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a b s t r a c t
Oxides, hydroxides, and other surface ﬁlms act as impediments to metallurgical bonding during cold
spray impact adhesion, raising the critical adhesion velocity and reducing the quality of the deposited
coating. Using a single-particle impact imaging approach we study how altering the passivating surface
oxides with exposures to various levels of heat and humidity affect the cold spray critical adhesion velocity in the case of aluminum. We analyze the thickness, composition and microstructure of the passivation
layers with transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and Fouriertransform infrared spectroscopy (FTIR), and correlate our observations with a direct measurement of the
critical adhesion velocity for each surface treatment. We conclude that exposures to temperatures as high
as 300 °C for up to 240 min in dry air, or to room-temperature with humidity levels as high as 50% for
4 days, have negligible effect on the surface oxide layers, and by extension do not affect the critical
adhesion velocity. In contrast, ambient-temperature exposure to 95% relative humidity levels for 4 days
increases the critical adhesion velocity by more than 125 m/s, approximately a 14% percent increase. We
observe that this distinct change in critical adhesion velocity is correlated with unique changes in the
passivating layer thickness, thickness uniformity, crystallinity and composition resulting from exposure to
high humidity. These results speak to particle surface treatments to improve the cold spray process.
© 2020 Published by Elsevier Ltd on behalf of Acta Materialia Inc.

1. Introduction
Unlike other spray processes such as plasma spray or highvelocity oxy-fuel spray, the cold spray process does not require
melting of the powder feedstock [1–4]. Particles are accelerated
to supersonic speeds with a gas jet nozzle, impact a substrate,
plastically deform, and bond to the substrate while remaining in
the solid state. Particle impact velocities, which can be estimated
through theoretical and experimental methods, are controlled by
gas conditions, nozzle geometry, and particle characteristics [12].
Material build-up occurs when particles impact above a “critical
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velocity”, a well-documented threshold speed required for solidstate microparticle adhesion [5,6]. Both this critical adhesion velocity, and the quality of the adhesion that occurs at impact velocities
beyond it, are inﬂuenced by a range of variables including the material, angle of impact, and particle characteristics such as surface
condition [5,7–11].
For metallic bonding to occur, clean and coherent metal contact
at the atomic level is required. However, most metal surfaces oxidize in air at ambient temperature, forming a thin passivation ﬁlm
which may gradually thicken over time [13]. This native passivation layer, which exists on both the metal powder feedstock and
the metal substrate, is believed to act as a barrier to metallurgical
bonding and must be broken and displaced during cold spraying to
create fresh metal-on-metal interfacial contact. Upon impact, cold
spray particles deform and ﬂatten rapidly, in the process forming jets of material at the particle-substrate interface [5,6,14–16].
Several researchers have suggested that this jetting phenomenon,
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or the intense outward ejection of material around the edges of
the particle during impact, is responsible for producing the necessary clean metal contact [5,17–20]. The large strains and extensive plastic deformation involved in jetting extrude material from
both the particle and substrate, consequently disrupting the passivated surface ﬁlms while pulling material towards the contact edge
[3,6,8,20–23].
While models based on adiabatic shear instability [5,22,24,25]
and hydrostatic pressure release [26–28] have been proposed to
describe the onset of the jetting-bonding phenomenon, little quantitative work has been done to describe the importance of oxide
break-up in cold-spray-induced bonding. Some empirical correlations between the oxygen content of the powder feedstock and the
critical adhesion velocity have been previously reported. Studies by
Kang et al. [29] and Li et al. [30], for example, reported that higher
oxygen content in the powder feedstock is correlated with a higher
critical adhesion velocity. Ko et al. [31] and Ichikawa and Ogawa
[32] reported that changes in oxide chemistry or thickness can
alter the cold spray deposition eﬃciency. Hassani-Gangaraj et al.
[33] performed experiments comparing single-particle impact behavior between oxidizing and noble metals. They showed that jetting and bonding events appear similar between noble gold and
oxidizing aluminum, and suggested, based on analysis of published
cold spray data, that copper—a metal of intermediate nobility—has
an oxide-dependent critical adhesion velocity. They did not, however, present single particle impact data on the same metal with
different surface oxidation conditions in order to isolate the oxidecontribution to jetting or bonding.
In the present work, we use a similar single-particle impact
imaging approach as that of Veysset et al. [34] to more explicitly
isolate the effects of surface oxides and hydroxides on the critical
adhesion velocity of high purity aluminum. By resolving the moment of impact with nanosecond level temporal resolution across
a range of speeds, we precisely measure variation in the critical
adhesion velocity caused by changes in particle surface characteristics, while keeping constant all other variables that would usually
be uncontrollable and unclear in cold spray experiments, including particle size, shape, and instantaneous velocity and temperature at the time of impact. Using this approach, we measure the
critical adhesion velocity for different sets of aluminum powders
with variable surface oxide or hydroxide chemistries and thicknesses prepared with various heat and humidity treatments of the
feedstock powders. Simultaneously, we correlate the impact observations directly with the composition, morphology, crystallinity,
and thicknesses of the passivation layer observed to form with
each heat/humidity treatment using high resolution transmission
electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS)
and Fourier transform infrared spectroscopy (FTIR).
2. Experimental methods
2.1. Materials
The gas atomized aluminum powders used in this study were
purchased from Valimet (Stockton, CA) and were processed at
United Technologies Research Center (East Hartford, CT). Eight different sets of powders were produced with the same input materials, but with different treatments designed to affect the natively
grown surface oxides. All treatments were conducted in ﬂuidized
bed reactors such as that shown in Fig. 1. One of these sets of powders was an “as-received” control sample with no additional thermal and environmental exposures. For three of the batches of powder, argon was fed into the ﬂuidized bed reactor while the temperature was ramped to 300 °C at 10 °C / min. The powders were
held at 300 °C for 30 min while the argon ﬂow continued to allow the entire powder bed temperature to stabilize. Powders were
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Fig. 1. Fluidized bed reactor schematics for high temperature and humidity treatments.

