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Particle-particle interface corrosion of
cold sprayed copper in dilute nitric acid
solutions: geometry-controlled corrosion
mechanism
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We report here the mechanism of accelerated corrosion observed at the particle-particle interfaces
(PPIs) of cold sprayed (CS) Cu exposed to dilute nitric acid. PPI corrosion is triggered by the oxide
inclusionspresent along thePPIs. The accelerated corrosion atPPIs results from the combined effects
of confined geometry and catalytic reactions, which involve the electrochemical dissolution of Cu and
reduction of NO3

−. Gas bubbles composed of N2O and NO form continually during PPI corrosion,
indicating the ongoing reduction of NO3

−. Annealing the CS Cu at 600 °C causes the oxide inclusions
to coalesce, thereby breaking the interconnected oxide inclusion network. Consequently, the
propagation of PPI corrosion is impeded. This work demonstrates how geometrical factors can
determine the corrosion process and emphasizes the role of microstructural defects in the corrosion
properties of additively manufactured materials.

Cold spray (CS) deposition is a solid-state deposition technique that
finds applications in additive manufacturing (AM)1,2, coating3, and
repair of damaged components1,4. Aluminium and copper flanges1,
cones and gears1, and various other complex structures5 have been
successfully fabricated by CSAM. During the CS process, feedstock
particles are accelerated by compressed gas and impinged onto a sub-
strate at high velocity. Bonding between the particles and the substrate is
established via the severe plastic shear deformation induced by the high
kinetic energy of the particles6, in contrast to the thermal energy
employed in thermal spray and other AM techniques. Thus, feedstock
particles remain solid throughout, minimizing oxide formation7. The
surface oxide films on the particles shatter and are mostly ejected upon
impact, yet some of their debris is incorporated as inclusions at the
particle-particle interfaces (PPIs)8,9, which are the major sources of
oxygen in CS materials. There is a wealth of literature on the char-
acterization and simulation of the oxide break-up process and the effect
of the subsequently incorporated inclusions8–13, which suggests that the
critical velocity of deposition, the deposition efficiency, and the bonding
strength are subject to the influence of the surface oxide film and/or the
incorporated oxide inclusions14,15.

Oxide inclusions are commonly considered to be microstructural
defects that can decrease corrosion resistance16,17. This raises concerns about
whether the PPIs in CS materials, where the oxide inclusions universally
exist, are prone to corrosion, especially in aggressive environments. Despite
most studies having revealed unremarkable to marginally increased cor-
rosion damage at the PPIs3,18–20, a recent study showed that CS Cu, a can-
didate for part of the corrosion-resistant coating ofCanadian-designed used
nuclear fuel containers (UFCs)21, exhibited a higher degree of reactivity at
the PPIs when exposed to naturally aerated dilute nitric acid (HNO3)
solution22. HNO3, an oxidant, may form due to the radiolysis of humid air23

within a deep geological repository where the UFCs will be stored. Its pre-
sence may contribute to the corrosion of the UFCs, making it essential to
understand the corrosion mechanisms of CS Cu in HNO3.

Copper corrosion in nitric acid solutions has been a topic of study for
over a century. Millon first described the process as involving autocatalytic
cycles in184224. Russel andVeleyproposed that the catalytic activity of nitric
acid was due to the presence of a small amount of nitrous acid (HNO2),
which reacted with the metal to initiate the process25,26. Acknowledging the
importance of HNO2, Bancroft criticized this view, arguing instead that
HNO2 activates HNO3 rather than directly reacting with the metal24. Evans
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reviewed earlier studies and suggested possible pathways for catalytic
cycles27. Although HNO2 was long regarded as the catalyst driving catalytic
corrosion in the Cu-HNO3 system

28,29, more recent studies by Turnbull and
colleagues have shown that Cu+ is, in fact, the catalyst responsible30–32. Their
experiments demonstrated that the O-free Cu was inert in HNO3 solutions
unless dissolved oxygen was present. Upon introducing oxygen, the oxygen
reduction reaction (ORR) produced Cu+, which then activated NO3

− to
formHNO2—a strong oxidant for Cu capable of regenerating Cu+, thereby
initiating the catalytic corrosion cycles30–32.

In this work, we studied the corrosion behaviour of three types of Cu,
namelyO-freeCu, low-temperature (LT, 350 °C) annealedCSCu, andhigh-
temperature (HT, 600 °C) annealed CS Cu, by electrochemical methods in
diluteHNO3 solutions with various oxygen contents. Themicrostructure of
the CS Cu specimens was characterized by electron backscatter diffraction
(EBSD). The corrosionmorphologywas characterized by scanning electron
microscopy (SEM) and X-ray micro-computed tomography (μ-CT) and
compared with Auger electron spectroscopy (AES) elemental mappings
acquired on pristine surfaces prior to exposure to HNO3 solutions. The
gaseous products generated during PPI corrosion were analysed by gas
chromatography-mass spectrometry (GC-MS). The results obtained are
consistent with the mechanisms of Cu+-induced catalytic corrosion reac-
tions in the Cu-HNO3 system, while also highlighting a unique corrosion
mechanism associated with the geometry of the corrosion sites, which is
determined by the form and distribution of the oxide inclusions in CS Cu.

Results
Microstructure characterization
Figure 1 shows the microstructural characteristics of the LT and HT CS Cu
obtained via EBSD. Grain orientation and grain size are apparent in the
inverse pole figures (IPFs) and image quality (IQ) maps, Fig. 1a, b.
Annealing twins were observed for both LT and HT CS Cu. For LT CS Cu,
ultrafine grains are concentrated around the PPIs where the zero-solution
pixels, indicating non-indexable areas, are primarily situated, outlining the
particles. This is not obvious for the HT CS Cu, where PPIs are not
noticeable, and grains are generally visually larger than in the LT CS Cu.
Moreover, zero-solutionpixels aremuch less commononHTCSCuandare
primarily present in clusters.

