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Particle Velocity and Deposition
Efficiency in the Cold Spray Process
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Copper powder was sprayed by the cold gas-dynamic method. In-flight particle velocities were measured
with a laser two-focus system as a function of process parameters such as gas temperature, gas pressure,
and powder feed rate. Mean particle velocities were uniform in a relatively large volume within the plume
and agreed with theoretical predictions. The presence of a substrate was found to have no significant ef-
fect on in-flight particle velocities prior to impact. Cold-spray deposition efficiencies were measured on
aluminum substrates as a function of particle velocity and incident angle of the plume. Deposition effi-
ciencies of up to 95% were achieved. The critical velocity for deposition was determined to be about 640

m/s for the system studied.
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NCMS researchers (Ref 5). The converging-diverging gun noz-
zle was manufactured out of tool steel and contains a 2 mm di-

tat . : :
sare ameter circular throat. The exit aperture is rectangular, 2 by 10
] mm. The distance between the throat and exit aperture is 80 mm,
1. Introduction and the nozzle expands linearly in one dimension.

A Praxair Thermal Spray Products (Appleton, WI) Model

The cold gas-dynamic spray method (CGSM), hereafter re-1270 HP computerized high-pressure powder hopper, using

ferred to simply as cold spray, is a relatively new process by
which coatings of ductile materials (or composite materials with
significant ductile phase content) can be produced without sig-
nificant heating of the sprayed powder. There is no evidence in
the available literature of impact-induced melting. Recent simu-
lations of the impact of single copper particles onto stainless
steel substrates suggest that peak interfacial temperatures re-
main well below the melting point of either material. However,
the kinetic energy of the particles is sufficient to produce large
deformations and high interfacial pressures and temperatures,
which appear to produce a solid-state bond (Ref 1).

Cold-spray processing was developed in the former Soviet
Union more than a decade ago as an offshoot of supersonic wind
tunnel testing (Ref 2-4). Research in the United States has been
conducted so far through a consortium of companies organized
by the National Center for Manufacturing Sciences (NCMS)
(Ref 5-7). The current investigation is a follow-up to recent ef-
forts to model the aerodynamics of the supersonic flow of the
particles in the converging-diverging spray nozzle (Ref 8). In-
flight particle velocities were measured at various positions in
the spray plume for a range of gun-inlet pressures and tempera-
tures. Deposition efficiencies were also measured as functions
of particle velocity and gun-substrate angle.

2. Experimental Procedures

Figure 1 shows a schematic of the experimental setup used in
this work. This device is very similar to that used previously by
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Sandia National Laboratories, Albuquerque, NM 87185-1130; and
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T.J. Roemer, Ktech Corporation, Albuguerque, NM 87106-4265. Fig. 1 Schematic of experimental setup indicating reference axes.
Contact e-mail: digilmo@sandia.gov. Not to scale
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standard high-pressure gas fittings and equipped with an ul-mation of deposits was 25 mm. Compared with in-flight particle
trafine powder wheel, was used to feed the powder. The powdeicharacteristics for most thermal spray systems, the in-flight pa
was fed axially into the gun nozzle 25 mm upstream of the ticle characteristics for the cold-spray process change very littl
throat. The feed tube had an inside diameter of 2.2 mm. The hopwith varying standoff distance, as described in this article.

per was elevated above the gun, with a wheel rotational speed of

1.0 rpm unless otherwise noted. The powder carrier gas pressure . .

was held 69 kPa (10 psi) above the main gas pressure in ordertd. Results and Discussion

improve the feed of the fine powders used. All pressures in this

article are reported relative to the local atmospheric pressure a8.1 In-Flight Particle Velocities

Sandia National Laboratories in Albuquerque, NM, approxi-
mately 83 kPa (0.82 atm, 12 psi).