then held at 300 °C for an additional 240 min and then cooled under argon at 10 °C/min. During the 240 min hold the argon ﬂow
was replaced with dry air for three different lengths of time: 30,
60, and 240 min. The ﬂow was then switched back to argon for the
remainder of the hold. An additional control sample was also created, which followed the same cycles, but remained under argon
ﬂow the entire time. Two further batches of powders were processed in the reactor for four days at 29 °C with humidiﬁed air
ﬂowing at either 50% or 95% relative humidity, to represent some
typical ambient storage conditions. Some of the powder processed
in 95% relative humidity air was further heated to 300 °C for two
hours in air, and then placed in a vacuum desiccator for four days
to remove excess water from the surface. Table 1 summarizes the
eight distinct batches of powder used in these experiments.
2.2. Characterization
2.2.1. X-ray photoelectron spectroscopy
Large area (30 0 × 70 0 μm slot aperture) X-ray photoelectron
spectroscopy (XPS) spectra were collected on a Kratos AXIS Supra
using an Al monochromatic X-ray source at 15 mA, an electron
ﬂood gun to reduce charging effects operated at 0.43 A, and a
spectrum energy step size of 0.1 eV. Energy calibration was performed by adjusting the sp2 bonded C 1 s peak to 284.5 eV. Due to
the resolution of the instrument and the proximity of the characteristic (bonding-dependent) aluminum peaks, it was not possible
to determine the chemical state of the constituents of the passivated aluminum system from XPS using either the O 2p or the Al
2p peaks [35,36]. XPS samples were prepared by densely packing
powders on carbon tape aﬃxed to a zirconia wafer used as a rigid
substrate. Passivation layer thickness was measured from the XPS
measurements following the procedure by Strohmeier [36], assuming a single uniform overlayer model via the formula:





Nm λm Io
d = λo sin θ ln
+1
Noλo Im

where d is the thickness of the passivation layer, λ is the inelastic mean free path of an electron (IMFP) in the given media, θ is
the take-off angle (90° in the current instrument conﬁguration), I
is the corrected photoelectron peak areas (representing intensity),
and subscripts m and o denote the Al 2p photoelectron peaks for
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Table 1.
Name and description of processing protocols for eight different batches of powder, as well as critical adhesion velocity ranges for each batch of powder. The critical
adhesion velocity ranges are deﬁned for each set of powder as the range containing an equal number of bonding and non-bonding impacts with the fewest impacts
required to ensure only one such range exists.
Name

Description

Critical Adhesion Velocity (m/s)

As-received powders (As-Recd)
High temperature baseline (HT-Base)
High temperature air 30 min (HT-30)

No processing
Ramped to 300 °C in argon and held in argon for 270 min
Ramped to 300 °C in argon, held in argon for 30 min, held in
dry air for 30 min, held in argon for 210 min
Ramped to 300 °C in argon, held in argon for 30 min, held in
dry air for 60 min, held in argon for 180 min
Ramped to 300 °C in argon, held in argon for 30 min, held in
dry air for 240 min
50% relative humidity, 4-day exposure at 29 °C
95% relative humidity, 4-day exposure at 29 °C
Identical treatment as RH-95 followed by dry heat treatment
in air at 300 °C for 2 h then vacuum desiccation for 4 days

