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Abstract: Austenitic steels are characterized by their outstanding corrosion resistance. They are
therefore suitable for a wide range of surface protection requirements. The application potential of
these stainless steels is often limited by their poor wear resistance. In the field of wrought alloys,
interstitial surface hardening has become established for simultaneously acting surface stresses. This
approach also offers great potential for improvement in the field of coating technology. The hardening
of powder feedstock materials promises an advantage in the treatment of large components and also
as a repair technology. In this work, the surface hardening of AISI 316L powder and its processing
by thermal spraying is presented. A partial formation of the metastable expanded austenitic phase
was observed for the powder particles by low-temperature gas nitrocarburizing. The successful
deposition was demonstrated by cold gas spraying. The amount of expanded austenitic phase within
the coating structure strongly depends on the processing conditions. Microstructure, corrosion and
wear behavior were studied. Process diagnostic methods were used to validate the results.

Keywords: thermal spray; cold gas spraying; cold spray; thermochemical treatment; powder;
austenitic stainless steel; expanded austenite; S-phase

1. Introduction

The excellent corrosion resistance of stainless steels contributes to several wide-ranging
surface protection applications. Nickel stabilizes the paramagnetic austenitic grades that
offer the best performance. Because of the comparatively soft and ductile matrix, similar
material pairings have to be avoided due to the risk of cold welding. In addition, tribologi-
cal loads often cause short service lives of the components. In order to provide adequate
surface protection under superimposed stresses, the property profile of these materials can
be improved by solution hardening. For applications where an adequate corrosion resis-
tance is required, interstitial hardening is preferred over precipitation hardening. Carbon
or nitrogen diffuses into the interstices, while chromium is still dissolved in the solid solu-
tion [1,2]. Hence, the corrosion resistance is maintained. The elemental enrichment of the
surface layer results in strong compressive residual stresses [3]. Additionally, a significant
increase in hardness and wear resistance is achieved. A successful enrichment has already
been demonstrated in wrought alloys [1–3]. The first results on precipitation hardening by
thermochemical treatment of thermal spray coatings were obtained by Nestler et al., while
Wielage et al. demonstrated interstitial hardening of coating systems [4,5]. Additional stud-
ies demonstrate the general feasibility of coating treatment by thermochemical processes
in the low-temperature range [6–12]. While the success of diffusion treatment generally
depends on the surface activation, Lindner et al. demonstrated that this is not required
in the case of thermally sprayed AISI 316L coatings. The heterogeneous formation of the
passive layer is stated as a possible reason [11]. The expanded austenitic layer in porous
coating systems can exceed the thickness achieved for wrought material. This is related to
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the penetration of gaseous treatment media [12]. With regard to the lattice parameters, a
similar lattice expansion was demonstrated for thermally sprayed coatings compared to
wrought alloys.

An alternative approach for the treatment of components is the solution hardening
of feedstock materials for the coating process. Particle diameters below 60 µm allow for
a complete interstitial diffusion enrichment. The successful powder treatment and its
processing promises solutions in the field of repair of worn components with an expanded
austenitic surface layer. For large components, an economical opportunity for partial or
complete coating can be developed. Various approaches to nitride steel powder have
been investigated [13,14]. Lindner et al. successfully demonstrated S-phase formation
in austenitic steel powder. In order to retain the metastable phase, further processing
of the powder requires a sufficiently low process temperature. The subsequent powder
processing by thermal spraying revealed the transfer of the expanded austenite to the
coating. In comparison with atmospheric-plasma-sprayed and high-velocity-flame-sprayed
AISI 316L coatings, it was shown that increasing thermal energy input reduces the lattice
expansion [15]. However, an expanded austenitic phase was still detected for both coating
systems. A suitable method for the further reduction in the thermal load of the feedstock
material is cold gas spraying (CGS). A process gas, typically nitrogen, helium or a mixture
of both, with a temperature of several hundred degrees and a pressure of a few MPa is
used to accelerate the particles to velocities between 400 and 1200 m/s. In contrast to other
thermal spray techniques, the powder particles possess a high kinetic energy but moderate
temperatures and are solid during the impact on the substrate. The relatively low process
temperature offers several advantages: (i) in-flight oxidation of powder particles is avoided;
(ii) phase transformation, e.g., the formation of brittle phases, is hindered; (iii) low thermal
stresses are present in cold-sprayed coatings [16–18]. CGS coating formation depends on
the deformation capacity of the powder feedstock material. A widely accepted explanation
for the bonding mechanism in cold gas spray is the adiabatic shear instability as described
by Assadi et al. [19] and Grujicic et al. [20]. For a successful deposition, the particles
have to exceed a material-dependent critical velocity. A generalized deposition window,
determined by critical and erosion velocity, was introduced by Schmidt et al. [21,22] based
on fluid dynamics simulations, finite element analysis and experimental validation. Ana-
lytical descriptions of for the material- and particle-size-dependent critical velocities were
developed and allow us to estimate the deposition window for a variety of metals and
alloys [19,21–23]. Austenitic steels are ideally suited due to their ductile behavior. Several
authors [8,24,25] have studied cold gas spraying of AISI 316L steel, and different aspects
were investigated. Al-Mangour et al. analyzed the influence of heat treatments on the
microstructure and mechanical properties of cold-sprayed AISI 316L steel, which demon-
strated an increase in tensile strength and ductility after heat treatments [24]. Furthermore,
the authors found dense coatings with low porosity when helium was used as a propellant
gas. Xie et al. found an increase in the adhesion strength by increasing the substrate
pre-heating temperature [25]. The effects of gas temperature and gas pressure of nitrogen
on the deposition behavior of AISI 316L coatings were studied by Adachi and Ueda. An
increase in gas temperature and gas pressure significantly reduces coating porosity, but at
high gas temperatures slightly reduces the coating hardness [8].