The temperature of the main gas flow prior to entering the
gun was measured with a type K flow-through thermocouple
and was varied between 25 and 500 °C with a simple resistanc
heater. The powder carrier gas was not heated. Although it ig
possible to use a powder gas that is different from the main
driver gas, in this work the gases were of the same type for a J | -
given run, with dry air used in some experiments and helium : _t '_"'1;

|
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Figure 3(a) displays the variation of mean particle velocit
and count rate along tlyeaxis, at a distance of 25 mm from the

used in others. ] .
The velocity of a powder particle in a gas flow should vary - i L =
inversely with the square root of the particle diameter (Ref 8), ks \ e P “ﬁ
and thus, finer powders should have higher impact velocities forf — ] " J
a given set of spray parameters. However, in practice, difficulty = ] _:_ o '
in feeding very fine powders usually limits the minimum size '} 1

that can be sprayed. All results in this article are for a spherical, il "‘-21 :
gas-atomized copper powder (ACuPowder International, LLC | ##F&= . 4
No. 500A, Union, NJ). Two lots were used, one with a volumet-
ric mean diameter of 9m and the other a mean of g&. The
volume-weighted size distributions, as measured by a laser dif
fraction system (Model LS-100, Coulter Corp., Miami, FL), are
summarized in Table 1, and the powder morphology can be seely
in Fig. 2. The oxygen content of the powder was 0886008
wt%. Particle velocity data were acquired with a laser two-focus §f .
(L2F) velocimeter (Polytec Optronics, Inc., Costa Mesa, CA) @
(Ref 9). The depth of focus for the L2F is approximately the same g -
as the width of the spray plume upon exiting the gun nozzle (2[f
mm), so some variance from theoretical calculations of centerline
behavior can be expected. Gas velocities were not measured. |
Deposition efficiencies were measured on 51 by 51 by 3 mm
thick grit-blasted aluminum substrates (6061 T6). The sub-
strates were cleaned with an acetone bath followed by a metha
nol bath, air dried, and then weighed on a digital electronic [
balance (Model PC 180, Mettler Instrument Corp., Hightstown,
NJ). The substrates were weighed again after spraying to calcuf
late the weight gain. Deposition efficiency was calculated as the
weight gain divided by the product of the calibrated mass feed |
rate and the spray time on the substrate. No allowance was madi
for the weight of substrate material that might have been re-|j
moved during spraying, as this was generally far less than thg
weight of the deposited coating. Deposition efficiencies were
measured as functions of substrate impact angle and particle velod
ity. Particle velocities were varied by changing the temperature andie
pressure of the driving gas. The standoff distance used for the for

Table 1 Powder size distributions

(b)

Volumetric Powder size distribution, um . ) ) )

mean diameter 10%  25% 50% 75% 90% Fig. 2 (a) Scanning electron microscope (SEM) image of gas-atom-
ized copper powder used in experiments |{&2 mean diameter). (b)

19pm 259 22.7 18.7 14.5 10.9 : PO A ;

22um 285 5.6 222 18.2 144 SEM image of powder cross section, indicating near full density (22

um mean diameter)
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gun exit (orientation shown in Fig. 1). The velocities vary only ticle velocities at the edge of the plume are still greater than 85%
5% over a region that corresponds to roughly two-thirds of the of those in the center. Differences between the peak particle ve-
nozzle exit width. Similar velocity distributions were observed locities and frequencies in Fig. 3(a) and (b) can be due to minor
at 10 mm from the gun exit. The corresponding particle fre- misalignment of the gun or merely due to random fluctuations.
guency counts along tlyeaxis drop off significantly away from  The data plotted in Fig. 3 are for helium as the driving gas. Simi-
the central axis of the jet, as might be expected with axial pow-lar profiles were observed with air as the driving gas, although
der injection. Thus, the vast majority of the particles reside in the the corresponding velocities were significantly lower, as is ex-
constant velocity region. plained in further detail in this article.
Figure 3(b) shows the variation in mean particle velocity and  The variation of mean particle velocities witlaxis (stand-

the count rate along theaxis. Although the velocity drop-offis  off) distance is shown in Fig. 4. With air as the driving gas and
somewhat steeper than that observed along#xés, mean par-

Nozzle Y-axis Width

inlet conditions of 2.1 MPa (300 psi) and 200 °C, the particles
have been accelerated to their peak velocity, just under 400 m/s,
by the time they exit the nozzle. They maintain this velocity al-
most constant to a distance of 50 mm from the exit plane of the