[824 - 868]
[801 - 827]
[839 - 848]

High temperature air 60 min (HT-60)
High temperature air 240 min
(HT-240)
50% relative humidity (RH-50)
95% relative humidity (RH-95)
Desiccated 95% relative humidity
(RH-95-D)

the metal and oxide respectively. Although this analysis is typically
performed on ﬂat substrates, we believe this method is applicable to the spherical powders studied here, considering that (1) the
effective surface curvature is negligible within the analysis area
deﬁned by the aperture area, and (2) electrons emitted from the
sides of the particles are heavily attenuated by small take-off angles relative to the particle surface and analyzer positioning.
Peak ﬁtting was performed in a standardized processing software platform for XPS data (CasaXPS) using a Gaussian/Lorentzian
peak shape (for peaks representing oxide and/or hydroxide) and
a hybrid Doniach Sunjic and Gaussian/Lorenztian peak shape (for
peaks representing the metal) [37]. The passivation layer was assumed to be primarily γ -Al2 O3 , because precise chemical information of the nature of the passivation layers was not known. Therefore, the IMFP in the oxide and metal were selected to be approximately 2.8 and 2.6 nm and the estimated ratio of NNmo was 1.5 [36].
2.2.2. Fourier-transform infrared spectroscopy (FTIR)
FTIR spectra were collected on a Jasco FT/IR-4700 spectrometer
ﬁtted with an Attenuated Total Reﬂectance (ATR) accessory, operated for wavenumbers in the range 80 0–40 0 0 cm−1 . The instrument was equipped with a single bounce ATR accessory (ATR Pro
One) with monolithic diamond, exhibiting a 1.0 cm−1 resolution.
Small quantities of the powder samples were placed atop the ATR
diamond and held by a press against the surface during acquisition. Compositional identiﬁcation was qualitatively performed via
comparison with pure samples in Supplementary Fig. S2 and the
OH stretching (~280 0–40 0 0 cm−1 ) of the spectra.
2.2.3. Scanning/transmission electron microscopy
Thin lamellae comprising the passivating surface oxides and
near-surface region of the metal particle were prepared by lift out
from single particles (20–30 μm in diameter) using focused ion
beam (FIB) milling on a FEI Quanta 3D FEG (Thermo Fisher Scientiﬁc Inc.) dual beam (SEM/FIB). Particles were well dispersed
on carbon tape aﬃxed to the top of an SEM stub. A thin carbon
protective layer was deposited by permanent marker to improve
contrast during TEM/STEM imaging, and to protect specimen surfaces during subsequent platinum deposition. Platinum protective
layers were deposited on top of the carbon ﬁlm, ﬁrst using an ebeam activated deposition followed by ion beam deposited platinum. The as-received, HT-240, and RH-95 samples were imaged
on the JEOL JEM-2100F TEM operated at 200 kV. The RH-50 sample was imaged on the JEM-ARM300F Grand ARM TEM operated in
STEM mode at 300 kV with spherical aberration correction.
2.3. Single particle impact measurements
In-situ single particle tests were conducted using an in-housedesigned ballistic test apparatus described in more detail in Refs.

[787 - 843]
[837 - 881]
[815 - 842]
[940 - 1001]
[864 - 940]

Fig. 2. Coeﬃcient of restitution as a function of impact velocity for high temperature baseline and as-received control samples.

[17,34]. Powder particles were spread onto a launch pad comprising a glass substrate coated ﬁrst with a sputtered gold ﬁlm and
then with a spin-coated polyurea ﬁlm, atop which the particles
were positioned. Individual particles were inspected and selected
for launch using an optical microscope lens, and in this study all
particles were selected to be spherical and 11 ± 2 μm in diameter.
A laser excitation pulse (pulsed Nd:YAG 10-ns duration, 532-nm
wavelength) was then targeted at the back side of the launch pad,
causing ablation of the gold layer and expansion of the elastomeric
ﬁlm behind the selected particle, launching it rapidly towards a
99.999% aluminum substrate (purchased from Laurand Associates
Inc., Great Neck NY), polished to a mirror ﬁnish and positioned
750 μm away. Using a high-frame-rate camera (SIMX 16, Specialised Imaging), the in-ﬂight velocity of the individual aluminum
particle was recorded and the impact onto the substrate was observed. By using different laser pulse energies, multiple particles
were launched, spanning a range of velocities. Particles launched
at a velocity below the critical adhesion velocity rebounded off the
substrate, and the post-impact rebound was recorded in addition
to the initial inbound ﬂight; from the video images the incident
and rebound velocities could be recorded. All experiments were
conducted in still air at room temperature.
The critical adhesion velocity is extracted from the raw data by
aggregating results from many particle impact tests, as shown for
example for the two control samples, as-received and HT-Base, in
Fig. 2. Here the coeﬃcient of restitution (the ratio of the rebound
velocity to the impact velocity) is shown as a function of impact velocity. At lower velocities the particles rebound with nearly
10% of their incident velocity, but the coeﬃcient of restitution decreases with increasing impact velocity until it reaches zero, indi-
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Fig. 3. Comparison of passivation layer thickness as determined from XPS and TEM.

