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Resonant ultrasound spectroscopy was applied to analyze the temperature evolution of shear modulus of
thick aluminum, nickel, copper and titanium coatings prepared by cold spraying in the temperature range
20°C—560°C—20°C. The results show that the thermal cycle leads to a significant increase in the shear modulus
of nickel, while for copper, titanium and aluminum the shear modulus remains nearly unchanged or exhibits a
weak increase only. Evolution of the internal friction parameter shows a significant decrease after the thermal
cycle, being the most pronounced for nickel again. The decrease of the internal friction observed in the studied
coatings indicates grain coarsening and consequent lower influence of grain boundary sliding.
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1. Introduction

Cold spraying is a promising method for deposition
of relatively thick coatings from different types of mate-
rial [1-3]. Unlike the other thermal spraying methods,
the cold spraying process does not involve substantial
heating or melting of the sprayed powders, as the for-
mation of layer arises from a severe plastic deformation
of the accelerated powder particles upon their impinge-
ment at the substrate instead. Materials prepared by
cold spraying frequently exhibit superior mechanical and
physical properties [1, 4], often comparable to those of the
respective bulks. As shown recently by Seiner et al. [5],
the cold sprayed metallic coatings exhibit nearly perfect
elastic isotropy and high elastic moduli at room temper-
ature. In this paper, we analyze how the elastic mod-
uli (the shear modulus, in particular) of the cold sprayed
coatings evolve at elevated temperatures, where the plas-
tically deformed material of the coating is able of recov-
ery and recrystallization. The main aim of this study is
to analyze whether the superior elastic performance of
the cold-sprayed coatings is retained also at high tem-
peratures and whether the recrystallization processes in
these coatings lead to their deterioration or further im-
provement. Similarly as in [5], the elastic constants of the
studied coatings were measured by resonant ultrasound
spectroscopy (RUS), which is a modern method capable
of accurate contactless determination of the shear elastic
moduli.
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2. Materials and experiments

The examined samples were made from four commer-
cially available powders of dissimilar properties — alu-
minum, copper, nickel, and titanium. The powder parti-
cles possessed different properties such as density (2.67—
8.96 g cm~?), morphology (oval, fully spherical, angu-
lar) and average particle diameter (21-40 pm). A high-
pressure cold spray system (PCS-1000, Plasma Giken,
Ltd., Japan) was used for the powders deposition onto
polycrystalline 6061 aluminum alloy substrates of com-
mercial purity. The minimal volumes of the coating were
150 x 50 x 10 mm?®. For more details, see [5]. From each
of the sprayed materials, small plates of a rectangular
parallelepiped-shape (approximately 3.5 x 2.5 x 0.5 mm?)
were cut from the region close to the center of the sprayed
area and close to the substrate-coating interface. The
largest face of each sample was mirror polished in order
to enable scanning by a laser vibrometer. The elastic
constants of the examined materials were determined by
RUS [6, 7]. A fully contactless experimental setup de-
scribed in detail in [8] was used.

The ultrasonic vibrations were excited by an infrared
laser pulse focused on the bottom face of the sample and
recorded by laser vibrometer on the upper polished face.
The experiments were done in the temperature-controlled
chamber (accuracy 0.01 K) under low pressure nitrogen
atmosphere (approximately 10 mbar). The RUS mea-
surements were done in a 20 °C—560°C—20 °C tempera-
ture cycle for each sample. The average heating rate was
approximately 2.8°C/min, including a 90 s stabilization
time at each temperature point. Resonant spectra of the
free elastic vibrations of the samples were recorded in a
frequency range 100 kHz—1 MHz, which covered between
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10 to 20 from the first 40 resonant frequencies. Based
on the results of [5] it was assumed that all coatings ex-
hibit elastic isotropy with only two independent elastic
constants, the shear modulus G and the bulk modulus
K. As the RUS method is dominantly insensitive to the
bulk modulus, the shear modulus G was selected as the
observed parameter for analysis of the temperature evolu-
tion of the elastic properties of the layers. Temperature
dependences of the shear modulus G were determined
from the evolution of resonant spectra of the samples
(including typically 5-10 resonant frequencies) using the
inverse procedure described in detail in [9].

Changes of dimensions of the samples with temper-
ature due to thermal expansion and the correspond-
ing changes in density were taken into account. The
linear expansion coefficients of pure aluminum o =
22.2 ppm/K, copper @ = 16.6 ppm/K, titanium o =
9 ppm/K and nickel « = 13 ppm/K were considered.
For nickel, titanium and aluminum, the chosen resonant
frequencies were traced throughout the whole tempera-
ture cycle. For copper, however, the mirror polished sur-
face become deteriorated at 500°C upon cooling, prob-
ably by releasing of residual gases from the bulk of the
sample (as the measurements were done in a protective
low-pressure nitrogen atmosphere). For this reason, the
evolution of the shear modulus along the cooling curve
was not determinable. At the end of the thermal cycle the
copper sample was covered by non-compact black layer,
and also a decrease in mass density of the sample from
8.75 g/cm? to 8.63 g/cm? was observed. After the corro-
sion products from the surfaces of the Cu sample were re-
moved, the RUS spectrum at the room temperature was
re-measured. At each temperature, the internal friction
parameter Q! was determined from the widths of the
dominant resonant peaks in the corresponding resonant
spectrum by fitting these peaks by Lorentzian mask [10].