700 | %0 nozzle, past which point the velocity decreases roughly linearly,
600 diminishing by_a_bout 3% over thg next 50 mm. When h_elium is
_ | 140 used as the driving gas, the particles are still accelerating out to
E a distance of about 30 mm. Due to the lower density of helium,
< 500 N A the drag force on the particles is lower than for air at a given gas
E 0V 1 e velocity relative to the particles. Therefore, the distance re-
< 400 N 5 30 2 quired for the particles to reach a given fraction of the velocity
_; W] Y ] 8 of the driving gas (which is the limiting velocity) will be greater
£ 300 ) ' 1 8 for helium than for air.
g ! B ——> ] 20 % Theoretical calculations for the conditions shown in Fig. 4
§ 200 ! L ] indicate that at the gun exit, the particles will have reached 42%
= m ' 110 of the gas velocity when helium is used and 62% of the gas ve-
100 ) \ locity when air is used (Ref 8). However, since the helium veloc-
' | ] ity is 2.5 times that of air, higher particle velocities still are
ﬁnmm Mene, ] observed with helium as the driving gas.
L L L L L A 0 The flow of a high-velocity gas jet normal to a solid barrier
8 6 4 2 O ) 2 4 6 8 will create a high-pressure region close to the surface. This high-
Y-axis position (mm) pressure region might be thought to affect the velocity of the in-
@ flight particles. In order to determine if this is the case, L2F
Nozzle X-axis Width velocity measurements were taken atexis distance of 8 mm
00 '(———)l — 5 from the gun exit, 2 mm above a substrate, using room tempera-
] ture (RT) air as the driving gas. These measurements were then
<——
600 700+ttt
i 500 o 650';' ....lllll Helium 3
2 = 2 ! ]
5 400 & g ot T
3 b 2 : :
g 0 g 2 ssof T
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Fig. 3 (a) Mean particle velocity and counts vergiexis position
(x=0,z=25mm). 1um copper powder; 25 °C, 2.1 MPa (300 psi) he-
lium driving gas. (b) Mean particle velocity and counts vexsasis
position ¢ =0,z =25 mm). 19um copper powder; 25 °C, 2.1 MPa
(300 psi) helium driving gas

Z-axis Position (mm)

Fig.4 Mean particle velocity versusaxis positionX = 0,y = 0). 22
pum copper powder; 200 °C, 2.1 MPa (300 psi) helium or air driving gas
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repeated without the presence of the substrate. Measurementshort a time for the region of stagnant gas to significantly dece
could not be reliably obtained closer to the substrate due to scaterate the powder.
tering of the laser beam. Figure 5(a) shows that the presence of Figure 5(b) shows computational fluid dynamics calcula-
the substrate has no effect on particle velocity distribution tions for fully dense copper particles in a flow of air with gun in-
curves measured 8 mm below the gun exit. This result agreeset conditions of 2.1 MPa (300 psi) and 27 °C. The calculated gz
with theoretical modeling that predicts that for a 10 mm standoff velocity at the gun exitis 600 m/s. This figure also shows that th
distance, the gas jet does not begin to slow significantly until ap-particles would need to be smaller thaans in diameter to be

proximately 1 mm above the substrate. For a particle moving atsjowed by more than 10% before impact. Details of similar cal

400 m/s, this leaves less thau$ before particle impact, too
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Fig. 5 (a) Particle velocity distributions, with and without substrate.
Measurements at= 0,y = 0,Z= 8 mm (2 mm above substrate, when
present). 221m copper powder at 25 °C, 2.1 MPa (300 psi) air driving
gas. (b) Theoretical calculations of particle deceleration near substrate
(x = 0;y = 0) for 10 mm gun standoff, fully dense copper powder at 27
°C with 2.1 MPa (300 psi) air driving gas
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culations can be found elsewhere (Ref 10).

The effect of mass loading on particle velocity was investi
gated. Figure 6 shows that above about 0.5 g/s, the mean parti
velocity decreases linearly with the mass feed rate, which is d
rectly proportional to the powder-hopper wheel rotational
speed. The decrease in velocity might be due to the increas
mass that the gas flow must accelerate.

Supersonic fluid flow theory predicts that the particle veloci-
ties should vary as the log of the gas stagnation pressure (Ref
Figure 7 indicates that the experimental data for inlet gas te
peratures of 25 and 300 °C are fit well by a logarithmic curve, al
though the measured values fall slightly below those predicte
by the one-dimensional flow theory. This shortfall might be ex
plained in part by the fact that the theoretical values are calc
lated assuming an isentropic (adiabatic and frictionless) ga
expansion in the gun after the throat.

Under real world experimental conditions, obvious energ
exchange between the gas and the nozzle walls is observed. F
example, when the gun is running without preheating of the
main gas, water vapor sometimes condenses on the gun, a
when the gun is running with a main gas inlet temperature of 30
°C, the outside of the gun becomes too hot to touch with the ba
hand. However, nozzle temperatures were not systematical
measured.