cating that bonding has occurred. For pure metals this transition
generally appears abruptly at nearly a single velocity [17], but alloying, surface effects, small differences in size or shape, etc. can
introduce scatter into the critical adhesion velocity when it is measured using a series of individual particles. Accordingly, herein we
report a narrow range of velocity values across which we observe
some particles that bond and others that do not. This range is deﬁned for each set of powders as the range of velocities containing
an equal number of bonding and non-bonding impacts with the
fewest impacts required to ensure only one such range exists. The
average critical velocity is taken to be the average of the highest
and lowest impact velocities reported in this range.

for the XPS analysis calculations. The discrepancies between the
two measurement techniques are entirely attributed to the much
smaller sample area of the TEM micrographs. While the agreement
is generally within 1 nm, these discrepancies raise caution about
extraction of thickness data from TEM images alone and support
the use of XPS as a large-area technique. Therefore, comparison of
passivation layer thickness is performed exclusively using the XPS
calculated values in what follows. We emphasize that while their
small measurement area does not provide reliable average thickness measurements, TEM micrographs do reveal rich data regarding the crystallinity, uniformity, and surface roughness of the oxide
layers, which will be useful in the following sections.

2.4. Post-mortem characterization

4. Hot, dry air exposure

In order to observe cross sections of the impacted and adhered
particles and the jets that form at the particle-substrate interface,
bonded particles were micro-machined using a Helios Nanolab 600
Dual Beam Focused Ion Beam (FIB) Milling System at 30 kV accelerating voltage and currents ranging from 9.3 nA to 28 pA. An
electron beam was used to deposit a thin layer of platinum on several of the adhered particles to protect the nanoscale jet features
during the milling process.

Fig. 4 shows high resolution TEM micrographs of the passivation layers of the as-received control sample (Fig. 4a) and the
HT-240 sample (Fig. 4b) accompanied by XPS and TEM passivation layer thickness measurements of the as-received, HT-30, HT60, and HT-240 samples (Fig. 4c,d). From the XPS thickness measurements, all the passivation layers were approximately ~5–6 nm,
regardless of heat treatment duration or atmosphere (Fig. 4c).
Conﬁdence intervals based on the standard deviation of the XPS
thickness measurements were approximately ±0.2–0.3 nm as determined using the Monte Carlo computed error matrix, which
approximates the relative sensitivity of the peak ﬁtting to noise
(see Supplementary information). In actuality, the errors may be
somewhat higher considering the assumptions made of the IMFP,
uniformity, composition, and curved particle surface. The passivation layer thicknesses from TEM micrographs were measured
every 0.2 nm along the centerline from the intersection of the
centerline normal with the boundaries formed from the carbonpassivation layer interface and the interior Al lattice. Distributions of passivation layer thickness for the as-received and the
HT-240 samples are depicted in Fig. 4d, alongside their average
values. The measured passivation layer thicknesses on these ﬁve
samples are consistent with reported literature on low temperature oxidation of aluminum. Both the as-received and HT-240 samples appear fully amorphous, uniform and smooth. Aluminum has

3. Comparison of passivation layer thickness
Passivation layer thickness was measured by XPS and TEM. XPS
utilized a large area aperture and thus the passivation layer thickness, as determined from the ratio of oxide and metallic Al 2p
peak areas, is interpreted as an average over a powder sample encompassing a large number of particles. In contrast, TEM thickness measurements were performed on individual particles from
which thin lamellas were lifted out, with each TEM micrograph
only sampling a few tens of nanometers of oxide. Fig. 3 compares the oxide thickness of 5 different batches of powder, both
extracted by XPS and averaged over TEM micrographs. Generally,
we ﬁnd reasonable agreement in the magnitude between XPS and
TEM measurements, despite the assumptions made of the passivation layer composition and the round particle morphology needed
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Fig. 4. TEM micrographs of surface passivation layers on the: (a) as-received; and (b) HT-240 sample. Dashed white lines denote the boundaries of the passivation layer in
TEM micrographs. (c) XPS thickness measurements for control and hot and dry treated samples. (d) Cumulative distributions of measurements from the TEM micrographs of
a and b with dashed line indicating the mean.

