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HIGHLIGHTS

+ The oxidation status on CuAg3.4 alloy powder is studied by optical spectroscopy.
» Raman spectroscopy allows the identification of the oxide composition.
» UV-Vis spectroscopy offers a method to ascertain the thickness of the oxide layer.

ARTICLE INFO ABSTRACT

Keywords: Copper alloy powders undergo oxidation upon exposure to ambient air conditions, leading to the formation of
Metal powders a metastable surface layer predominantly comprised of cuprous oxide (Cu,0), which subsequently transitions
Oxidation layer to cupric oxide (CuO). Accurately quantifying the thickness of this oxide layer, typically spanning a few
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nanometers, presents inherent challenges. This research delves into examining the composition and extent
of the surface oxide layer on CuAg3.4 alloy powder, produced via gas atomization, utilizing Raman and UV-

Vis spectroscopy. The primary objective of the investigation is to introduce a straightforward and innovative
approach for evaluating the oxidation status of metal powders. Specifically, the composition of the oxide layer
is assessed through Raman spectroscopy, whereas its thickness is determined through UV-Vis spectroscopy
using a nearest-neighbor regression model trained on simulated spectra obtained by Mie’s model. Furthermore,
the study reveals the limitations of X-ray diffraction measurements in providing compositional insights into

the oxide layer.

1. Introduction

Cu-Ag alloys are highly valued for the exceptional combination
of high strength and high conductivity properties. The alloys have
garnered significant attention across multiple industries, including elec-
tronic power, materials, machinery and in the field of high-field mag-
nets [1,2]. Cu-Ag alloys’ attributes make it an excellent choice for
the preparation of magnetic coils, which are crucial components in
numerous electrical and electronic applications [3]. Compared to other
alloying elements, Ag shows a lower influence on the conductivity of
copper alloys [4-6].

The microstructures and properties of the Cu—Ag systems are signif-
icantly influenced by several factors, including the Ag content, the heat
treatment applied, and eventual plastic deformation. Among these fac-
tors, the Ag content plays a crucial role in determining the morphology,
distribution, and precipitate of the Ag-rich phase within the alloy [7,8].
In order to concurrently improve the mechanical properties of Cu-Ag
alloys while maintaining low cost and high electrical conductivity, low
Ag contents have been investigated [9], with the addition of small
amounts of Cr into the alloy.

Powder metallurgy techniques are distinguished by a high degree
of microstructural cleanliness and homogeneity, rendering them well-
suited for the fabrication of components with excellent electrical con-
ductivity. Additive manufacturing (AM) represents the most recently
developed branch of powder metallurgical techniques, and in recent
years has garnered significant interest in research due to the high
degree of design freedom it allows. In the context of Laser Powder Bed
Fusion (L-PBF) or Direct Energy Deposition (DED), the laser-powder op-
tical interaction, in conjunction with the metallurgical aspects related
to solidification, plays a major role in determining the processability of
powders.

Inappropriate storage conditions for AM metal powder feedstock
can result in detrimental effects on both the powder itself and the
final AM components produced. A study on the effect of the storage on
powders characteristics and on the final properties of the Laser Powder
Bed Fusion (LPBF) component is reported in [10], whereas in [11] some
guidelines about powder storage and handling are reported.

Many powder manufacturers recommend storing Cu and Cu alloy
powders in sealed containers, preferably in a dry and inert atmosphere
such as argon [12]. However, for several reasons, powders may be acci-
dentally exposed to the environment, with a strong risk of degradation
of the material [13].

1.1. Oxide formation on copper powders

Cu powder oxidation was observed in several works focused on its
surface characterization by means of a Focus Ion Beam (FIB) and X-
ray photoelectron spectroscopy (XPS) [14]. In particular, Zhidovinova
et al. [15] used XPS to investigate the powder oxidation state during
the storage in standard environmental conditions. They observed that a
cuprous oxide Cu,O layer is rapidly formed on the surface of unoxidized
copper powder particles. Such an oxide spontaneously transforms into
a cupric oxide CuO during storage if no inert atmosphere is provided.
However, this kind of study requires expensive instrumentation and
entails complex and time-consuming sample preparation procedures.