Grain boundary characteristics, including coincident site lattice (CSL)
boundary designations and misorientation angles, were extracted from the
EBSD results and plotted in Fig. 1c with the CSL boundaries also super-
imposed with the IQ maps, Fig. 1b. On both LT and HT CS Cu, CSL
boundaries are uniformly distributed and account for more than half the
total grain boundary length, among which the Σ3 boundaries are pre-
dominant, likely due to their lower energy compared to other Σ boundaries.
Annealing at a higher temperature decreased the abundance of the small
angle boundaries from ~10% to ~5% by length and resulted in a slight
increase in the number of Σ3 boundaries.

AES elemental mapping was used to characterize the chemical com-
position of the oxide inclusions. For LT CS Cu, voids were observed along
PPIs, whereAES elementalmapping indicated anOenrichment, Fig. 2a1–3.
This indicates that the remains of the particles’ surface oxides are located at
the PPIs. For HT CS Cu, the argon sputtering process resulted in some
topographic features, which have minor effect on the contrast that can be
easily distinguished33. No PPIs can be clearly distinguished in the SEM
image. Instead, several dark spots are observed,which are confirmedbyAES
elemental mapping to be Cu oxide inclusions, Fig. 2b1–3.

The chemical composition of the oxide inclusions and the surrounding
matrix was obtained by quantifying the Auger electron spectra and com-
pared, Fig. 2c1, 2. For both specimens, the quantification yielded a Cu/O
ratio close to two, implying that the trapped inclusions are cuprous oxide
(Cu2O). The carbon detected by AES can be attributed mainly to the
adventitious carbon, although that for the inclusions may come partially
from organic contamination present on the surfaces of the feedstock par-
ticles before cold spraying. The presence of these carbon signals did not
interfere with the quantifications, as the Cu-to-O ratio remained roughly
the same (2:1) regardless of the amount of carbon present. Hence, it can be
generalized that annealing at a higher temperature does not alter the
composition of the oxides but consolidates them and decreases the number
of voids at the PPIs, consistent with previous studies9.

Electrochemical behaviour
Figure 3 shows representative corrosion potential (Ecorr) and polarization
resistance (Rp) values recordedon the three typesofCuunder three different
aeration conditions, namely naturally aerated solution (NA), Ar-sparged

Fig. 1 | EBSD characterization of the LT and HT CS Cu. a IPFs for LT and HT CS
Cu. bCSL boundaries superimposed on IQmaps for LT andHTCSCu. Green pixels
are zero-solution areas where electron diffraction patterns could not be indexed.

c The fractions (of length) of the CSL boundaries with Σ values of 3, 9, and ≥11 (top)
and the misorientation angle (the lower two) for LT and HT CS Cu.
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solution (AS), and a solution placed inside an anaerobic chamber (AC). A
commonality for all the measured Ecorr transients is the initial high values,
which quickly dropped within the first half hour. During this high-Ecorr
period, gas bubbles were visually observed on all the specimens. Following
the drop, Ecorr values for LT CS Cu and O-free Cu showed a steadily
descending trend accompanied by a modest increase in Rp indicating that
corrosion was cathodically controlled. The Ecorr of LT CS Cu was always
higher, andRp consistently lower, than those of theO-freeCuunderall three
conditions, suggesting a higher corrosion rate for LT CS Cu driven by the
cathodic reaction. A broad peak was observed at ~5 h for O-free Cu under

NA condition, accompanied by a decrease in Rp values, indicating an
increased corrosion rate. We suspect this was due to surface coverage by
initially generated gas bubbles, which later detached, exposing a relatively
fresh surface and leading to an increase in corrosion rate, rather than being
due to localized corrosion events. This hypothesis is consistent with the
transient increase in Ecorr, as an increase in available surface area would
enhance the cathodic half-reaction rate, necessitating amatching increase in
the anodic half-reaction; one would expect the initiation of localized cor-
rosion to result in a transient decrease in Ecorr.We repeated this experiment
twice, andno suchpeakwasobserved again.Given the lackof passivity in the

Fig. 2 | Oxide inclusion characterization. SEM images and the corresponding AES elemental maps for a1–3 LT and b1–3 HT CS Cu. The chemical compositions of the
matrix and inclusions quantified from the Auger electron spectra for LT (c1) and HT (c2) CS Cu.

Fig. 3 | Corrosion behaviour characterization. Ecorr and Rp values recorded on
O-free Cu (green), LT CS Cu (blue), and HT CS Cu (red) in 0.1 M HNO3 solutions
under aNA, bAS, and cAC conditions. All panels have the same Ecorr scale, so labels

are only shown in a. The same applies to Rp panels with the labels only shown in c.
The inset in c shows the short plateau of Ecorr measured on HT CS Cu.
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Cu-HNO3 system, we conclude that the observed peak likely resulted from
extrinsic factors, such as the proposed bubble detachment, that do not
frequently occur.

Gas bubbles stopped forming on the O-free Cu after the initial drop in
Ecorr but continued on the LT-CS Cu, see Supplementary video 1. The
difference in Ecorr between LT CS Cu andO-free Cu is ~50mV for NA and
decreased to ~40mV and ~30mV under AS and AC conditions, respec-
tively. Rp values for O-free Cu are roughly an order of magnitude higher
than those of the LT CS Cu. These higher Rp values (lower corrosion rates)
for O-free Cu under AS and AC conditions are consistent with previous
studies showing that Cu corrosion in HNO3 solution was minimal in the
absence of dissolved oxygen30.