been reported to form an amorphous oxide only a few nanometers thick at room temperature [38]. At oxidation temperatures less
than 350 °C, the growth rate of this amorphous ﬁlm is slow and
logarithmic [39].
Thus, the ﬁrst ﬁve samples listed in Table I are assessed to be
essentially identical, in that they are the same base powder subjected to ﬁve treatments that apparently induce no substantive
change in the surface characteristics of the powder. It is perhaps
not surprising then to see that the single particle impact results
in Fig. 5 show an excellent degree of overlap in the coeﬃcient of
restitution curves amongst these samples. There are two outliers in
the 60- and 240-minute dry air samples at velocities near 1 km/s,
for which we have no clear explanation, but when they are ignored
the overlap of the ﬁve datasets is quite good and all exhibit critical adhesion velocities that are about the same. Table I also reports
quantitative measures of the critical adhesion velocities; the ranges
overlap amongst this series of samples.
On the premise that all ﬁve of these powders can be treated as
chemically and structurally identical, we can aggregate all of the
single particle impact data to give a more statistically robust range
for the critical adhesion velocity of 836 ± 12 m/s. This value is only
slightly different from the critical adhesion velocity of 810 m/s reported by Hassani-Gangaraj et al. [17], who used a single-particle

approach to measure the critical adhesion velocity of slightly larger
aluminum particles 14 ± 2 μm in diameter impacting an aluminum substrate, with an unknown surface condition that we assume would be rather like our as-received powders.
5. Humid air exposure
Fig. 6 shows high resolution TEM/STEM images of the surfaces
of the 50% (Fig. 6a) and 95% (Fig. 6b,c) relative humidity exposure samples, alongside thickness measurements (Fig. 6d) and distributions (Fig. 6e) obtained by TEM and XPS. Despite exposure to
humidity, the passivation layer of the RH-50 sample was not observed to thicken. However, noticeable surface roughening is observed and likely indicates the beginning of hydration of the outermost surface [40]. Nonetheless, the passivation layer appears to
remain amorphous. In contrast, the RH-95 sample has noticeably
thickened compared to the high temperature and dry treated samples, but the surface appears to be smooth unlike the RH-50 sample – with the caveat of signiﬁcantly greater thickness variations of
approximately 3.5 nm. Furthermore, pockets of crystallinity were
observed within the passivation layer of the RH-95 sample as denoted in Fig. 6c. Though the passivation layer on these powders
is approximately 8 nm thick on average, only slightly thicker in
an absolute sense than that of both the control sample and RH-50
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Fig. 5. Coeﬃcient of restitution as a function of impact velocity for as-received
powder, high temperature baseline, 30 min at 300 °C, 60 min at 300 °C, and
240 min at 300 °C.

