry. However, knowledge of their thermal sta-
bility is limited, particularly concerning the impact of annealing temperatures on structural integrity and
oxidation resistance. In this work, W@Ag core-shell powder was heat-treated in the temperature range
100-700 °C for 1 h in air. Investigation of the microstructural changes using scanning electron microscopy
equipped with energy-dispersive X-ray spectroscopy showed that the limiting temperature is 500 °C,
when the shell began to decompose and the core began to oxidize. Moreover, X-ray diffraction analysis
determined that the phase composition of the thus heat-treated material consisted of approximately 50 %

Ag and 50 % Ag, WO,
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1 Introduction

Core-shell particles are a group of materials thatare
characterized by a bimodal structure. In general, the
core and the shell are usually two different materials
[1]; however, these two parts could also be a combina-
tion of the same material with nano and
microstructure [2]. Moreover, the shell is always a so-
lid state organic or inorganic material, whereas the
core could be in a solid as well as liquid or gas state
[3]. Thanks to the possibility of combining two com-
pletely different materials, core-shell powders are wi-
dely used in pharmaceutical and biomedical applicati-
ons, cosmetic and food industry, environmental mo-
nitoring, and material science [3-5].

Recently, a huge interest has been focused on the
investigation of nanoparticles with a core-shell
structure [5-9]. However, there is a lack of work dedi-
cated to core-shell microparticles. Moreover, there is
a limited number of papers describing the structure
and properties of the core-shell powder that combines
diametrically different materials: a W core and Ag
shell. The combination of these materials is very inter-
esting in terms of use in electronics, e.g, as electrical
switches [10], where W serves as a hard material with
high resistance to erosion and welding, while Ag
serves as a ductile component with excellent thermal
and electrical conductivity [11]. Nevertheless, the
combination of W and Ag was described in Ref. [12],
where the authors attempted to produce an Ag/W

composite from powder, while the Ag/W nanowire
composite networks are studied in Ref. [13]. Some
works [14, 15] describe the production and character-
ization of Ag@WOs3 nanopowder. W—Ag and W—Cu~—
Ag nanopowders with a core-shell structure and com-
posites produced from these powders are character-
ized in the work [16]. A highly dense W—Ag composite
was prepared from Cu@Ag@W powders with a size
of a few micrometers by the authors of [10]. W@Ag
core shell powder with grain sizes in the range of tens
of micrometers has so far been described in work [17].
The heat treatment of Cu@Ag core-shell powders was
described in Refs. [18, 19]. A few micrometer-sized
Cu@Ag core-shell powders were studied in work [18].
The authors found that temperatures below 160 °C
have minimal effect on the Ag shell; temperatures in
the range of 160-250 °C cause the formation of Ag
necks between particles; and temperatures above
250 °C lead to the dewetting of the powder's shell,
which causes the formation of Ag particle clusters and
free oxygen access to the core material. Dewetting and
agglomeration effect of Ag shell was also described in
the case of nanometet-sized Cu@Ag powders, already
at a temperature of 200 °C [19].

Since the silver should act as a protective layer on
tungsten, it is therefore intriguing to know what tem-
perature is limiting when no destruction of the W@Ag
core-shell structure and oxidation of the W core is ob-
served. This research provides a qualitative overview
of the microstructural changes occurring in
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the W@Ag core-shell powder during annealing in the
tempetature range of 100-700 °C in air.

2 Experimental

Commercially produced W@Ag core-shell powder
was used in this work. The main characteristics of the
powder are described in detail in Ref. [17].
The powder was annealed at temperatures ranging
from 100 to 700 °C for 1 h in air, followed by slow air
cooling in the furnace. For this purpose, the labora-
tory electric resistance furnace (MARTINEK MP05,
Czech Republic) was used. The maximal temperature
of 700 °C was chosen because it was the temperature
of the metal matrix composite production [17].