Figure 8 indicates the variation in particle velocity that is ob
tained with changes in gas temperature and gas type at a const
inlet stagnation pressure of 2.1 MPa (300 psi). Switching fro

Powder : gas mass flow ratio (%)
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Fig. 6 Mean particle velocity versus mass loadirg 0,y =0,z =
10 mm). 22um copper powder at 25 °C with 2.1 MPa (300 psi) air driv-
ing gas; 805 slpm total gas flow
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air to helium for the driving gas results in a large increase in be attributed to nonisentropic expansion (as already noted) or to
mean particle velocity. This is due to the increase in gas velocitythe fact that the unheated powder gas might not be mixing well
obtained with lower molecular weight gas. Increasing the tem- with the surrounding main gas flow after injection into the gun;
perature of the main gas flow also allows higher gas velocities tothat is, the gas conditions in the gun might be significantly dif-
be achieved for a given pressure (Ref 8, 11). This increase in gaerent from the well-mixed state assumed for modeling. This ef-
velocity outweighs the corresponding decrease in gas density, séect should be more pronounced at higher temperatures because
the drag on the particles increases. There is fairly good agreethe main gas flow decreases with temperature for a given pres-
ment observed between the experimental velocity measureSure, while the powder gas flow remains roughly constant.
ments and the predicted values, especially for the air data.
However, the leveling of the measured particle velocities at 3 2 Coating Deposition
higher gas temperatures is not well understood. This effect can
The cold-spray process has been shown to be capable of rap-
Gas Pressure (psi) idly applying coatings over large areas (Ref 2, 3). High deposi-
tion efficiencies have been reported for some material-substrate
1?0 . 2?0 . 250 3(.)O 3?0 4(.)0 — ?50 combinations, such as copper onto copper (Ref 2). In the current

1
I A 1 work, coating thicknesses of 4 to 5 mm were found to be easily
500 achievable. No attempt was made to determine if there is an up-
= [ ] per limit on coating thickness. The footprint of the spray plume
g 0T = T on the substrate at a standoff distance of 25 mm was approxi-
= i o ] mately 12 by 3 mm. The 12 mm width of the coating was consis-
'§ B g 5 © T tent with the divergence angle of the nozzle. This observation
o) I .--"5 O 6 © 1 was supported by L2F observations of in-flight particle trajecto-
z 350 - o T ries. The oxygen content of the coatings was 0281005
2 - 8 1 wt%, somewhat less than that of the starting powder (336
s 300+ o -+ 0.008 wt%). The cause of this decrease is not known. It might be
E L d I;’i:g?:::g ((:;,(())g o(é)) due to preferentigl dep_osition of low o>_<ide-content particles at
§ 250+ O Measured (25 °C) 4 the expense of high oxide-content particles. . .
S Predicted (25 °C) ] Flggre 9(a)_ ;hows the effect of mean par_tlcle velocity on thg
200 4 deposition efficiency of copper on an alumln_um substrate ori-
b n a L ks s L oa e el ented normal to the gun axis at a standoff distance of 25 mm.
1 1'5 é 2'5 é Particle velocities can be varied by changing the initial pressure
’ ' and temperature of the driving gas. Since the effective substrate
Gas Pressure (MPa) material changes from aluminum to copper as the coating is de-
Fig. 7 Mean particle velocity versus gas pressure 0,y = 0,z= posited, it mi.g.ht be .e).(pected that t.here WOUld be a dependence
10 mm). 22um copper powder; 25 and 300 °C air driving gas of the deposition efficiency on coating thickness. However, this

was not observed in the present work. Data for the deposition of
copper on copper and for the deposition of aluminum on copper
L A B R M B B B B R are also given for comparison (Ref 2, 5). The data presented in
- this article are similar to earlier data for copper-copper deposi-
tion up to approximately 50% deposition efficiency but show
B considerably higher efficiencies at particle velocities above 700
m/s. Not enough details are available on the experimental set-up
or alloy compositions used in the previous work to speculate as
to the possible causes for this difference.

