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This study investigated the relaxation of intrinsic compressive stress in powder aerosol deposited films. For this
purpose, titanium oxide (TiO2) was deposited on thin YSZ substrates, and it was investigated how the stress
declines with time at 150 °C and 200 °C. Based on the relaxation curves, two different processes were identified,
one of which dominates at high stresses. For the high-stress-dominating process an activation energy of 0.22 eV

was determined. For the other process, it was determined to be 0.11 eV. The relaxation itself was attributed by
Coble creep and grain boundary sliding.

1. Introduction

The Powder Aerosol Deposition Method (PAD or ADM) is a coating
process that enables the direct deposition of ceramic films. Kashu et al.
were the first to report on this process [1]. Akedo later took up the
method, improved it, and was the first to propose a theory on how the
deposition mechanism works [2-5].

The process generally works as follows: particles are accelerated as a
dry aerosol by a carrier gas through a nozzle into a vacuum chamber.
There, they impact on a substrate at high speed, fragment and form a
dense ceramic film on the substrate surface. Akedo described this as
Room Temperature Impact Consolidation (RTIC) [4,5]. Following par-
ticles densify the previous deposited film by further impacts. Akedo
called this “hammering effect”.

However, the deposition mechanism has not yet been fully under-
stood. Akedo's theory can explain only partly why the deposition effi-
ciency is mostly low. Linz et al. [6] used core-shell particles to show that
only the outer part of the particle that comes into direct contact with the
substrate is preferentially or even exclusively deposited.

These previous theories explain and clarify many film properties,
such as nanocrystallinity or high intrinsic microstrain of the films after
deposition. However, they cannot explain the intrinsic compressive
stress that occurs in the films. This is a compressive stress in the range of
300 MPa to 3 GPa that occurs intrinsically in the films [7-10]. Please
note that compressive stress should not be confused with microstrain.
This intrinsic compressive stress is largely responsible for the high
hardness of the films [11]. It changes slightly over the course of the film
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thickness [8]. Schubert et al. [9] demonstrated that the intrinsic
compressive stress depends on the carrier gas or carrier gas mixture
used.

In a previous study, the authors showed that this intrinsic compres-
sive stress relaxes almost completely after heat treatment at just a few
hundred degrees Celsius [10]. This distinguishes it from the microstrain
that also occurs in the films [12], which describes stress fields that arise
due to defects in the crystal. In another previous study, the authors
proposed the theory that intrinsic compressive stress arises during the
deposition process when particles “dig” into the surface like wedges,
thereby generating compressive stress. Furthermore, it was shown that
intrinsic compressive stresses do not occur in materials with a special
layered crystal structure [13].

The authors postulate that the relaxation of intrinsic compressive
stress at such low temperatures is attributed to diffusion creep, facili-
tated by a high volume fraction of grain boundaries within the material.
Consequently, owing to the diminutive crystallite size of approximately
15 nm, the mechanical behavior of the film material exhibits a greater
resemblance to that of a nanomaterial compared to a conventional
ceramic [10]. Nevertheless, the comprehensive understanding of stress
relaxation remains incomplete, necessitating the development of a ki-
netic model. This objective will be pursued within this study.
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2. Material and methods
2.1. Film deposition and heat treatment

The films were deposited using a custom-built PAD device. Titania
was used as film material (99.5% rutile phase, Alfa Aesar, Haverhill, MA,
USA, particle size 1.0-2.0 pm). 3YSZ ceramic foils (Kerafol Keramische
Folien GmbH & Co. KG, Eschenbach i. d. Opf.) with a thickness of 90 pm
served as the substrate, which were previously laser-cut to a size of
10 mm x 2.5 mm. To deposit the titania, a convergent slit nozzle (with a
nozzle opening of 20 mm x 0.5 mm) was utilized, with oxygen serving as
carrier gas at a flow rate of 30 sl/min. The film thickness of the deposited
films falls within the range of 2-5 pm.

The films were thermally post-treated in a muffle furnace (Naber-
therm, Lilienthal, Germany) for a duration ranging from 15 min to 48 h
at temperatures of 150 °C or 200 °C, with an additional heating phase at
a rate of 5 K/min. Three samples were prepared for each heat treatment
duration.

2.2. Intrinsic compressive stress determination

The intrinsic compressive film stress was determined using the cur-
vature of the thin coated substrates. The curvature was determined with
a Perthometer (Jenoptik Waveline 20) and then approximated using a
second-degree polynomial. The curvature of the polynomial was used as
the substrate curvature. The film stress was then determined using the
Stoney equation [14] extended by Mézin [15]. Further details on the
determination of curvature and film stress can be found in Ref. [10].
This method was also verified in a previous study [13]. Here the intrinsic
compressive stress in these films was determined by measuring the
change of the lattice parameter by synchrotron x-ray diffraction in
transmission geometry.