In contrast, HT CS Cu experienced transitions, manifested by a
decrease in Ecorr and an increase in Rp, after a period of time which was
longest for NA and shortest for AC conditions (Fig. 3a–c). Ecorr was high,

and Rp values were low before the transition, after which Ecorr dropped,
accompanied by an increase inRp by a factor of up to 80. This transitionwas
observed to be concomitant with the discontinuation of gas bubble gen-
eration. These results point to a pronounced decline in corrosion kinetics,
which is clearly cathodically controlled. For exposure periods beyond ~10 h
under AC conditions, HT CS Cu and O-free-Cu exhibited similar Ecorr and
Rp values.

Corrosion morphology characteristics
The corrosion morphology of the CS Cu specimens after immersion was
characterized by SEM, Fig. 4. The corrosionmorphology of LTCSCuunder
NA showed the same features as previously reported22, with evident cor-
rosion at PPIs, Fig. 4a1, 2. Despite corrosion being similarly localized onHT
CS Cu under the same conditions, Fig. 4b1, 2, instead of the trench-like
damage, PPI corrosion was in the form of cavities, with more limited

Fig. 4 | Corrosion morphology characterization for LT and HT CS Cu after
immersion. a1, 2, c1, 2, and e1, 2 SEM images of LT CS Cu corroded under NA, AS,
andAC conditions, respectively. b1, 2,d1, 2, f1, 2 SEM images ofHTCSCu corroded
under NA, AS, and AC conditions, respectively. g, h μCT characterization of the LT

andHTCSCu under NA conditions. Dark contrast areas in g and h in the interior of
the materials are voids originally present. Red dashed lines indicate either PPIs (for
LT CS Cu) or cavities (for HT CS Cu) in the high-magnification SEM images.
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corrosion at the PPIs. Characterization by µ-CT (Fig. 4g) revealed that
corrosion penetrated along PPIs to a depth of ~75.5 μm for LT CS, com-
pared to a maximum depth of ~37.7 μm for the HT CS Cu. Within the
interior of the particles, corrosion caused extensive crystallographic etching,
Fig. 4a2, b2, the extent of which depended on the grain orientation. This is
consistent with the grain-dependent corrosion morphology of O-free Cu
under similar conditions30.

Corrosion of CS Cu under AS and AC conditions further highlighted
the differences between LT and HT CS Cu, Fig. 4c1, 2–f1, 2. The matrix, as
expected, suffered fromminimal corrosion due to the limited amount (AS)
or quasi-absence (AC) of oxygen. This is what we should expect, since it has
beendemonstrated thatNO3

− is not an effective oxidant forCu30.Moreover,
unlike its behaviour on some reactive metals27,34,35, the hydrogen evolution
reaction requires significant overpotentials on aCu electrode in nitric acid36,
so metal oxidation coupled to proton reduction should not be expected to
corrode the CS Cu matrix. Yet PPI corrosion still occurred. The form and
distribution of oxide inclusions and corrosion damage on both LT and HT
CS Cu were coincident, suggesting at first glance that the damage observed
on CS Cu could simply be attributed to the dissolution of the Cu2O inclu-
sions in the acidic environment. Indeed, Cu2O is soluble, albeit slightly37, at
pH 1 (i.e., the pH value of the 0.1M HNO3 solution used in this work).
However, the width of the oxide inclusions, as characterized by AES, was in
the sub-micrometre range, whereas thewidth of the corroded PPI locations,
estimated visually, was at least severalmicrometres and some corrosion sites

were up to~20μmwide. This suggests that a corrosionprocesswas involved
in causing the damage to theCumatrix surrounding the PPIs, in addition to
any oxide dissolution that may have occurred.

Gas formation during PPI corrosion
The formation of gas coincided with the periods of high Ecorr, indicating its
important role in ascertaining the PPI corrosionmechanism. To investigate
this, we performed headspace analysis to determine the gas composition.
Gas generated during corrosion of LTCSCu in 0.1MHNO3 in air- andAr-
filled vialswas collected from the cell headspace and analysed usingGC-MS.

As shown in the chromatogram, Fig. 5a, two peaks were detected for
both air- and Ar-filled vials. For the air-filled vial, based on the mass-to-
charge ratio (m/z), N2

+ (m/z = 28) was identified as the principal species
withO2

+ (m/z = 32),O+ (m/z = 16),N+ (m/z = 14), andAr+ (m/z = 40) also
detected, indicating the presence of N2, O2, and Ar, Fig. 5b1, which are the
main components of air. For the second peak (b2), the mass spectrum
indicated the presence of N2O (with a trace amount of H2O), with the
species detected being N2O

+ (m/z = 44), NO+ (m/z = 30), N2
+, O+, and N+,

Fig. 5b2. For the Ar-filled vial, the gases detected were Ar and N2O, cor-
responding to the first and second peaks in the chromatogram, Fig. 5c1, c2.

Closer inspection of themass spectra showed that a small volume ofNO
was present in both air- and Ar-filled vials. Figure 6 shows the measured
intensities of them/zof 12 (corresponding toC+), 30 (corresponding toNO+)
and44 (corresponding toN2O

+) as a functionof retention time forbothcases.

Fig. 5 | Gas composition analysis. aChromatogram
and b, c mass spectra of the gas generated during
corrosion of CS Cu in 0.1 MHNO3 in b1, 2 Air-filled
and c1, 2 Ar-filled glass vials.
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Here them/z = 44 peak is assigned toN2O instead of CO2 due to the absence
ofC+with am/zof 12 in the gas collected in the air-filled vial and is confirmed
by the mass spectrum collected in the Ar-filled vial where CO2 was absent.