It should be noted that mean particle velocities might not be
the best way to determine the critical velocity necessary for
deposition. Figure 9(b) displays the measured velocity distribu-
| tion curves for deposition efficiencies of 0 (just beginning to de-
posit), 53, and 95%, corresponding to mean velocities of 495,
652, and 784 m/s respectively on Fig. 9(a). It can be seen that, al-
though the mean particle velocity for incipient deposition is
— — - Predicted (Air) roughly 500 m/s, a critical velocity of about 640 m/s fits the ob-

- - served data quite well; that is, the 0% curve is almost entirely be-
P SR TR A low this value, the 53% curve is split, and the 95% curve is
0 100 200 300 400 500 600 almost entirely above this value.
The data show that deposition efficiency is a sensitive func-
Main Gas Temperature (°C) tion of particle impact velocity and particle-substrate composi-

Fig.8 Mean particle velocity versus temperatore 0,y = 0.2 = 10 tion (Ref 2, 5). Figure 9(c) indicates that the gun-substrate angle

mm). 22um copper powder; 2.1 MPa (300 psi) helium or air driving ~ (Which shc_)uld be_ very close to the i_ncident angle of particle im-
gas pact for thin coatings) also strongly influences the buildup of the

800
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cold-spray coating. Animpact angle of 60° resulted in slight ero- of the curves in Fig. 9(d) indicates that while the primary caus
sion of the aluminum substrate. The data for this plot were ob-of decreasing deposition efficiency with increasing impact an
tained with a 22um copper powder sprayed with 200 °C, 2.1 gle is the decrease in the normal velocity component, other fa
MPa (300 psi) helium, giving a velocity magnitude of 649 m/s as tors might have a significant influence at low velocities.
measured at a central axis standoff of 25 mm. Because this is No qualitative differences were observed in coatings mad
very close to the hypothetical critical velocity for deposition, the with the two different copper powder lots. Particle velocities
drop-off in deposition efficiency with substrate angle might be were somewhat higher for the fiéh powder than for the 22m
less severe for higher velocity jets. Figure 9(d) replots the datapowder, which resulted in slightly higher deposition efficien-
from Fig. 9(c) as a function of the normal velocity component. cies. However, all of the previously enumerated trends for part
Also shown in this figure is the corresponding data range for cle velocity and deposition efficiency as functions of processing
normal impact angle deposition from Fig. 9(a). The divergence parameters are equally valid for either powder size cut.
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Fig. 9 (a) Deposition efficiency versus mean particle velocity 0,y = 0,z= 25 mm). 19um copper powder, helium driving gas, varying pressure
and temperature. (b) Particle velocity distributions corresponding to three different data points from (a) for copper om a{ayireposition effi-
ciency versus impact angle £ 25 mm at central axis); 28n copper powder; 200 °C, 2.1 MPa (300 psi) helium driving gas. (d) Deposition efficiency
versus normal velocityz(= 25 mm). Data calculated from (c) (angled impact) plotted with corresponding range from (a) (normal impact)
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4. Conclusions

Sandia is a multi-program laboratory operated by Sandia

Corporation, a Lockheed Martin Company, for the U.S. Depart-

This work investigates both the in-flight characteristics of ment of Energy under Contract DE-AC04-94AL85000.

copper particles in a supersonic cold-spray plume and the

buildup of the subsequent coating on aluminum substrates.References
Mean particle velocities were found to be relatively constant | g ¢ Dykhuizen, M.F. Smith, D.L. Gilmore, R.A. Neiser, X. Jiang, and

within a large volume of the plume. Particle counts dropped off
sharply away from the central axis. The presence of the substrate
was found to have no effect on the in-flight particle velocities 2.
shortly before impact. A significant mass-loading effect on the
particle velocity was observed; particle velocities began to drop
as the mass ratio of powder to gas flow rates exceeded 3%. The3.
measured variation of velocity with gas pressure and pre-heat
temperature was in fairly good agreement with theoretical pre-

dictions.

Helium can be used as the driving gas instead of air to
achieve higher particle velocities for a given temperature and
pressure. Coating deposition efficiencies were found to increase
with particle velocity and decrease strongly with gun-substrate
angle. There did not appear to be any dependence of the deposi-
tion efficiency on coating thickness for this system. A critical
velocity for deposition of about 640 m/s appears to fit the present 6.

data fairly accurately.

Oxide levels were measured to be somewhat lower in the
cold-sprayed coatings than in the original copper powders. The
cold-spray technique shows promise as a method for the deposi-
tion of materials that are thermally sensitive or can experience "
rapid oxidation under typical thermal spray conditions. High
deposition efficiencies are achievable for certain coating-sub- ™
strate conditions. Work remains to investigate the material and

microstructural properties that govern the coating process.
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