samples at ~5–6 nm, this represents a signiﬁcant relative increase
in thickness of ~45%.
Fig. 7 shows the measured FTIR spectra for seven treated samples. The only sample to show clear evidence of OH groups is the
RH-95 sample, as seen from strong characteristic OH stretching vibrational mode peaks between 3300 and 3700 cm−1 – which coincide with several of the polymorphs of aluminum hydroxides and
oxyhydroxides, speciﬁcally gibbsite, diaspore, and bayerite [41,42].
Interestingly, these spectra exclude the presence of boehmite and
perhaps nordstrandite (see Supplementary information, Fig. S2).
Fig. 8 shows the single-particle impact test results for each
batch of powder exposed to humid air, as well as a control batch,
while Table I reports the measured critical adhesion velocities. We
did not observe a signiﬁcant difference in critical adhesion velocity
between the as-received particles and the 50% relative humidity
particles, with both lying in the range of ~815 to 860 m/s. However, with the 95% relative humidity powders we observe a signiﬁcant jump in the critical adhesion velocity to ~970 m/s. The
fact that this is the only specimen group to show any deviation
in the critical adhesion velocity matches well with the fact that
this was the only sample to exhibit unique surface features, including: (1) a passivation layer that on average was slightly thicker
(~8 nm) than found with both the control sample and the 50% relative humidity powder (~5 nm); (2) distinct regions of crystallinity
in the oxide/hydroxide on the 95% powder; and (3) the presence of
OH bonds, with spectral features associated with crystalline forms
of the oxides/hydroxides in the spectrum – not seen in the other
samples.
Any or all of the differences observed between the passivation
layer on the RH-95 sample and the as-received powder may contribute to the observed increase in critical adhesion velocity in that
single batch of powder. In an attempt to deconvolve the respective roles of these changes, we conducted an additional set of experiments in which we attempted to dehydrate these powders by
heating and desiccating them. A small amount of the 95% relative humidity powder was heated to 300 °C for two hours, and
then placed in a vacuum desiccator for four days with the goal
of removing as much hydration from the surface of the particles
as possible. Based on our observation above that passivation layer
structure and critical adhesion velocity was not affected by holding as-received powder at 300 °C in a dry or low relative humidity
environments for several hours, this heating and desiccation treatment was designed as an effort to remove excess hydration from
the surface of the particles without otherwise growing the native
oxide.
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Following heat treatment and vacuum desiccation, the passivation layer of the RH-95-D sample was observed to decrease in
thickness slightly, by less than a nm, and recover a higher degree of thickness uniformity. There was no evidence of crystallinity
within the passivation layer after the treatment as seen in Fig. 9.
The absence of strong peaks in the FTIR spectra following desiccation [43] indicates some recovery of a metastable oxide form; however, the broad peak centered at 3300 cm−1 may partially be the
result of remaining physiosorbed water [42]. Therefore, we conclude the pockets of crystallinity within the RH-95 sample were
likely alumina (oxy)hydroxides, which are apparently lost upon dehydration. Again, from the TEM micrographs of Fig. 9, the passivation layer of the desiccated powder remains smooth and varies in
thickness less than the RH-95 sample.
We then retested the impact and bonding behavior postdesiccation, with results shown in Fig. 10. Interestingly, we did
in fact observe a drop in the velocity required for adhesion in
the desiccated powders. While there is more scatter in this new
dataset than in the others (a point to which will we shortly return), quantitatively, the average critical adhesion velocity declined
from 970 to 902 m/s, and the lowest velocity at which we recorded
an adhesion event dropped from 955 to 879 m/s.
6. Discussion
Multiple differences were observed between the passivation
layer on the RH-95 sample and the as-received powder: the thickness, composition, and microstructure are all affected by the highhumidity treatment, where none of the other treatments induced
changes in any of those properties of the passivation layer. The
data on the desiccated, dried 95% relative humidity powder provided evidence that hydroxide chemistry, and in particular the
presence of OH, seems to be an important factor in determining
the critical adhesion velocity. This set of powders displayed a critical adhesion velocity that was less well deﬁned than the other
batches of powders. In other words, there was a range of velocities,
roughly between 870 and 10 0 0 m/s, in which a mixture of both
adhesion and rebound behavior was observed. This result shows
that the surface chemistry changes caused by moisture may involve subtle and variable effects from one particle to the next.
In addition to changes in chemistry, a three-nanometer difference in oxide thickness was observed between the as-received and
the RH-95 powder. On its face, 3 nm of additional oxide thickness
seems rather insigniﬁcant to the scale of the problem of impact
adhesion, with its 10 μm particle-size scale and associated large
plastic zone size. However, we note that the controlling physics
of bonding has been related to the formation of extremely small
‘jets’ of ejected material at the periphery of the particle contact
region, locations which inherently involve the passivation oxides.
As such, the relative importance of the surface passivation layer to
these very small jets may be much higher. We explore this notion
in what follows.
In 2005 Vlcek et al. provided a qualitative ranking of material
suitability for the cold spray process based on shock-compression
phenomena and related physical effects, such as impact heating
and dynamic yielding [44]. These researchers suggested that critical adhesion velocity and the onset of jetting are closely related to
shock-compaction phenomena in matter. More recently, hydrodynamic pressure release has been proposed as the mechanism controlling the onset of jetting and bonding in cold spray by HassaniGangaraj et al. [26,27]. When a high-speed microparticle ﬁrst impacts a substrate, a compressed shock wave is formed at the contact interface. A few nanoseconds later, the high-pressure wave
overtakes and detaches from the edge of the ﬂattening particle,
releasing the pressure at the free surface and producing signiﬁcant localized tension; this leads to spall/fragmentation in the form
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Fig. 6. (a) High resolution dark ﬁeld STEM of the 50% relative humidity exposure and (b,c) high resolution TEM of the 95% relative humidity exposure passivation layers.
Dashed white lines denote the boundaries of the passivation layer in TEM micrographs. (d) XPS thickness measurements of all aluminum samples show the high humidity is
the only sample to noticeably thicken. (e) Cumulative distributions of measurements of TEM micrographs for as-received, HT-240, and RH-95 samples. Dashed lines indicate
the mean. The RH-95 sample exhibits a much broader variation in thickness with signiﬁcantly thicker regions. The RH-50 sample is omitted from the cumulative distribution
because of the siginﬁicantly higher magniﬁcation and thus smaller sampling region.
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Fig. 7. Fourier-transform infrared spectra of high purity aluminum powder samples
shows that the only sample with the presence of OH stretching vibration modes is
the RH-95 sample.