3. Results

The stress values determined in the films after heat treatment at
150°C and 200°C are shown in Fig. 1. In the untreated state, the
intrinsic compressive film stress is 1200 MPa. After heat treatment at
150°C, the intrinsic compressive stress reaches a value of less than
100 MPa after 10 h. After heat treatment at 200 °C, such values are
already reached after heat treatment over 3 h. This is consistent with the
hypothesis from our previous study [10] that the relaxation of intrinsic
compressive stress is a thermally activated process.

Based on the shape of the intrinsic compressive stress decrease over
the dwell time, it can be assumed that this relaxation follows an expo-
nential decrease according to equation (1)

cxe )}

where ¢ corresponds to the stress, t to the elapsed time, and 7 to the
proper time. Since we know the initial value, the stress before heat
treatment, we can introduce it as 6y and use it as a proportionality factor:

o(t) = oe (2)

Equation (2) can be rewritten as:
In(o(t)) = In(oo) —%-t 3

The equation now has the form of a linear equation. For the time
range in which relaxation takes place, we could now plot the logarithm
of o(t) over t. The slope can be used to determine 7. This is shown in
Fig. 2. We obtain different values for 7 for relaxation at different tem-
peratures, because 7 is usually temperature-dependent in thermally
activated processes. In addition, it is striking that two relaxation pro-
cesses exist during the heat treatment, rather than one effect that ends in
a steady state. One of these processes dominates at high stresses and gets
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Fig. 1. Plot of the absolute value of the intrinsic compressive stress calculated
according to Mézin [15] (according to convention, the compressive stress
would be negative) over the heat treatment time for temperatures of 150 °C (a)
and 200 °C (b).

negligible at low stresses.

This provides us with a total of four straight line slopes. These slopes
enable us to determine the proper times 7 for two distinct regimes and
two distinct temperatures in each case. The proper times 7 calculated
from the reciprocal slopes and the initial stresses ¢¢; derived from the
intercept are summarized in Table 1.

This gives us the proper times as kinetic parameters of the processes.
In addition, the intercept provides the initial stresses, which, when
added together, match very well with the stresses present in the layer
prior to heat treatment. This supports this model. Two temperatures do
not allow us to calculate precise values, but we can estimate roughly
orders of magnitude. To do this, we assume that z(T) exhibits an
Arrhenius behavior:

o(T) = mexp(%,) (€]

This equation can also be transformed so that it follows a linear law:
In(z(T)) = In(zo) + == 5)

By plotting the values according to (5), we obtain a graph as shown
in Fig. 3. We can estimate the activation energy Ex from the slope of the
straight lines. The intersections with the y-axis give us the logarithmic
elementary time scale In(zg).

The characteristic values determined from this Arrhenius plot, as
well as the activation energy Ex and 7 estimated from them, are listed in
Table 2.

The estimated value, with an activation energy of 20.8 kJ/mol for
relaxation at high stresses, is entirely reasonable. For the second process
at low stress, the activation energy is about half as high and the proper
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Fig. 2. Plot of the logarithmic stress after time t over the heat treatment time t
for temperatures of 150 °C (a) and 200 °C (b). Linear fits assuming (acc. to (3))
of two relaxation processes are added in both diagrams.

Table 1
Linear slopes and proper times derived from them for the relaxation of the films
at 150 °C and 200 °C.

Temperature 71/8 72/10%s 6o, 1/MPa 6o, 2/MPa
150°C 6904 11.8 1056 54
200°C 3698 8.5 1051 71
T T T
11.5 . N T
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Fig. 3. Plot of the logarithmic temperature-dependent proper times In(z(T)) for
the process at high stresses (blue squares) and the low stress range (red squares)
over the reciprocal absolute temperature 1/T. In addition, a connecting straight
line with slope and y-intercept is plotted. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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Table 2
Activation energy E, and the pre-exponential factor 7o for both relaxation
processes.

Activation energy Activation energy Elementary time

Ea/kJ/mol Ep/eV scale 7¢/s
High stress 20.8 0.22 18.8
process
Low stress 11.1 0.11 5058
process

time is much longer. It therefore proceeds much more slowly. The
activation energies, equivalent to 0.2 eV and 0.1 eV, respectively, can be
attributed to diffusion processes based on their values [16].

In order to develop a better understanding of the prevailing relaxa-
tion process, it makes sense to try to identify the mechanism more
precisely. From the previous study [10], we adopt the idea that this
could be a creep process. We therefore apply Norton's creep law [17]:

£ o o" (6)

Where ¢ is the strain rate, ¢ the applied stress and n the stress exponent.
Assuming that all stresses behave linearly elastically, we can also apply
Hooke's law:

ocxe @

By forming the time derivative, (7) can be substituted into (6) and we
obtain:

6 x 0" (8)
If we take the logarithms on both sides, we obtain:
In (6) «n-ln (o) )

The stress exponent n can therefore be obtained by plotting the time
derivative of the stress against the stress itself. The stress exponent
corresponds to the slope of the linear fit. This is shown in Fig. 4 for the
test series at both temperatures in the high stress regime.