We noticed that at the retention timewhere the ambient gas (air or Ar)
was detected, approx. 6–7min, peaks for m/z = 30 were observed without
the detection of species with m/z = 44. This indicates the presence of NO
instead of N2O. The second peakwithm/z = 30was accompanied by a peak
for m/z = 44 in both cases, indicating the presence of N2O. Although
quantitative analysis was not performed to determine the exact amounts of
NO and N2O, it can be roughly estimated from the intensities of the mass
spectra that the amount of NOpresent under Ar ambience was greater than
that under air ambience.We can conclude that thefinal gas products during
CS Cu corrosion in 0.1M HNO3 were N2O and NO.

Discussion
Based on these analyses, we propose a corrosion mechanism for PPI cor-
rosion on CS Cu by incorporating the Cu-Cu+-NO3

−-HNO2 and Cu-Cu
+-

Cu2+ catalytic corrosion cycles reported previously for O-free Cu22,30,32.
Initially, dissolved O2 is the effective oxidant for Cu in aerated HNO3

solution, leading to the production of Cu+ by reaction (1):

4Cuþ O2 þ 4Hþ ! 4Cuþ þ 2H2O ð1Þ

In anoxic solutions, an initial amount of Cu+ may be produced by
dissolution ofCu2O, present in an air-formed oxide or as oxide inclusions in
the material.

TheCu+ can then activateNO3
− via reaction (2), leading to production

of HNO2, a strong oxidant for Cu,

2Cuþ þ NO�
3 þ 3Hþ ! 2Cu2þ þHNO2 þH2O ð2Þ

and, under free corrosion conditions32, reaction (3),

CuþHNO2 þHþ ! Cuþ þNOðgÞ þH2O ð3Þ

to produce the gaseous product, NO. The Cu2+ produced by reaction (2)
then reacts with Cu through the comproportionation reaction, reaction (4):

Cu2þ þ Cu ! 2Cuþ ð4Þ

Finally, HNO2 is known to be unstable in acidic solutions and
decomposes via reactions (5) and (6):

2HNO2 ! NOðgÞ þ NO2ðgÞ þH2O ð5Þ

3HNO2 ! Hþ þ 2NOðgÞ þNO�
3 þH2O ð6Þ

The rapid reaction ofHNO2 at theCu surface via reaction (3) limits the
extent of HNO2 loss via the homogeneous reactions (5) and (6).

Both reactions (3) and (4) result in the regeneration of Cu+, thereby
completing two catalytic corrosion cycles, allowing Cu corrosion to con-
tinue without the involvement of oxygen. The contribution of the Cu-Cu+-
Cu2+ cycle to the corrosion process is difficult to quantify experimentally.
According to the proposedmechanism,NO is produced by reaction (3), and
this can be used as a qualitative indicator of the Cu-Cu+-NO3

−-HNO2

corrosion cycle.As analysedbyGC-MS, the gas formedduringCu corrosion
inboth aerated anddeaerated0.1MHNO3wasmainlyN2O,with someNO.
AlthoughN2O could be a product of NO reduction by Cu38, it is more likely
that its generation is a consequence of the vapour phase reaction involving
NO (reaction (7)), as reported elsewhere39:

3NO g
� � ! NO2 g

� �þ N2O g
� � ð7Þ

NO2(g) generated through reaction (7) would react rapidly with water
vapour and gaseous HNO2, reactions (8)-(9)

39:

2NO2 g
� �þH2O $ HNO2 g

� �þHNO3 g
� � ð8Þ

NO2 g
� �þHNO2 g

� � $ HNO3 g
� �þ NO g

� � ð9Þ

Therefore, the detected gases were N2O with minor amounts of NO.
Despite these complexities, gas formation duringCu corrosion inHNO3 is a
clear sign of the activation of NO3

− to HNO2 and the subsequent reduction
of HNO2.

The proposed mechanism for the corrosion of CS Cu in HNO3 is
illustrated schematically in Fig. 7. Initially, the air-formed surface Cu2O
film40, which also existed on the O-free Cu, served as a reservoir of Cu+,
triggering the catalytic corrosion cycles, Fig. 7a I. NO3

− was possibly acti-
vated by the Cu+ produced through the chemical dissolution of Cu2O and/
or by a direct electrochemical reactionwithCu2O.The lattermay have been
more favourable as Cu2O was converted to the much more soluble Cu2+41.
Nonetheless, HNO2was generated, and the catalytic cycles were initiated by
the reaction of HNO2 with Cu, which regenerated Cu+. The occurrence of
these catalytic corrosion cycles is indicated by the initially high Ecorr and the
gas formation on all types of Cu used, including the O-free Cu.

The rapid initial drop in Ecorr could have been due to the diffusive loss
of corrosive species (HNO2andCu

2+) to thebulkof the solution, leading to a
decrease in available oxidant, and thus a decrease in Ecorr. Additionally, the
adsorption energy for NO3

− on the Cu surface is more negative than that of

Fig. 6 | Mass spectra for C+ (m/z= 12), NO+ (m/z= 30), and N2O
+ (m/z= 44) as a function of retention time. a Air-filled vial, b Ar-filled vial.
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the corrosive NO2
− according to density functional theory calculations42.

Consequently, NO3
− can compete for surface adsorption sites, thereby

limiting NO2
− adsorption, and leading to a decrease of Ecorr. During this

period, the ORR contributed to Cu corrosion if oxygen was present. This
support was minimal, as indicated by the substantially lower Ecorr observed
on the O-free Cu under NA conditions, Fig. 3a, when O2 was an effective
cathodic reagent30. Although coupling to theORRwould oxidize Cu toCu+,
offering new catalysing species for NO3

– reduction, this process would have
been limited by diffusion and the competitive adsorption processes.