Fig. 8. Coeﬃcient of restitution as a function of impact velocity for as-received
powder, 50% relative humidity powder, and 95% relative humidity powder.

of a jet. It is widely believed in the ﬁeld of cold spray that such
localized deformation precisely at the interfacial regions between
particle and substrate is responsible for the break-up of passivation layers, allowing clean metal contact and bonding to occur
[3,6,8,20–22]. A schematic of jet formation is shown in Fig. 11,
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where we also illustrate the oxide or hydroxide layer; although
the oxide is small compared to the particle, it is more signiﬁcant on the scale of the jets, which are very ﬁne, having nanoscale
features.
Fig. 12a shows an image of the particle-substrate interface on
an as-received particle which impacted the substrate at approximately 900 m/s. Jetted material can clearly be seen extending out
from the interface and folding over onto the substrate. As the jetted material tends to fold over on itself, understanding the thickness of the jets by looking down from above is diﬃcult. Instead,
Fig. 12b, 12c, and 12d show cross-sections of impacted particles
that have been milled with a focused ion beam. Fig. 12b shows a
FIB cross section of the jet on an impacted as-received particle, focused on the right-hand side of the particle and cut through its
center. Here we see the dome of the particle and the interface
between the particle and substrate, with an ejected jet of material emerging where the interface meets the free surface. Fig. 12c
shows an impacted and bonded RH-95 cross-sectioned particle,
and Fig. 12d shows a higher magniﬁcation image of the same particle focused on the right-hand side. Although the jet in Fig. 12c
and 12d is covered with Pt (used as a protective coating during ion
milling), we can easily discern the jetted aluminum, indicated with
white arrows, which is at most 300 nm thick. The tip of the postmortem remaining jet material has a thickness on the order of 100
nanometers. In Fig. 12, the jet appears to come preferentially from
the substrate side of the interface. There were no signiﬁcant observable differences in the postmortem impacts of the as-received
aluminum powder and the RH-95 powder.
The extremely ﬁne size of the jetted region supports the observation that just a few nanometers of oxide material can have a pronounced effect on impact bonding, and explains the role of humidity through its inﬂation of the thickness of that layer and modiﬁcation of the local mechanical characteristics. A simple estimate of
these roles can be made using Hassani-Gangaraj et al.’s model for
jet formation based on hydrodynamic pressure release, which suggests that the critical adhesion velocity for jetting is proportional
to the dynamic yield strength (or spall strength) of the material
[26,45]. To a ﬁrst order approximation, the geometry of the jet is
roughly one of simple parallel tensile loading of both metal and
oxide (as shown schematically in Fig. 11b), and we imagine that
just beneath the surface of the particle and substrate contact edge
is a state of nearly pure tension parallel to the interface back to
at least some distance away from the particle and substrate contact edge. This geometry is such that the oxide layer can have a
large inﬂuence: in the limit of pure interfacial tension, a simple
rule-of-mixtures on the dynamic strengths of aluminum and aluminum oxide might control the formation of a jet, where the oxide, being a more rigid and nominally stronger reinforcing layer,
would increase the “effective” strength at the interface. A natural
consequence of strengthening the interface in this way is that the