Additionally, particle sectioning by means of FIB processing may re-
quire extra precautions to avoid beam-induced reduction of the oxide
layer [16,17].

As far as copper is concerned, it was observed that powders re-
act with oxygen forming three different known oxide stoichiometry,
namely CuO, Cu,0 and Cu,O;. The first two are stable forms whereas,
Cu,O; is a metastable form of little interest [18]. Both CuO and Cu,0
are p-type semiconductors that show a transition at 1.3—2.0 eV (direct)
and 2.0-2.7 eV (indirect) respectively. However, in literature much
higher gap energy are reported for CuO due to quantum confinement
phenomena. This effect is usually negligible for Cu,O being its Bohr
exciton radius equal to 0.7 nm. The optical response of a spherical
particle can be studied employing the Mie’s theory. Gustav Mie [19]
studied the problem of light scattering by a spherical particle using a
multipole expansion of the electric and magnetic field and imposing
appropriate boundary conditions at the particle-surrounding interface.
According to Mie’s scattering theory [20], the scattering cross-section
04 Of a spherical particle of diameter d is given as follows:
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A further generalization of this theory was introduced for the calcu-
lation of the scattering cross-section on a multilayered sphere [21,22].
In this case, the adopted approach is identical to the spherical par-
ticle, but a separate description for the fields in each layer together
with boundary conditions at each interface is required. The present
paper investigates the possibility of studying the surface oxidation of a
CuAg3.4 metal powder produced by gas atomization, by means of opti-
cal spectroscopy. Raman spectroscopy is used to obtain compositional
information [18] whereas UV-visible (UV-Vis) spectroscopy [19], cou-
pled to a machine-learning algorithm, allows for the quantification of
the thickness of the particle surface oxide layer.

2. Materials and methods
2.1. Powder fabrication

Cu3.4%Ag powders were produced using a vacuum induction inert
gas atomizer (VIGA). Pure electrolytic Cu (99.99%) and pure Ag gran-
ules (99.9%) were placed in an alumina crucible in the proper amount
and then heated up to reach a metal molten bath, under a high purity
5.0 Ar shielding gas cover at an overpressure of 0.05 barg. The molten
bath was held at a stable temperature of 1255 + 5 °C for 15 min. The
overpressure in the melting chamber was then increased to 0.22 barg,
and the melt was atomized with Ar at 42 bar. A gas-to-metal ratio of
1.35 was calculated as characteristic of the process. The amount of
oxygen in the atomization chamber was monitored throughout the en-
tire powder production process, using a Zircona probe sensor (Rapidox
1100). The oxygen content ranged from 0.005%wt immediately after
atomization to 0.009%wt before unloading the gas-atomized powders.
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Fig. 1. X-ray diffraction spectra (a) and Raman spectra (b) for the two powder samples.

2.2. Sample preparation and characterization

Two batches of powder were produced and stored under different
conditions: the first batch (oxidized) was stored at standard room
conditions, whereas the second one (inert) was stored under a dry argon
atmosphere, using silica bag as desiccant. All the powders were sieved
to achieve a particle size distribution (PSD) of 20-63 pm, suitable for the
LPBF process. A laboratory sieve shaker was used with three 200 mm
diameter sieves (20 pm, 63 pm, and 120 pm), and 0.5 kg of powder
was added for each run. Volume size distributions were measured
using a Malvern Panalytical MasterSizer 3000 laser diffraction particle
analyzer. The oxygen content of the powder was measured using the
inert gas fusion technique (Leco ONH 836). The X-ray diffraction
(XRD) spectra were collected in a Malvern Panalytical Empyrean X-ray
diffractometer using a zero-background powder holder. Spectra were
acquired in the 260 range from 20° to 90°, with a step size of 0.013°.