Annealed powder was studied in terms of morpho-
logical and microstructural changes using a scanning
electron microscope (SEM, Tescan Mira, Czech Re-
public) equipped with energy-dispersive spectroscopy
(EDS, Oxford Instruments X-Max 20, United King-
dom). To observe the morphology, the annealed
W@Ag powder was attached to the carbon tape. For
the microstructural observation, the powders were
cold-embedded into Technovit 5071 resin; then the
samples were ground on SiC papers (PP 400-2500)
and polished using diamond suspension with 3
and 0.25 pum particle sizes. To better electron con-
ductivity during SEM observation, all samples were
coated with 5 nm of Au using a Quorum Q150R ES
(Quorum Technologies, UK) machine. The fact of the
Au coating was taken into account when evaluating
the chemical composition of core-shell powders by
EDS. X-ray diffraction analysis (XRD) was performed
to determine the phase composition of W@Ag
powders after heat treatment at 500-700 °C using a
PANalytical X'Pert PRO instrument (Co anode; gene-
rator settings - 30 mA, 40 kV; step size 0.0390; 26
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angle range 6-109°).

Moteover, samples of W—Ag metal matrix compo-
site (MMC) were heat-treated at 500 and 700 °C for
1 h in air to investigate the effect of critical tempera-
tutes (see Results and Discussion section) on the
changes in the MMC structure. The samples were sha-
ped as cuboids, measuring 4 x 4 mm in cross-section
and 6 mm in height. Heat-treated samples were cut at
mid-height, ground and polished; and then their
microstructure was observed using SEM.

3 Results and Discussion

The recent study [17] shows that the W@Ag core-
shell powder is characterized by a spherical shape with
an orange-like, in some cases defective, surface.
The mean size of the powder was measured to be 37.1
um. The microstructure of the W@Ag consisted of a
pure W core with a pure Ag shell according to the
SEM/EDS results. Moreover, the adhesion between
the core and the shell is quite poor, which comes
through the presence of holes in the W/Ag interface
[17].

Figure 1 shows the microstructure of the W@Ag
core-shell powder after being heat-treated at tempera-
tures of 100-300 °C for 1 h. It can be seen that the
temperatures have no effect on the changes of the
powder microstructure; powders keep their shape and
integrity, also bad adhesion between the core and shell
is visible in Fig. 1 (red arrows), which was also
described in Ref. [17]. The temperature of 200 and
300 °C caused random partial sintering of individual
particles (Fig. 1b). Nevertheless, the integrity of the Ag
shell was preserved. This means that Ag is stable and
also has a protective effect against the W core oxi-
dation at 100-300 °C.
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Fig. 1 Microstructure (SEM images) of the W(@.Ag core-shell powder particles after being heat-treated at: a) 100 °C, b) 200 °C,
¢) 300 °C

Besides the protective effect of the Ag shell, Fig. 1
also shows different thicknesses of the Ag shell on the
W core. Different thicknesses of the Ag shell may be

explained by the way of cutting the particles, as it is
shown in Fig. 2. When we have a spherical powder
particle and cut it at position A, we will see a small part
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of the core material and a wide zone of the shell ma-
terial. The example of the A cut can be seen in Fig. 1c.
The section B (Fig. 2) could be represented through
the left particle shown in Fig. 1b. Finally, when the
powder particle is cut in its middle part, the
microstructure will consist of a thin shell layer (Fig. 2
section C and Fig. 1a). Considering this, it is compli-
cated to measure the thickness of the shell of core-
shell materials.

Fig. 2 Graphical representation of powder cross-section

Figure 3 represents the microstructure of the
W@Ag core-shell powder after the heat treatment at
400 °C for 1 h. It can be seen that the situation is more

complex here compared to Fig. 1. Firstly, 400 °C for
1 h in air was enough to initiate the sintering of the
W@Ag powder (Fig. 3, gteen squate) by the creation
of necks between individual particles. Because the
pressure was not used in our study, the obtained
“bulk” material is characterized by a very defective
microstructure (the presence of pores and voids) with
poor mechanical properties (the material could be
fractured with the hands). Because the powder was
sintered, it was hard to evaluate the oxidation, since
the oxygen supply to that area was limited. The situ-
ation is a bit different in the sutrface area, which was in
direct contact with oxygen (Fig. 3, blue square).
Here, the neck formation is also visible. However, the
most interesting thing that can be observed is the pore
formation in the Ag shell. This effect can be connec-
ted with the “dewetting and agglomeration” of the Ag
described in Refs. [18, 19], which took place at lower
temperatures. The temperatures of “dewetting and
agglomeration” increase with the increase of powder
particle size.
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Fig. 3 SEM micrographs of the microstructure of the W(@.Ag core-shell powder after being heat-treated at 400 °C