On O-free Cu, Ecorr dropped to low values, accompanied by the dis-
continuationof gas formation, indicating thewaningof the catalytic corrosion
cycles. Corrosionwas then dictated by theORR underNA conditions. Under
AS and AC conditions, the corrosion rate was very low, with Rp (AS) initially
lower than Rp (AC) when a small dissolved oxygen level was maintained.
However,Rp (AS)continuously increased toavalue thatwaseffectively similar
(but possibly slightly greater) than Rp (AC). This could be attributed to the
convection inducedbyAr sparging,whichwouldhave facilitated the diffusion
of corrosive species (HNO2)away fromtheCusurface andenhanced, againby
diffusion, the surface adsorption of the passivating species (NO3

−).
However, corrosion of LT CS Cu continued at high rates (low Rp

values) after the initial drop in Ecorr, even under AS and AC conditions. In
addition, the generation of gas bubbles continued, demonstrating the
ongoing production of N2O and NO (see Supplementary video 1). This
implies that the catalytic corrosion cycles remained active and were
responsible for the higher corrosion rate, strongly suggesting that the Cu2O
inclusions along the PPIs continued activating NO3

−.
These observations also suggest that the confined geometry of the cor-

rosion sites, created by the (electro)chemical dissolution of the inclusions,
plays a significant role. As illustrated in Fig. 7a II, the (electro)chemical dis-
solutionof the inclusion, either asCu+ orCu2+, creates a confinedgeometry (a
cavity) fromwhich the transport of species is restricted. A simplifiedmodel is

presented inFig. 7b. Inside the confined space, a corrosive specieshasa limited
chance of diffusive escape into the bulk solution without encountering and
reactingwith theCumatrix (denotedby thepurple arrow).Thus, the confined
geometry enhances the reaction kinetics bymaintaining the concentration of
corrosive species, akin to the concept of “geometry-controlled kinetics”43.

We note that the measured Ecorr of LT CS Cu rebounds to more
positive values following the drop in the initially high Ecorr. This is parti-
cularly noticeable forAS andACconditions, Fig. 3b, c, and can be attributed
to the confinedgeometry leading to an increased corrosion rate following an
incubation period during which corrosive species are formed and accu-
mulate inside the confined volume. Subsequently, catalytic reactions con-
tinue along the PPIs as the oxide inclusions continue to activate NO3

−, and
the confined geometry helps to retain the corrosive species. Simultaneously,
corrosion proceeds on the Cu surface, supported by the ORR as long as
oxygen is present, Fig. 7a III and IV.While theORRwould be expected to be
acceleratedwithin the confined geometry due to the co-existence of the Cu+

and Cu sites44, the finite transport of O2 into the confined geometry would
limit it. The opening of the confined geometry by corrosion leads to the
cessation of the catalytic reactions normal to the PPIs. However, the
interconnected oxide inclusions, with contributions from the voids, permit
corrosion to continue penetrating and developing the corrosion network at
PPIs in LT CS Cu, Fig. 7c.

For HT CS Cu, although PPI corrosion also initiates at the locations
where oxide inclusions exist, it is affected by the coalescence of these oxide
inclusions in two aspects. First, the amount of initially available Cu2O at a
specific site is larger. This eliminates the incubation period for HT CS Cu,
with the corrosion rate being higher than that of the LT CS Cu. This is
reflected in the absence of aminimum inEcorr and higher Ecorr values, Fig. 3,
following the initial drop in Ecorr.

Moreover, oxide inclusions are less interconnected, and the number of
voids is diminished inHTCSCu.As a result, the propagationof corrosion at

Fig. 7 | Schematic diagrams of the PPI corrosionmechanisms. aThe PPI corrosion
mechanism for CSCu inHNO3; b simplifiedmodels showing the diffusion pathways
for species under different geometrical conditions; the corrosion process for c LT,
and d HT CS Cu. Arrows in a III indicate the corrosion propagation caused by the

ORR (green) and catalytic cycles (blue). Arrows in b represent possible diffusion
directions, with the purple and black ones denoting directions into the bulk solution
and to the Cu surface, respectively.

https://doi.org/10.1038/s41529-025-00562-1 Article

npj Materials Degradation |            (2025) 9:14 7

www.nature.com/npjmatdeg


PPIs terminates when the available inclusions are consumed and the sites
with confined geometry becomemore open, Fig. 7d. The sharp decreases in
Ecorr for HT CS Cu under all conditions indicate the termination of cor-
rosion at PPIs. That PPI corrosion is limited for HT CS Cu is confirmed by
the μCTmeasurements, Fig. 4h. Consequently, corrosion behaviour of HT
CSCuandO-freeCuare similar beyond~10 hunderACconditions, Fig. 3c.

These results emphasize the important role of geometrical factors in
corrosion when microstructural defects are present. As AM techniques
become increasingly popular, the influence of inclusions and voids, the com-
mon microstructural defects found in AMmaterials45, merit greater scrutiny.
In the present case, catalytic corrosion proceeds rapidly along the PPIs in CS
Cu due to the confined geometry which retains corrosive species and allows
themtoaccumulate.The incubationperiod is short or evennonexistent, owing
to the chemically aggressive environment. However, a locally aggressive
environmentcould takemuch longer todevelopundermilder conditions, such
as in thecaseof crevicecorrosion for corrosion-resistantalloys46. Studies todate
rely heavily on short-term electrochemical methods to characterize corrosion
properties47; these will not detect the long-term corrosion behaviour if nucle-
ated pits/occluded zones are already present in the material.

Methods
Fabrication of the CS Cu
Low-O Cu powders (5N Plus, Montreal, Quebec, Canada) were used to
fabricate CS Cu. The chemical composition and particle size of the Cu
powders used to fabricate the LT andHTCSCu, as analysed by the supplier,
are shown in Tables 1 and 2, respectively.