In the presented study, precipitation-free hardening by interstitial solvation of carbon
and nitrogen was performed for the feedstock material in combination with coating pro-
duction by CGS. This work contributes to a better understanding of the requirements of
surface-hardened powders for CGS by linking the processing and coating properties.

2. Materials and Methods

Gas-atomized AISI 316L powder (GTV Verschleissschutz GmbH, Luckenbach, Germany)
with a specified particle size of −53 + 20 µm was used. The particle size distribution was
examined by laser diffraction analysis in a Cilas 930 device (Cilas, Orléans, France). In
order to obtain an expanded austenitic phase modification by interstitial diffusion enrich-
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ment, an industrial low-temperature gas nitrocarburization treatment was conducted at a
temperature below 450 ◦C and a duration time of 30 h. Because of the low weight of the
powder particles, the risk of them whirling within the gas flow increased. Therefore, the
powder was added to a vessel up to a fill level of 50 mm. The coatings were deposited on
stainless steel AISI 316L sheets with a thickness of 2 mm. The substrates were ground with
SiC paper up to a 1200 mesh and subsequently polished with a diamond solution in the
final step with 3 µm diamond solution. Subsequently, the substrates were cleaned in an
ultrasonic ethanol bath for 10 min. Coating deposition was conducted using an Impact
5/11 high-pressure cold gas spray system (Impact Innovations GmbH, Rattenkirchen, Ger-
many) equipped with the standard water-cooled D-24 de-Laval-type converging–diverging
nozzle. Nitrogen and helium were used as propellant gas. The inlet gas pressure and
the temperature were varied in the range of 4–5 MPa and 850–1100 ◦C, respectively. The
standoff distance from the nozzle exit to the substrate surface was 30 mm. The coating
was applied in five passes with a spray angle of 90◦. Variations in process parameters
are summarized in Table 1. The parameter selection is based on publications on cold gas
spraying of AISI 316L steel [8,24,25].

Table 1. Cold gas spraying (CGS) parameters of AISI 316L with Impact 5/11 system.

Temperature (◦C) Pressure (Bar) N2/He Ratio (%/%)

850 40 100/0
950 40 100/0

1100 50 100/0
1100 50 75/25

A Cold Spray Meter (CMS) system (Tecnar Automation Ltée, Saint-Bruno-de-Montarville,
QC, Canada) was used to determine the state variables of the feedstock during processing.
The particles are irradiated in-flight by a laser beam with a wavelength of 790 nm and
a power of 3.3 W. An optical sensor detects the light reflected by the particle surface. In
front of the optical sensor, a double-slit mask is placed. If a particle passes in front of
the mask, the reflected laser light will result in a double-peak signal. The time of flight
(TOF) of the particles is the time passed between the maxima of the two peaks. With the
known dimensions of the mask, namely the distance between the middle of the two slits,
the magnification of the lens and the TOF of the particle velocity can be calculated. Further
details can be found in literature [26–28]. For a stand-off distance of 30 mm, the analysis
of the particle velocity was performed on the basis of 10,000 individual particles for all
process parameters listed in Table 1. The particle velocities were filtered between 400 and
1200 m/s. In addition, the thermal and kinematic states during impact were determined as
a function of particle size, using the KSS software.

The surface of the coated samples was ground up to mesh 1000, resulting in a final
coating thickness of approximately 200 µm. Metallographic cross-sections were prepared
according to standard metallographic procedures. For the visualization of different mi-
crostructural domains, the cross-sections were etched using a Beraha-II color etchant. The
resulting contrast enables the evaluation of diffusion-enriched areas regarding their pres-
ence and distribution. For the metallographic investigations, an optical microscope GX51
equipped with a SC50 camera (Olympus, Shinjuku, Japan) was used.