The microstructure of the core-shell powders after
the heat treatment at 500 and 600 °C for 1 h in air is
depicted on SEM micrographs in Fig. 4. It can be seen
that these temperatures caused noticeable changes in
the particle’s microstructure compared to the lower
temperatures (Figs. 1, 3). According to Ref. [20], the
oxidation of W takes place in the temperature range of
300—-1000 °C, depending on the partial pressure of
oxygen and the duration. Figure 4b shows that the
temperature of 600 °C had a huge impact on the
powder’s microstructure, rapidly decreasing the num-
ber of the initial W cores that have not reacted with
oxygen.

Figure 5 shows the detailed SEM micrographs of
the W@Ag powder microstructute after being expo-
sed to 500 and 600 °C for 1 h. Also, the EDS point
analysis was performed (Fig. 5, spectra 25-47) to de-
termine the chemical composition of heat-treated

powders compared to the as-produced, which consists
of a pure W core and Ag shell [17]. The results of the
EDS analysis are summarized in Table 1. It is visible
(Fig. 5a, Tab. 1) that the temperature of 500 °C began
to initiate the oxidation of the core-shell powder.
At first sight, it may seem that the W core remained
untouched, and the main changes have occurred in the
shell region. However, EDS analysis showed that
500 °C was high enough to rapid diffusion through
the Ag shell, which agglomerated in unevenly distri-
buted islands of pure silver (Fig. 5a, spectra 25-32)
around an oxide formed by the reaction of W and O
(Fig. 5a, spectra 33, 34).

SEM/EDS analysis of the W@Ag powder
microstructure and chemical composition (Fig. 5b,
Tab. 1) shows that the heat treatment of the powder
at 600 °C caused the formation of a very thick layer of
oxides around the W core of the powder.
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It is visible (Fig. 6) that the temperature of 700 °C
caused enormous changes in the microstructure of
W@Ag core-shell powder; the uniform spherical
shape of the powder particles has changed to a coarser
agglomerate with an irregular shape. It can also be
seen (Fig. 6) that micrometer-sized crystallites have
been formed after the heat treatment of W@Ag
powder at 700 °C for 1 h. The results of EDS analysis
show (Tab. 2, spectra 49-52) that the crystals consist

100 pm

T MIRAN TESCAN

of approximately 80 wt.% of W and 20 wt.% of O,
which is equal to 26 at.% of W and 74 at.% of O. This
atomic concentration is very close to the concentra-
tion matching WOs; [21]. According to the literature,
spectra 33—34, 39—47 (Tab. 1) and 43—48 (Tab. 2) may
show the presence of Ag/WO; [14, 15] or even
Ag,O/WOs3 [12] “composite”. Moteover, authors of
Ref. [12] found the presence of AgsWOs,.
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Fig. 4 Microstructure (SEM images) of the W(@.Ag core-shell powder after being heat-treated at: a) 500 °C, b) 600 °C

g

3. 0||\_j_l : J,,l:f"_!lﬂ_ﬁ

,\S.-.- gtrum 34

» épectrum 30

petitum 28

3 ,‘
¢

COUMTB? S

\\ R

4.4
(./

Spectrum 25

ey

25 ym

25 pm

Fig. 5 SEM images of the microstructure of the W(@.Ag core-shell powder after being heat-treated at: a) 500 °C, b) 600 °C

692

indexed on http:/ | www.webofscience.com and hitp:/ | www.scopus.com



ISSN 1213-2489

November 2025, V'ol. 25, No. 5 MANUFACTURING TECHNOLOGY ISSN 27879402

Tab. 1 Chemical composition of the W(@.Ag core-shell powder after being heat-treated at 500 °C and 600 °C (according to EDS
analysis)