Powders were fixed onto an aluminum stub using a double-side
carbon tape and their Raman spectra were collected in an inVia Ren-
ishaw Raman confocal microscope equipped with a 50x (NA = 0.75)
objective. A 633 nm laser at a power of 1.7 mW was used as the
excitation source. Spectra were collected after an exposure of 6 s
and 4 accumulations. The same samples were imaged without further
preparation in Zeiss Supra 40 Field Emission Scanning Electron Micro-
scope (FESEM) operated at 300 V or 5 kV, using the InLens detector.
Compositional information was obtained through Energy Dispersion
Spectroscopy (EDS) operating the instrument at 6 kV and 20 kV (see
Supporting Information). The alloy microstructure was observed after
etching the cross-sectioned powder, embedded in conductive epoxy
resin, for 6 s in an ammonium persulfate 0.4M solution and col-
lecting the image using the backscattered electron detector (BSD) in
compositional contrast mode.

Diffuse reflectance %R spectra at normal incidence (0°) were
recorded using a Shimadzu UV2600i spectrophotometer equipped with
an ISR2600 plus integration sphere in the wavelength range from
300 nm to 1000 nm with a wavelength step of 0.2 nm. Absorption co-
efficient F,,, were calculated according to Kubelka-Munk theory [23]
as follows:

- @
2 %R
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2.3. Optical response simulation

Optical data for Cu and Ag were taken from Johnson—Christy [24].
Optical data for CuO and Cu,0 and AgO were taken from Palik [25]. Di-
electric function ep, for composite layers were calculated via effective
medium theory approach using Bruggeman’s formula [26]:

€p, = 41—‘ <ﬁ +iy/ =2 - 85A£B> (5)

where €, and €5 are the dielectric functions of the components A and
B and p is given as:

P =Q2=3¢ple,+(1-3¢plkp (6)

where ¢ is the volume fraction of the component B.

The optical response of spherical particles, whose structure is shown
in Fig. 5, was simulated using the Mie scattering theory implemented
in the scattnlay [21,22] Python library. Being the particle size much
bigger than the incident wavelength (300 — 1000 nm), simulations were
performed using a multiple-precision representation.

2.4. Calculation of the oxide layer thickness via k-nearest neighbor regres-
sion

Reflectance in experimental UV-Vis spectra R,,, was normalized
from O to 1 to obtain a normalized experimental reflectance f{exp. Also
scattering cross sections o, obtained from simulations was normal-
ized to obtain a normalized simulated reflectance R,;,. Subsequently,
principal component analysis (PCA) was applied to transform the sim-
ulated spectra into a reduced-dimensional space with five components
using the Scikit-learn Python library [27]. Experimental spectra were
projected into the principal component space using the previously
trained model. Employing k-nearest neighbor regression, with 25 neigh-
bors, the thickness of the oxide layers was determined based on the
transformed spectra. The goodness of the fitting was quantified by cal-
culating the mean square error y; between the experimental spectra
and its nearest neighbor (best fit).

!
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3. Results and discussion

Two CuAg3.4 powder batches were produced by gas atomization
and stored under different conditions for 1 month. One batch was
stored under room condition (oxidized), whereas was stored under inert
Ar gas, and silica gel bags were added to prevent moisture absorption
and oxidation (inert). The purpose of the present work was to inves-
tigate the application of a spectroscopy-based approach for the study
of the surface oxidation state of the two powder batches. SEM images
of the two powder batches collected after the atomization are reported
in Figure S1, demonstrating the high sphericity of the particles. The
oxygen content was measured immediately after the atomization using
the inert gas fusion technique (Leco ONH 836) resulting in a value of
0.024 + 0.002%wt. and 0.044 + 0.003%wt. for the inert and oxidized
samples respectively. Size distributions were determined by means of
laser granulometry returning an average diameter equal to 39.7 pm for
the oxidized sample and to 43.2 pm for the inert sample (see Figure
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Fig. 2. FESEM images of the particle surface for the inert (a—c) and oxidized powder (d-f). In the picture (e) the holes in the oxide layers are marked with orange arrows.