3. Results and discussion

Values of shear moduli obtained by isotropic fit from
the measured resonant spectra at room temperature are
summarized in the first column of Table I. These were
used as reference values for determination of temperature
evolution of the shear moduli and fall within the range of
experimental errors in agreement with anisotropic mod-
uli from [5]. In the second column of Table I, the shear
moduli of the coatings after the thermal cycle are shown.
It is seen that while for aluminum and titanium the dif-
ferences of the shear moduli before and after the thermal
cycle are small and fully within the experimental error, a
very strong stiffening is observed for nickel. Minor stiff-
ening comparable with the experimental error is seen also
for copper. However, in this case the above mentioned
corrosion of the sample and the accompanying changes
in its density must be taken into account.

Temperature dependences of the shear moduli during
heating up to 560 °C and subsequent cooling for all mea-
sured samples are shown in Fig. 1. It is clearly seen that
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Isotropic shear moduli of cold sprayed layers. TABLE I
Material G [GPa] G [GPa] after
as coated thermal cycle
aluminum 23.2+2.0 22.8 + 2.0
copper 42.8 £2.0 44.7+2.0
nickel 57.7+£2.0 66.3 £ 2.0
titanium 34.1+2.0 35.2+2.0
24
Al o4 ® heating ||
22 s TN . +- cooling
oy 20} ¥ e e 1
o *e
%
g 18 I . . [ ] .
.
© 16} ‘e
., .
14 .
11(2) ‘ ‘ ‘ ‘
0 100 200 300 400 500 600
42iCu®*e ® heating|
Ceoo . + cooling
L]
= 40 oo,
&) ‘e
5 38 eq, "
s (R4
361 o o
(b) E
34 : : :
0 100 200 300 400 500 600
70 T
Ni o . ® heating
t0‘0+ooo¢..,“’ —4- cooling
= 60} * e R ]
o ™ ‘. *
9, ®e oo?
© s50f ®e., . =
L ] e b .
(c)
40 ‘ ‘ .
0 100 200 300 400 500 600
35Ti " e heating|]
“ete, -#- cooling
e %
© *e_*e
a 30} PO
(_D. e ° *e .,
0] ., ® .'.—' . «
L]
25 o0 ::‘ s
(d) | bk
0 100 200 300 400 500 600
Temperature ['C]
Fig. 1. Temperature evolution of shear modulus G: (a)

aluminum, (b) copper, (c¢) nickel, and (d) titanium.

the particular materials show different evolution of the
G modulus during this thermal cycle. Aluminum shows
monotonous decrease of the G modulus during the heat-
ing and subsequent nearly reversible increase back to the
value less than 2% lower than the initial value. Cop-
per shows similar behavior as aluminum during heating
and also in the first part of cooling. As explained in the
previous section, the behavior during the cooling phase
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Fig. 2. Temperature evolution of internal friction pa-
rameter Q@ ': (a) aluminum, (b) copper, (c) nickel, and

(d) titanium.

is not clear due to the damage of the mirror polished
surface at higher temperatures. The nickel sample ex-
hibited the strongest temperature dependence of the G
modulus from all studied samples. In the temperature
range from room temperature to 400 °C, the G modulus
decreases with two local minima at 340 °C and 400°C. In
the temperature range 400 °C up to 560°C, the G mod-
ulus strongly increases. In the cooling part of the tem-
perature cycle, the G modulus increases slightly. The
total increase of G modulus after this thermal cycle is
approximately 15%. Titanium coating behaves similarly
to aluminum and copper samples in the heating part of
the thermal cycle. The G modulus of this coating exhibits
monotonous decrease during the heating part of the ther-
mal cycle, while the cooling leads to a monotonous in-
crease of elasticity. In this case, the temperature evolu-

tion of elasticity is not reversible. The difference between
the values of G modulus of Ti before and after the ther-
mal cycle is approximately 3%.

The temperature evolution of internal friction param-
eter Q! was also studied and is shown in Fig. 2. All
studied materials show a decrease of the internal friction
parameter after the thermal cycle 20 °C—560°C—20°C.
The particular temperature dependences of the internal
friction parameters differ in shape and also in the abso-
lute values of the internal friction parameter.