Spectrum wt. %o
W Ag o
25-32 R 100.0 R
O 33 57.2 29.0 13.9
2 34 55.1 31.1 13.8
o 35 98.9 B 1.1
36 100.0 B B
37-38 100.0 B B
39 60.9 218 17.4
40 56.3 28.7 15.0
Tl 55.5 28.9 15.6
$ 42 50.4 22.0 18.6
§ 43 62.6 21.0 16.4
44 61.3 228 16.0
45 62.3 20.4 17.3
46 63.3 25.4 11.3
47 58.1 278 141

MIRAW TESCA';I
DN"
Fig. 6 SEM micrographs of the microstructure of the W(@.Ag core-shell powder after being heat-treated at 700 °C

Tab. 2 Chemical composition of the W(@.Ag core-shell powder after being heat-treated at 700 °C (according to EDS analysis)

Spectrum wt. %
W Ag 0
43 52.9 22.2 24.9
44 45.8 32.0 22.1
45 38.8 40.2 21.0
46 59.9 22.0 18.0
47 59.0 24.0 17.0
48 53.4 31.2 15.4
49 77.3 - 22.7
50 86.4 - 13.6
51 76.4 - 23.6
52 78.1 - 21.9
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XRD patterns of the W@Ag core-shell powder
heat-treated at 500700 °C are shown in Figute 7. Itis
evident that the powder heat-treated at 500 °C is cha-
racterized by the presence of three phases, the semi-
quantitative percentage of which was determined as
follows: 48 % of Ag, 1 % of W and 51 % of AgzWO..
It is also visible that temperatures of 600 and 700 °C
caused a decrease in the Ag peaks, but an increase in
the Ag;WOy peaks. Moreover, many more or less in-
tensive peaks appear in the XRD patterns in both
cases. Peaks, in the case of the temperature of 600 °C
in the range of 20: 20-35° and 40-75°, refer to the
presence of AgWO4, AgW207, AgaW4O1s phases.
In contrast, peaks in the range of 20: 25 — 30°, 52 —
62° and 97 — 102° show the presence of the following
phases: AgoWO4, AgW4O13 and WOs. However, it
was extremely difficult to determine the semiquantita-
tive phase composition for powders heat-treated at
600 and 700 °C as many peaks ovetlapped each other.

—500°C "o
—600°C AW
o0 ® AGWO4

Intensity, [a.u.]

5 15 25 35 45 55 65 75 85 95 105
20, [degree]
Fig. 7 Representative XRD patterns showing the phase com-
position changes of the W(@.Ag

As mentioned above, the Ag shell serves as a pro-
tective layer against oxidation. The process of oxi-
dation of the W core in W@Ag core-shell patticles is
thus primarily driven by the diffusion of O through
the Ag shell and the subsequent reaction with the W
core. Both these steps are temperature-dependent.
In addition, the effectiveness of the protection ability
of the Ag layer also decreases with temperature.

For example, it agglomerates into drops at the Cu sur-
face, thus opening the core to direct contact with O2
[19]. In the case of W@Ag patticles, we did not ob-
serve such agglomeration, but formation of extensive
pores appeated after annealing at 400 °C (Fig. 3c).

We can estimate the amount of O diffusing
through the Ag layer during 1 h annealing at individual
temperatures. For the diffusivity, we can refer to pa-
pets [22-24]. The diffusion could be affected by the
defectiveness and grain size of the Ag shell. More de-
fective and finer-grained microstructure will promote
better diffusion rate, not only of oxygen in the case of
this work through the material layer, but also the self-
diffusion [25].

Accepting the expression for the temperature de-
pendence of diffusion of O in Ag.

Do ag (T) = Do,0-ag €XP (— %) )

The parameters O diffusion in Ag are Dy a9 =
4.9 x 105> um? s and Qpag = 48.5 kJ mol! [26].
The values of the O diffusivity, Dg_,44(T), are listed
in Table 3 for individual temperatures of interest.
Supposing the W/Ag volume ratio being 1:1, the dia-
meter of the core is 29.4 um and the thickness of the
Ag shell is 3.9 pm. As the partial pressure of O in the
atmosphere is 0.2 bar, the number of moles in a vo-
lume also changes with temperature (cf. Tab. 3). Then
the diffusive flux, J, of O is:

J(T) = Do—ag(T)Veo(T) 2

Whete Vco (T) is the gradient of O concentration.
Its rough maximum estimate is listed in Tab. 3.
In these calculations, it is assumed that O does not ac-
cumulate at the Ag/W interface. This is acceptable as
O can quickly diffuse and dissolve in W [27]. Finally,
we can estimate the maximum O surface concentra-
tion at the Ag/W interface after annealing for the pe-
riod 7= 3600 s.