4-mm-thick CS Cu coatings were deposited onto carbon steel sub-
strates (A 516Gr. 70) by a cold spray system (PlasmaGiken PCS-100), with
a N2 carrier gas at 800 °C and 4.9MPa. After deposition, CS Cu specimens
were annealed in air at 350 °C and600 °C for 1 h andare referred to as LTCS
Cu and HT CS Cu, respectively.

The O-free, P-doped (30–100ppm) wrought Cu specimens were pro-
vided by the Swedish Nuclear Fuel and Waste Management Company
(SKB, Solna, Sweden).

Electrochemical measurements
Cu specimens were prepared as follows: 1 cm × 1 cm CS Cu coupons were
cut from the sprayed plates, while O-free Cu was machined into cylinders
with a diameter of 1 cmand a height of ~1 cm. Each specimenwasmounted
in epoxy (Loctite Hysol) with a Cu wire attached to the back using con-
ductive epoxy, ensuring an electrical connection to external circuitry. Prior
to each electrochemical experiment, the Cu coupon was ground to a P4000
finish, rinsed with Type-1 H2O (18.2 MΩ·cm), and dried with Ar gas. The
0.1M HNO3 solution used for electrochemical experiments was made by
diluting a stock HNO3 solution (ACS reagent, 68–70%, Fisher Scientific) to
the desired concentration using Type 1 H2O. Electrochemical experiments
were conducted using a three-electrode systemwith the coupon, a saturated
calomel electrode (SCE), and aPtflag as theworking, reference, and counter
electrodes, respectively. Each electrochemical experiment was performed at
least twice to ensure reproducibility.

Ecorr and linear polarization resistance (LPR) measurements were
performed on Cu specimens to monitor their corrosion behaviour in 0.1M
HNO3 solutions containing different dissolved O2 concentrations, namely
NA (~1mM), AS (≤1 µM), and AC (≤1 nM).

Ecorr was recorded for ~24 h, with Rp measured periodically at one-
hour intervals by LPR. For LPRmeasurements, the potential of the working
electrodewas swept to ±5mVvs. Ecorr at a scan rate of 10mVmin−1 for two
cycles, and the Rp values was calculated as the slope of the linear fit to the E-i
curve.When plotting the Rp values, the number of data points was reduced
for clarity.

Microstructural, compositional and morphological
characterizations
Themicrostructure of theCSCuwas characterized byEBSDusing aHitachi
SU6600 SEM equipped with an Oxford Symmetry Nano EBSD detector in

the Zircon and Accessory Phase Laboratory (ZAPLab) within the Earth
SciencesDepartment atWesternUniversity. Each specimenwas ground to a
P4000 finish using grinding paper, followed by polishing with a 1 μm dia-
mond suspension. Afterwards, specimens were electropolished in an elec-
trolyte composed of HNO3:CH3OH= 1:3 by volume (HNO3, ACS reagent,
68–70%; CH3OH, ACS reagent) using a GPR-H Series Linear D.C. Power
Supply with an applied voltage of 10 V for 10 s. Final polishing was con-
ducted using a Hitachi IM4000 Ar+ ion milling system for 120 s. EBSD
measurements were performed with a step scan of 0.5 μm. The recorded
data were analysed using Oxford HKL Chanel 5 software.

AES was used to characterize the oxide inclusions along the PPIs.
Specifically, a PHI 710 Scanning Auger Nanoprobe (Physical Electronics
Inc., Chanhassen, MN, USA) was used to obtain the Auger electron
spectra of the area of interest. Auger electron spectra of the oxide inclu-
sions and the surrounding Cu matrix were obtained by point and area
analysis, then quantified to give the respective chemical composition. The
distribution of the oxide inclusions in theCSCuwas characterized byAES
element-mapping. The AES data were analysed by PHI MultiPak
software.

The corrosionmorphology of the CSCu exposed to 0.1MHNO3with
different dissolved O2 concentrations was characterized by SEM (Hitachi
SU3900). The internal corrosion damage in CS Cu exposed to NA 0.1M
HNO3 was characterized by X-ray micro-computed tomography (Zeiss
Xradia 410 Versa μ-CT). Specifically, cylindrical LT and HT CS Cu speci-
mens (diameter = 3mm, length = ~1 cm) were immersed in NA 0.1M
HNO3 solutions for 24 h, followed by μ-CT characterization at 80 kV and
10W.The obtained imageswere processedwithORSI’sDragonfly software.

Table 1 | Thechemical compositionof theCupowdersused for
fabricating LT and HT CS Cu obtained by inductively coupled
plasma analysis, except for oxygen, whichwas determined by
instrumental gas analysis

Element Concentration (ppm)

LT CS Cu HT CS Cu

Al 1.2 1.9

Si 11 6.3

S <20 <20

Mn <0.1 <0.1

Fe 2.7 2.9

Ni <2 <2

Zn <2 <2

As <5 <5

Se <5 <5

Ag <1 <1

Cd <0.2 0.7

Sn <5 <5

Sb <5 <5

Pb <10 <10

Bi <20 <20

O 140 100

Table 2 | Particle size distribution of the Cu powders

Diameter (μm)

LT CS Cu HT CS Cu

D10 17 26

D50 31 40

D90 52 56
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Gas analysis
Headspace analysis was used to identify the composition of the gas formed
during CS Cu corrosion in naturally aerated and deaerated 0.1M HNO3

solutions. The CS Cu specimens were placed in a glass vial (~15mL) half-
filled with naturally aerated or deaerated 0.1M HNO3 and sealed with a
metal cap with a silicone septum. The latter was performed in an anaerobic
chamber filled with Ar; thus, the ambient gas in the vial was Ar. The gas
generated after ~12 h was collected in a gas-tight syringe and injected
immediately into a GC-MS system (Agilent Technologies 6890 N Network
GCSystemand5973NetworkMass SelectiveDetector) for analysis.Helium
was used as the carrier gas.