S2). The X-ray diffractograms, reported in Fig. 1(a), show the same
diffraction pattern for both the two samples. In fact, the diffraction
peaks, located at 43.43°, 50.53° and 73.35° are associated to the (111),
(200) and (220) planes of face-centered cubic (fcc) copper respectively.
The peaks associated to Cu,0O and CuO are not observed suggesting
that the oxide layers are not thick enough to give any significant signal
contribution in Bragg-Brentano geometry. For this reason, we conclude
that XRD does not provide information on the composition of the
particles outer layer and it is not suitable for this kind of investigation.
The Raman spectra of the powders were collected using a Raman
confocal microscope as described in the Method section. They show
strong bands due to the presence of different copper and silver oxides
as reported in Table 1. In particular, the oxidized powder exhibits the
two bands of CuO [28], i.e. 299 cm~! and 597 cm™!. On the other hand,
the inert sample also shows Cu,O bands [28,29] located at 144 cm™!
and 218 cm~!. Inert sample spectra exhibits a band at 678 cm~! which
is probably attributed to the presence of Ag,0 [30].

Micrographs of the powder captured at the FESEM are reported in
Fig. 2. Such measurements were performed operating the FESEM in
low voltage mode at 300 V to reduce the interaction volume. In fact,
at lower energy levels, the electron beam penetrates only a few tens
of nanometers. Consequently, the resultant image solely encompasses
details pertaining to the surface and the adjacent near-surface regions
of the specimen. High magnifications micrographs reported in Fig. 2 (c)

Table 1
Assignment of the Raman band observed in the spectra reported in Fig. 1(b).
Band number Raman shift [cm™'] Compound
1 144 Cu,0
2 218 Cu,0
3 299 CuOAg
4 429 AgO
5 521 Cu,0
6 597 CuO
7 687 Ag,0

and (f) were able to show the difference in the surface features between
the inert and oxidized samples. The inert sample displayed a smooth
surface, whereas the oxidized sample exhibited discernible roughness.
Notably, the oxidized layer displayed distinctive holes, suggesting a
wrapping-like morphology. The microstructure of the powder was ob-
served at the FESEM using the BSD detector in compositional contrast
mode after a microstructural etching using ammonium persulfate as
indicated in the E407 ASTM standard [31]. EDS quantification (see
Fig. 4) performed at 20 kV confirmed the composition of the alloy
giving a content of silver equal to 3.3%wt. and 3.4%wt. in the inert and
oxidized samples respectively. Spectra collected at low voltage, i.e. 6
kV, were able to sense the difference in the oxygen content returning an
oxygen content of 5.6%wt. and 8.9%wt. As revealed in Fig. 3 (a) and in
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Fig. 3. Micrograph of the cross-sectioned powder after a microetching attack with the ammonium persulfate (a). Reflectance spectra (b), Kubelka-Munk plot (c) and Tauc plot (d)
for the powder samples.
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Fig. 4. EDS spectra collected at 6 kV on the inert (a) and oxidized (b) samples. EDS collected on the same samples at 20 kV (¢ and d).

the EDS mapping (Fig. S3), the powder microstructure is characterized the Cu-Ag equilibrium phase diagram, the Cu-rich a-phase nucleates
by fine dendrites with Ag-enriched segregations in the interdendritic at high temperature directly from the liquid phase, with the Ag-rich
arms, which is consistent with the rapid solidification mechanism. After p-phase precipitating at the solid state. In light of this, we assume
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Fig. 5. Representation of the assumed layered structure for a single powder particle.

that the disperse phase (Ag) exhibits long-range connectivity and that
Bruggeman’s [32] hypothesis are fulfilled.

UV-Vis spectra shown in Fig. 3 (b) report a significant difference in
the optical response of the two samples. The oxidized sample demon-
strates a lower reflectance in the whole considered spectral range.
However, due to the composite nature of the particles, it is not possible
to identify the two oxides according to their different bandgap energy
from Tauc plots (Fig. 3d).