SIT
cro(T) = J(T) 5T J(M)t €)
I
The values of ¢; o (T) are also listed in Tab. 3.

Tab. 3 Diffusivity of O in Ag at temperatures 100 °C to 700 °C and estimated concentration at the Ag/ W interface

T Dg_ag(T) 1018 x ¢ (T) 1012 x J(T) 107 X ¢1,o(T)
(°O) (um? s (mol pm-3) (mol pm2 s1) (mol pm2)
100 0.079 0.45 0.132 0.00474
200 2.16 5.09 2.856 0.103
300 18.58 4.20 20.27 0.73
400 84.31 3.57 78.16 2.82
500 258.74 3.11 209.1 7.52
600 614.15 2.76 440.3 15.8
700 1220.44 2.47 783.5 28.2

Figure 8 shows the concentration of oxygen in sil-
ver as a function of temperature. These results can
be compared with experimental data (Figs. 1 and 3—0).

The temperature of 100 °C for 1h has had almost no
effect on the changes ofthe W@Ag powder
microstructure, which corresponds to the amount of
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diffused O at the level of 10-© mol um2. The first in-
significant changes in the microstructure were obser-
ved after heat treatment of powder at 200 and 300 °C
for 1h, which corresponds to an increasing amount of
diffused O by two orders of magnitude 10-8-107
mol pm?2. The heat treatment of the powder at 500—
700 °C for 1h has resulted in the powder oxidation
that corresponds to the amount of diffused O increa-
sing from 10 to 10> mol um-2 The amount of O at
the interface at the level of 107 mol um2 seems to be
a critical level for the start of the oxidation of the W
core at the temperature of 400 °C. The temperature
400 °C is in good agreement with the literature data
dealing with the oxidation of W ([28] and reference
there). Let us emphasize that the data presented in Ta-
ble 3 and Figure 8 correspond to the ideal situation
where all particles are characterized by the same size,
morphology and ideal core-shell adhesiveness.
The presented results are therefore rather qualitative,
nevertheless, enabling a rational explanation of the
process.

Figure 9 shows SEM macroimages of the W—-Ag
MMC cross-section microstructure after being heat-
treated. It can be seen (Figure 9a) that the temperature
of 500 °C for 1 h has almost no effect on the W-Ag
structure. The sample with an initial cuboid shape

fl

5 mm

MIRAW TESCAg

remained almost unchanged, but its corners began to
deform. In contrast, Figure 9b shows that the tempe-
rature of 700 °C is critical not only for the core-shell
powder, but also for the MMC produced from the
powder, which is manifested by the loss of its integrity
as well as microstructure and phase composition.
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Fig. 8 Concentration of oxygen in silver as a function of tem-
perature
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Fig. 9 SEM macroimages of W—Ag MMC cross-section after being heat-treated at: a) 500 °C, b) 700 °C

4 Conclusion

In this work, the thermal stability of W(@Ag core-
shell powder was investigated in terms of annealing
temperature, focusing on maintaining structural inte-
grity and minimizing oxidation of the W core.
The conclusion of this work can be summarized as
follows:

o  W@Ag core-shell powders were successfully

heat-treated across a temperature range of

100-300 °C for 1 hout in ambient ait with no
oxidation features.

e The temperature of 400 °C caused partial sin-
teting of the W(@Ag core-shell powdets.

e Heat treatment of W@Ag powders at 500 °C
was shown as a critical temperature where
structural degradation of the core-shell

structure began.
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e Changes of Ag;WOy, oxide type to a mix of
oxides AgyW,0O, and appearance of a new
WO; type were observed after core-shell
powder was heat-treated at 600 °C.

e The temperature of 700 °C was critical, when
the core-shell powder transformed to a com-

bination of mixed oxides.
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