Data availability
Data will be made available upon reasonable request.

Received: 13 September 2024; Accepted: 5 February 2025;

References
1. Yin, S. et al. Cold spray additive manufacturing and repair:

Fundamentals and applications. Addit. Manuf. 21, 628–650 (2018).
2. Li, W. et al. Solid-state additive manufacturing and repairing by cold

spraying: A review. J. Mater. Sci. Technol. 34, 440–457 (2018).
3. Witharamage, C. S. et al. Corrosion-resistant metallic coatings for

aluminum alloys by cold spray. Corros. Sci. 209, 110720 (2022).
4. Cavaliere, P. & Silvello, A. Crack Repair in Aerospace Aluminum Alloy

Panels by Cold Spray. J. Therm. Spray. Technol. 26, 661–670 (2017).
5. Lynch, M. E. et al. Design and topology/shape structural optimisation

for additively manufactured cold sprayed components. Virtual Phys.
Prototyp. 8, 213–231 (2013).

6. Schmidt, T. et al. FromParticle Acceleration to Impact andBonding in
Cold Spraying. J. Therm. Spray. Technol. 18, 794–808 (2009).

7. Assadi, H., Kreye, H., Gärtner, F. & Klassen, T. Cold spraying – A
materials perspective. Acta Materialia 116, 382–407 (2016).

8. Ichikawa, Y., Tokoro, R., Tanno, M. & Ogawa, K. Elucidation of cold-
spray deposition mechanism by auger electron spectroscopic
evaluation of bonding interface oxide film. Acta Materialia 164, 39–49
(2019).

9. Tam, J. et al. The effect of annealing on trapped copper oxides in
particle-particle interfaces of cold-sprayed Cu coatings. Scr.
Materialia 208, 114333 (2022).

10. Peng, Y. et al. Severe plastic deformation induced nano dispersion
and strengthening effect in oxide dispersion strengthened copper
fabricated by cold spray additivemanufacturing.Mater. Charact. 205,
113281 (2023).

11. Hemeda, A. A. et al. Particle-based simulation of cold spray: Influence
of oxide layer on impact process. Addit. Manuf. 37, 101517 (2021).

12. Yin, S., Wang, X., Li, W., Liao, H. & Jie, H. Deformation behavior of the
oxide film on the surface of cold sprayed powder particle. Appl. Surf.
Sci. 259, 294–300 (2012).

13. Li, W.-Y., Liao, H., Li, C.-J., Bang, H.-S. & Coddet, C. Numerical
simulation of deformation behavior of Al particles impacting on Al
substrate and effect of surface oxide films on interfacial bonding in
cold spraying. Appl. Surf. Sci. 253, 5084–5091 (2007).

14. Li, W.-Y., Li, C.-J. & Liao, H. Significant influence of particle surface
oxidation on deposition efficiency, interface microstructure and
adhesive strength of cold-sprayed copper coatings. Appl. Surf. Sci.
256, 4953–4958 (2010).

15. Li, C. J. et al. Influence of SprayMaterials and Their SurfaceOxidation
on theCritical Velocity in Cold Spraying. J. Therm. Spray. Technol. 19,
95–101 (2009).

16. Lodhi, M. J. K., Iams, A. D., Sikora, E. & Palmer, T. A. Microstructural
features contributing to macroscopic corrosion: The role of oxide
inclusions on the corrosion properties of additively manufactured
316L stainless steel. Corros. Sci. 203, 110354 (2022).

17. Lou, X., Andresen, P. L. & Rebak, R. B. Oxide inclusions in laser
additive manufactured stainless steel and their effects on impact
toughness and stress corrosion cracking behavior. J. Nucl. Mater.
499, 182–190 (2018).

18. Partovi-Nia, R. et al. Corrosion of Cold Spray Deposited Copper
Coating on Steel Substrates. Corrosion 71, 1237–1247 (2015).

19. Koivuluoto, H., Näkki, J. & Vuoristo, P. Corrosion Properties of Cold-
SprayedTantalumCoatings.J.Therm.Spray.Technol.18, 75–82 (2008).

20. Guo, M. et al. The Early-Stage Corrosion of Copper Materials in
Chloride and Sulfide Solutions: Nanoscale Characterization and The
Effect of Microstructure. J. Electrochemical Soc. 169, 031509 (2022).

21. Keech, P. G., Behazin, M., Binns, W. J. & Briggs, S. An update on the
copper corrosion program for the long‐term management of used
nuclear fuel in Canada.Mater. Corros. 72, 25–31 (2020).

22. Dobkowska, A. et al. A comparison of the corrosion behaviour of
copper materials in dilute nitric acid.Corros. Sci. 192, 109778 (2021).

23. Morco, R. P. et al. Modelling of radiolytic production of HNO3 relevant
to corrosion of a used fuel container in deep geologic repository
environments. Corros. Eng. Sci. Technol. 52, 141–147 (2017).

24. Bancroft, W. D. Catalytic Action of Nitrous Acid. J. Phys. Chem. 28,
973–983 (1924).

25. Russell,W. J. II.—On the action of hydrogen on silver nitrate. J. Chem.
Soc. 27, 3–11 (1874).

26. Veley, V. H. V. The conditions of the reaction between copper and
nitric acid. Proc. R. Soc. Lond. 46, 216–222 (1891).

27. Evans, U. R. Behaviour ofmetals in nitric acid.Trans. Faraday Soc. 40,
120–130 (1944).

28. Travnicek, E. A. & Weber, J. H. Continuous Dissolution of Copper by
Nitric Acid. J. Phys. Chem. 65, 235–240 (1961).

29. Saleh,R.M., AbdElKader, J.M., ElHosary, A. A. &ShamsElDin, A.M.
A thermometric study of the dissolution of copper in acid solutions. J.
Electroanalytical Chem. Interfacial Electrochem. 62, 297–310 (1975).