Fig 11. Sequence of events during jetting. a) Upon impact, a shock wave is induced. b) Several nanoseconds later, the shock wave detaches from the leading edge of the
particle-substrate interface, releasing pressure at the free surface and creating a region of localized tension. c) When this localized tension exceeds the effective spall strength
of the material in the jet, the material will accelerate, and a jet will form. The thickness of the oxide is exaggerated in this illustration, and the uniformity of the colors is
not meant to suggest that pressure/tension is uniformly distributed. More of the jet material appears to originate in the substrate than in the particle.
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Fig. 9. (a,b,c) Three high resolution micrographs taken from a desiccated 95% relative humidity exposure particle after heat treatment and desiccation, to show the range
of thicknesses typically observed. Dashed white lines denote the boundaries of the passivation layer in TEM micrographs. (d) XPS thickness measurements show excellent
agreement with TEM measurements. (e) FTIR spectra show the disappearance of OH stretching modes post treatment indicating recovery of a metastable oxide form. The
broad band at 3300 cm-1 may indicate remaining surface physiosorbed water. (f) The cumulative distribution of thickness measurements. The desiccated sample shows a
similar distribution to the as-received sample.
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by 3 nm and creates pockets of crystallinity in the oxide, with an
associated increase in the effective oxide strength. This increase is
rather comparable to the measured 14% increase in critical adhesion velocity with the RH-95 treatment.
Thus, while it is nominally surprising that a few nanometers
of passivating oxide could affect impact bonding by over 100 m/s
in critical adhesion velocity, the nature of the severe local deformation that prevails at the interface dramatically inﬂates the relevance of that layer’s geometry and properties. We therefore propose that particle surface treatments that impact surface chemistry
and phases should be more actively explored as a potentially fruitful avenue for improved cold spray coatings.
7. Conclusion
Fig. 10. Coeﬃcient of restitution as a function of impact velocity for the 95% relative humidity particles and desiccated 95% relative humidity particles.

amount of strain that develops would be reduced; as seen in, e.g.,
cold pressure welding [46]. Lower interfacial strains would affect
not only the area of broken oxide through which metallic bonds
could form, but also the formation of metal-on-metal contacts by
extrusion through available oxide gaps.
Taking 100 nanometers as the total cross-sectional width of the
initial jet region, the passivating oxide layer would represent about
5% of the thickness in as-received materials and a bit more at 8%
in the RH-95 powder. Given that spall strength is proportional to
bulk modulus, the ratio of oxide to aluminum strength is of the order 2x for an amorphous oxide and 3x for a semi-crystalline oxide.
A simple parallel-loading rule-of-mixtures using these kinds of inputs can plausibly support an increase in critical adhesion velocity
of about 15% upon our RH-95 treatment, which thickens the oxide

In order to understand the role of surface oxides/hydroxides
in cold spray adhesion, we measured the critical adhesion velocity for eight batches of aluminum powders that had been processed in different humidity and temperature environments. Heating aluminum powder to a temperature of up to 300 °C for a ﬁnite
amount of time of less than 4 h caused no observable changes in
the surface condition of the powders that we identiﬁed using our
characterization methods, and no signiﬁcant change in the critical adhesion velocity. In contrast, a batch of aluminum powder
that was held in 95% relative humidity room temperature air for
four days exhibited a dramatic 14% jump of more than 125 m/s in
critical adhesion velocity. Using several characterization techniques
including transmission electron microscopy and X-ray photoelectron spectroscopy, we observed that the thickness of the passivation layer on this high-humidity powder had increased by about
2–3 nm. Furthermore, changes in the surface chemistry were observed, with the hydrated powders containing OH bonds that were
not present in the control samples and suggestions of greater crys-

Fig 12. (a) Particle-substrate interface of an as-received particle, (b) postmortem remains of a jet on an impacted as-received particle, (c) cross-section of an impacted RH-95
particle, (d) and closer view of RH-95 cross-section.
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tallinity as well. A second experiment retested the critical adhesion
velocity of these high-humidity particles after desiccation, which
resulted in a reduction of critical adhesion velocity (with attendant reductions in observed hydration and crystallinity), but not a
full recovery to that of the control sample.
Based on these experiments, we conclude that the nature of
the passivation layer—its thickness, chemistry and structure—can
contribute signiﬁcantly to impact adhesion. While it is notionally
somewhat unexpected that 3 nm of growth in a passivation layer
can affect impact bonding to such a large degree, we ﬁnd that
it can be rationalized on the basis of how localized the interface
deformation leading to bonding is. Our measurements of impact
jetting at the contact periphery suggest localization to a level of
~100 nm, which renders a change in the passivating layer thickness at the scale of just a few nanometers surprisingly relevant,
especially when the layer hydrates and crystallizes as well.
The changes in critical adhesion velocity we observed on exposure to humid air suggest that the environment powder is stored
in can have important consequences in industrial cold spray processing. Storing powder feedstock in humid environments, for example, may signiﬁcantly reduce the quality of the powder and
signiﬁcantly raise the critical adhesion velocity. In contrast, storing powder in hot dry air should be less problematic. In the future, particle surface treatments should be considered a key direction for improving cold spray processes. Further work will be required to further quantify the role of passivation layer thickness
on critical adhesion velocity when no changes in chemistry or hydration are present. Methods for reducing or removing surface oxides/hydroxides and contamination should also be explored as they
may lead to reductions in critical adhesion velocity required for
cold spray adhesion.
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