A particle model was created to calculate the optical response by
means of simulation. It was assumed that a powder particle is made up
of a Cu core a radius r,, a Cu,0 layer of thickness #¢,, and a CuO layer
of thickness 7, as shown in Fig. 5. The total radius of the particle
is 1y = re + tcuo + tegy0- Considering the Cu-Ag phase diagram, it
is assumed that the powder is initially composed of a pure Cu phase
and a pure Ag phase. The volume fraction of the Ag phase qbg‘gl in Cu
layer was calculated to be 2.9%wt. Following the same idea, the volume
fraction of the Ag phase in the Cu,0 and CuO layer was calculated

i;zo = 1.7% and ¢§;° = 1.6%. The optical properties

with these compositions were calculated using an effective medium
theory approach as described in the Method section by Bruggeman’s
formula [32-34] and are reported in Fig. 6a—c. However, as reported in
several works, the actual refractive index of a thin film can be different
from the one of the bulk material due to quantum confinement [35,36].
In fact, like all semiconductors, also copper oxide films exhibit a
dependence of the optical properties on the film thickness as it moves
to the nanometer scale, due to a quantum confinement mechanism
that leads to the splitting of both the valence and conduction band
into discrete levels. This phenomenon is relevant for the film whose
thickness is equal to or lower than the Bohr exciton radius rp which,
in this case, is equal to 6.6 —28.7 nm [37], and 0.7 nm [38] in CuO and
Cu,O respectively. This phenomenon is likely to be negligible for the
Cu,O layer whereas it may be important for the CuO layer, however,
no detailed models for such a correction have been developed so far
and the effect is neglected within the frame of this paper.

Optical data for the Cu/Ag,Cu,0/Ag and CuO/Ag layers were calcu-
lated using the Bruggeman’s effective medium theory and are reported
in Fig. 6.

Different spectra for a particle with a total radius r,, and with
different values of layer thickness r¢,,o and t¢,o in the range from
0 to 50 nm were calculated using the Mie’s models implemented in
the scattnlay library. The obtained spectra were transformed into their
principal component system using a number of principal components
equal to 5 to achieve an explained variance greater than 95% as shown
in Fig. 7 (a). The representation of the simulated spectra in the space of
the first three principal components, namely P.C. 1, P.C. 2 and P.C. 3,
is reported in 7 (b). The thickness of the oxide layers 7¢, o and f¢,o

to be equal to ¢
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Table 2

Thickness of the oxide layers resulted from the k-nearest neighbor regression.
Sample r. [pm] tcy,0 [nm] tcyo [nm] Xsin
Oxidized 19.5 1.4 13.9 2.15-1072
Inert 21.5 2.1 3.3 2.83-1072

on the two samples were calculated by classifying the experimental
spectra using a k-nearest neighbor regression model trained on the sim-
ulated data. Experimental spectra together with their respective nearest
neighbor (best fit) are reported in Fig. 7 (¢) and (d). The thicknesses
of the oxide layers derived from the k-nearest neighbor regression are
presented in Table 2 and are consistent with the composition discerned
via Raman spectroscopy. Specifically, our analysis reveals that inert
specimens exhibit analogous thicknesses of CuO and Cu,O, while in the
oxidized sample, the oxide layer is predominantly constituted by CuO
(13.9 nm).

4. Conclusion

The CuAg3.4 alloy powder, produced via gas atomization and sub-
jected to varying storage conditions, underwent comprehensive char-
acterization utilizing Raman and UV-Vis spectroscopy. The primary
objective was to quantify the thickness of the surface layer resulting
from metal oxidation. Raman spectroscopy revealed that the inert
sample predominantly comprised cuprous oxide, whereas the oxidized
sample exhibited a higher quantity of cupric oxide. This finding aligns
with existing literature documenting the spontaneous transition from
Cu,0 to CuO during storage under ambient air conditions. Subse-
quently, a nearest-neighbor regression model was developed using
scattering spectra derived from simulated layered particles via the
Mie model. This model was then applied to analyze the experimental
UV-Vis spectra obtained from both powder samples to estimate the
thickness of the surface oxide layers. The proposed technique is there-
fore a simple and easy-to-use tool to study the oxidation state of copper
alloy powder and represents an effective alternative to more complex
techniques such as XPS and FIB when a rough estimation is required.
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Fig. 7. (a) Explained variance as a function of the PCA component number. (b) Representation of the simulated spectra in the principal component coordinate system. Results of
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