30. Turnbull, J., Szukalo, R., Zagidulin, D., Biesinger, M. & Shoesmith, D.
The kinetics of copper corrosion in nitric acid.Mater. Corros. 72,
348–360 (2020).

31. Turnbull, J. et al. The Effects of Cathodic Reagent Concentration and
Small Solution Volumes on the Corrosion of Copper in Dilute Nitric
Acid Solutions. Corrosion 74, 326–336 (2017).

32. Turnbull, J., Szukalo, R., Zagidulin, D. & Shoesmith, D. Nitrite effects
on copper corrosion in nitric acid solutions. Corros. Sci. 179, 109147
(2021).

33. Frank, L. & El Gomati, M.M. Auger electronmicroscopy: An overview.
Czechoslovak J. Phys. 44, 173–193 (1994).

34. Wang, L., Wang,M., Zhong,M., Li, X. & Cui, Z. Degradation of thermal
oxide film on pure titanium in an acidic environment containing
fluoride. npj Mater. Degrad. 6, 65 (2022).

35. Cui, Z. et al. Corrosion behavior of AZ31 magnesium alloy in the
chloride solution containing ammonium nitrate. Electrochim. Acta
278, 421–437 (2018).

36. Pérez-Gallent, E., Figueiredo,M. C., Katsounaros, I. & Koper, M. T. M.
Electrocatalytic reductionofNitrateonCopper single crystals in acidic
and alkaline solutions. Electrochim. Acta 227, 77–84 (2017).

37. Palmer, D. A. Solubility Measurements of Crystalline Cu2O in
Aqueous Solution as a Function of Temperature and pH. J. Solut.
Chem. 40, 1067–1093 (2011).

38. Duca,M. et al. New insights into themechanismof nitrite reduction on
a platinum electrode. J. Electroanalytical Chem. 649, 59–68 (2010).

39. Dorhout, J. M. et al. NOx speciation from copper dissolution in nitric
acid/water solutions using FTIR spectroscopy. J. Mol. Spectrosc.
372, 111334 (2020).

40. Gattinoni, C. &Michaelides, A. Atomistic details of oxide surfaces and
surface oxidation: the example of copper and its oxides. Surf. Sci.
Rep. 70, 424–447 (2015).

41. Ko, C. K. & Lee, W. G. Effects of pH variation in aqueous solutions on
dissolution of copper oxide.Surf. Interface Anal. 42, 1128–1130 (2010).

https://doi.org/10.1038/s41529-025-00562-1 Article

npj Materials Degradation |            (2025) 9:14 9

www.nature.com/npjmatdeg


42. Bae, S. E., Stewart, K. L. & Gewirth, A. A. Nitrate adsorption and
reduction on Cu(100) in acidic solution. J. Am. Chem. Soc. 129,
10171–10180 (2007).

43. Benichou, O., Chevalier, C., Klafter, J., Meyer, B. & Voituriez, R.
Geometry-controlled kinetics. Nat. Chem. 2, 472–477 (2010).

44. King, F., Quinn, M. J. & Litke, C. D. Oxygen reduction on copper in
neutral NaCl solution. J. Electroanalytical Chem. 385, 45–55 (1995).

45. Sanaei, N. & Fatemi, A. Defects in additive manufactured metals and
their effect on fatigue performance: A state-of-the-art review. Prog.
Mater. Sci. 117, 100724 (2021).

46. Watson, M. & Postlethwaite, J. Numerical Simulation of Crevice
Corrosion of Stainless Steels and Nickel Alloys in Chloride Solutions.
Corrosion 46, 522–530 (1990).

47. Moshaweh, A. R. & Burstein, G. T. Evolution of unpredictable
behaviour of apassivatedstainless steelmeasuredelectrochemically.
Corros. Sci. 113, 126–132 (2016).

Acknowledgements
This research was funded by the Nuclear Waste Management Organization
(Toronto, Canada). The authors would like to thank Emilie Landry andGrace
Ajayi for their assistance with the EBSD experiments. We also would like to
acknowledge the financial support provided by the Ontario Advanced
Manufacturing Consortium and Canadian Foundation for Innovation – 2017
Innovation Fund (CFI-IF #35961) for the acquisition of the PHI 710 Scanning
Auger Nanoprobe and the Hitachi SU3900 SEM used in this research.

Author contributions
X.L., F.P.F. and J.D.H conceived and planned the experiments. X.L., I.B. and
R.M. carried out the experiments. X.L., S.R., I.B., R.M., S.A.S. and D.W.S.
contributed to the interpretation of the results. X.L. wrote the original draft.
M.B., S.M.G. and J.J.N. offered the resources for experiments. J.J.N.
supervised the research work. M.B. supervised the project. All authors
provided critical feedback and helped shape the research, analysis and
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41529-025-00562-1.

Correspondence and requests for materials should be addressed to
Xuejie Li or James J. Noël.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s41529-025-00562-1 Article

npj Materials Degradation |            (2025) 9:14 10

https://doi.org/10.1038/s41529-025-00562-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/npjmatdeg

	Particle-particle interface corrosion of cold sprayed copper in dilute nitric acid solutions: geometry-controlled corrosion mechanism
	Results
	Microstructure characterization
	Electrochemical behaviour
	Corrosion morphology characteristics
	Gas formation during PPI corrosion

	Discussion
	Methods
	Fabrication of the CS Cu
	Electrochemical measurements
	Microstructural, compositional and morphological characterizations
	Gas analysis

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