For both temperatures, the obtained stress exponent n obtained is
approximately 1. For the relaxation process, this results in an overall
picture of two processes with activation energies of 20.8 kJ/mol and
11.1 kJ/mol, respectively, and a stress exponent n of 1. In addition, this
must be a mechanism that can take place at such low temperatures due
to nanocrystallinity. At this point, it should be noted that relaxation took
place at 200 °C at a homologous temperature of just 0.22. At 150 °C, the
homologous temperature was only 0.2.

4. Discussion

In our previous study [10], we presented various possibilities for how
stress relaxation can occur. One of the theories was that increasing the
temperature lowers the yield strength of the material, thereby enabling
plastic deformation. The stress then decreases until it reaches the yield
strength value at the respective temperature. The other theory was that
it is a creep process that causes the stress to relax. The results of this
study clearly show that it is the latter.

The stress exponent n, which was determined to be 1, indicates a
diffusion-driven or at least diffusion-controlled process. Higher stress
exponents would indicate a process involving significant grain defor-
mation, for example due to dislocation movements such as dislocation
climbing [18]. However, such processes could also be ruled out due to
the small crystallite size, which offers very little to no space for dislo-
cations in the crystal and thus only limited freedom of movement.
Furthermore, at such low temperatures, diffusion in the crystal itself is
so greatly reduced that hardly any diffusion through the crystal lattice
should be expected.

Therefore, diffusion creep, or rather Coble creep, which involves
diffusion along grain boundaries, and grain boundary sliding are
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Fig. 4. Logarithmic representation of the time derivative of the intrinsic
compressive stress versus the intrinsic compressive stress for heat treatment at
150°C (a) and 200°C(b). A linear fit is also plotted to derive the
stress exponent.

probably the only possibilities, even though the latter is often associated
with a stress exponent n of 2. Information about this could be provided
by the activation energy of 20.8 kJ/mol. Diffusion creep usually requires
a relatively high activation energy of several hundred kJ/mol [19].
However, the extremely small crystallite size of approx. 20 nm [13] and
the resulting high proportion of grain boundary volume could reduce
this enormously [20]. Furthermore, Hirthe et al. [19] were able to show
that the activation energy for non-stoichiometric (reduced) titanium
oxide is significantly lower.

We are aware that the activation energy values are about one decade
lower than typical values for ceramics. This may justifiably be viewed as
controversial. However, a careful analysis of the data has yielded these
values. When considering these values in a controversial light, it should
also be noted that the relaxation of the intrinsic film stress can be
observed with the naked eye by straightening a bent substrate after heat
treatment at 150 °C, a temperature at which, according to the classical
understanding of ceramics, no deformation or relaxation should occur.
The cause of this must therefore deviate from the standard measurable in
classical ceramics.

The low temperature, combined with the small crystallite size, makes
it most likely that a mixture of grain boundary sliding and grain
adjustment through diffusion, as described by Lifshiz [21], occurs.
Maaza et al. [22] have already shown that such low activation energies
can occur in some diffusion processes. We therefore interpret the values
derived here as two parallel creep processes with different thermal
activation.

In the end, the data allow only for speculation as to what kinds of
mechanisms are at work in the material. Even though a stress exponent
of 1 does not fit classical observations of grain-boundary sliding, we
nevertheless suspect this process taking place, as it is the most likely one
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for a nanomaterial. In any case, further investigations are necessary to
conclusively clarify the processes at work.

Finally, the question arises as to whether these findings can be
generalized to other material systems. If our hypothesis is correct that
stress relaxation occurs through diffusion creep in combination with
grain boundary sliding, then this behavior should be applicable to most
PAD films made of ceramic materials that form a microstructure with
crystallite sizes in the range of 15 nm. As the melting temperature of the
ceramic increases, the relaxation should proceed more slowly, as
demonstrated by the sole addition of high-melting-point MgO in a pre-
vious study [10]. This behavior is not applicable to PAD films made of
layered crystal structures, since these form a different microstructure
during deposition, that is microcrystalline rather than nanocrystalline.
Apart from that, this class of materials does not generate particularly
high film stress within the material [13].

5. Summary

In this study, relaxation experiments were performed at different
temperatures on TiOs films produced by powder aerosol deposition
(PAD) that exhibit intrinsic compressive stress. It was shown that two
different processes occur during relaxation, one with an activation en-
ergy of approximately 21 kJ/mol at high stresses and one at low stresses
with an activation energy of approximately 11kJ/mol. The stress
exponent n was determined to be approximately 1 in both cases. The
relaxation at low temperatures was attributed to Coble creep and grain
boundary sliding.
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