A comparison of internal friction parameters before
and after the thermal cycle is shown in Table II. Alu-
minum and copper samples behave in similar way in the
heating part of the thermal cycle. From relatively low
value of internal friction parameter (Q~! = 2.6 x 107
Cu and 1.1 x 1072 Al) of the as-coated sample, the inter-
nal friction parameter increases up to nearly 2.7 x 1072
for copper at temperature 560°C and 4.3 x 102 for
aluminum at temperature 480°C. The copper sample
showed an increase in internal friction parameter in the
entire temperature range 20°C-560°C. The tempera-
ture dependence of aluminum sample has a flat maximum
around 480°C. This maximum is also clearly visible in
the cooling part of the cycle. We can divide the cooling
part of the cycle to two regions: nearly reversible part in
temperature range 560°C-380°C and a linear decrease
of the internal friction in the subsequent cooling to room
temperature up to value 2.9 x 1074,

The internal friction parameter of nickel coating had
the highest value of all studied coatings Q~! = 1.3x1072.
The temperature dependence shows only a slight decrease
in the internal friction parameter in the heating part of
the thermal cycle, while the decrease in the cooling part
of the cycle is very strong and leads to a decrease of the
internal friction parameter to value 5.1 x 10~%. The tita-
nium sample shows fast decrease of the internal friction
parameter during the heating part of the thermal cycle,
from 6.5 x 1072 to 5 x 10~%. This decrease of the inter-
nal friction parameter continues during the cooling part
of the temperature cycle up to 2.1 x 1074, It was not
possible to evaluate the cooling part of the thermal cycle
for copper sample because of the coverage of the mir-
ror polished surface by the described unreflecting layer.
However, from the resonant spectrum measured at the
room temperature after the thermal cycle, a slight de-
crease in the internal friction parameter is clearly seen
(Q~! = 4 x 107°). Nevertheless, the change is small as
the starting value was very small.

TABLE II

Internal friction parameter of cold spayed materials.

Internal friction parameter
Material As coated sample Sample after
thermal cycle
aluminum 1.1x1073 2.9 x107*
copper 2.6 x 1074 4x107°
nickel 1.3 x 1072 5.1 x 10™*
titanium 6.5 x 1073 5x107*
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The decrease of the internal friction parameter after
the thermal cycle is the lowest for the copper coating,
which shows the lowest value of the internal friction pa-
rameter in the original coating, yielding it probably the
best quality among the studied coatings. In a similar way,
the nickel sample, which exhibits the highest value of the
internal friction parameter among the original coatings,
shows the biggest decrease in the internal friction pa-
rameter from all studied samples. As discussed already
in [5], the high internal friction in the cold-sprayed nickel
and titanium coatings may be attributed to the intensive
plastic deformation of the materials during the spray-
ing process and the resulting grain refinement [11] which
enables grain boundary sliding. For the nickel sample,
our results for a thermal cycle strongly support such in-
terpretation. At elevated temperatures, the plastically
deformed structure becomes recovered and recrystallized
and the internal friction significantly decreases. However,
an interesting difference is observed between nickel and
titanium: while for nickel, the decrease of the internal
friction is accompanied also by strong stiffening of the
elastic moduli, only a very weak stiffening is observed
for titanium. In principle, the grain boundary sliding
should not affect the elastic moduli [12]. Hence, the finely
grained structure in the as sprayed nickel coating should
be attributed to some additional effect, for example the
delta-E effect arising from the magneto-elastic coupling.

4. Conclusions

The evolution of shear modulus and internal fric-
tion parameter with temperature in thermal cycle
20°C—560°C—20°C was measured for thick metal coat-
ings of aluminum, copper, nickel, and titanium prepared
by cold spraying method. It was found that while alu-
minum, copper, and titanium exhibited nearly reversible
evolutions of shear modulus during the thermal cycle,
the cold-sprayed nickel exhibited its strong increase. In
other words, while the elastic moduli of the as-sprayed
coatings were already very close to the respective values
for bulk materials, subjecting the coatings to a thermal
cycle led either to maintaining of these high elastic per-
formance of the coatings or even to an increase of the
moduli. We have also observed a decrease of the in-
ternal friction parameter for all studied samples, with
the strongest changes observed for nickel and titanium
coatings. The interpretation of these changes is that the
thermal cycle caused recovery and recrystallization of the
coatings, which resulted in a suppression of grain bound-
ary sliding effects.

This interpretation can be also supported by obser-
vation of coatings microstructure before and after the
thermal cycle, as illustrated in Fig. 3 for Ni coatings.
The triggered grain coarsening is clearly visible, with the
biggest observed grains reaching up to 4 pm in diame-
ter. The different behavior of the nickel sample can be
attributed to its magnetism. The grain refinement in-
duced through the severe plastic deformation leads to a

random orientation of magnetic domains, which cause
strong magneto-elastic coupling. This effect is subse-
quently suppressed by the observed grain coarsening and
ordering of the magnetic domains during the thermal cy-
cle. The different internal friction evolution upon heating
of the titanium sample can be caused by its dissimilar
crystallographic structure (hep). An extended discussion
on the specific microstructure of an as-sprayed titanium
coating is provided in our earlier work in detail [2].

10 pm

Fig. 3. SEM micrographs of nickel coating: (a) as
sprayed, (b) after thermal cycle 20 °C—560 °C—20°C.
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