A phase-selective hardness measurement was carried out by nanoindentation. For
this, a Fischerscope HM 2000 XYp (Helmut Fischer GmbH, Sindelfingen, Germany) with
a Vickers tip was used for progressive measurement with a load of 50 mN. Borosilicate
glass BK7 was used as the calibration standard. Phase analyses were conducted by X-ray
diffraction (XRD) using a D8 DISCOVER diffractometer (Bruker AXS, Billerica, MA, USA)
with Co-Kα radiation (tube voltage: 40 kV; tube current: 40 mA). The diffractometer was
equipped with polycap optics for beam shaping, a 1 mm pinhole collimator and a 1D
Lynxeye XE (Bruker AXS, Billerica, MA, USA) detector. All of the diffractograms were
measured in a diffraction angle (2θ) range from 20◦ to 120◦, with a step size of 0.01◦ and
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1.5 s/step. Because of the use of the 1D detector, this value corresponds to 288 s/step. The
powder diffraction file (PDF) database from 2014 was applied for the phase identification
and for the determination of the lattice parameters.

In order to investigate tribological behavior under abrasive wear conditions, scratch
tests were carried out using a CSM Revetest-RST device (CSM Instruments SA, Peseux,
Switzerland). The applied parameters are summarized in Table 2. Tactile measurements
using the truncated diamond cone tip of the wear-testing device with a load of 0.9 N were
performed in order to measure the wear marks.

Table 2. Scratch test parameters.

Mode Force Speed Length Tip Radius

progressive 1–200 N 2.5 mm/min 5 mm truncated diamond cone 200 µm

The corrosion behavior was investigated by polarization curves, with the aim of
studying the effects of different coating microstructures on corrosion current density. A
round surface with a diameter of 10 mm was tested with a three-electrode arrangement.
A newly developed 0.6 M NaCl gel electrolyte with a custom designed corrosion cell was
used for the measurements. A platinum sheet with dimensions (2 × 2 cm2) was used as
the counter electrode and a platinum wire was used as the pseudo-reference electrode.
After a 30 min measurement of the open-circuit potential (OCP), the polarization curves
were examined at a scanning speed of 1 mV/s in the potential range from −100 mV to
+500 mV based on the OCP. The experiments were performed at room temperature and
were recorded with a potentiometer Zennium (Zahner-Elektrik GmbH & Co. KG, Kornach,
Germany). The polarization curves were evaluated by an MatLab script using the Butler–
Volmer equation to determine icorr and Ecorr. Due to the immobility of the electrolyte, the
corrosion behavior in the immediate surface area was able to be characterized. This is
beneficial for a more accurate analysis of real corrosion processes, such as those under
biological films, as penetration of the corrosion medium into the coating and contacting of
the substrate material can be avoided compared to investigations with liquid electrolytes.

3. Results

Because of interstitial solution hardening, the corrosion behavior of the material
changes. Hence, applying a Beraha II etching to the cross-section of the solution-hardened
AISI 316L powder reveals the detection of the expanded austenitic phase. Figure 1 shows
the etched cross-section of the solution-hardened AISI 316L powder. A multiphase state
with phase fractions of the metastable expanded the austenitic phase and the initial fcc
phase is detected. A deposition of color only occurs at the initial phase. While some
particles exhibit complete interstitial hardening, an enrichment limited to the surface area
is detectable in the majority of the powder. This can be attributed to the lack of circulation
of the enrichment medium during gas nitrocarburizing in the vessel. In addition, deposits
of carbon can be partially found on the particle surface, which further impedes circulation
and enrichment. The treatment of the powders caused an increase in the characteristic
values of the particle size distribution with d10 = 29 µm, d50 = 62 µm and d90 = 43 µm.
The determined hardness values confirm the heterogeneous state of the powder. The
results show that the direct transfer of existing treatment routines to powder materials
is impossible. Nevertheless, an enrichment of the powder is achieved, which is suitable
for investigating the basic suitability for cold gas spraying. A coating deposition could be
achieved with all investigated process parameters.



Metals 2022, 12, 30 5 of 11

Metals 2022, 12, x FOR PEER REVIEW 5 of 11 
 

 

sible. Nevertheless, an enrichment of the powder is achieved, which is suitable for inves-
tigating the basic suitability for cold gas spraying. A coating deposition could be achieved 
with all investigated process parameters. 

 
Figure 1. Optical-microscopic image of Beraha-II-etched AISI 316L powder feedstock after gas ni-
trocarburization. 

For example, for the particle sizes of 15 µm and 35 µm, the mean values of the meas-
urement results of the kinematic and thermal state variables are summarized in Table 3. 
A steady increase in particle temperature and velocity with increasing process tempera-
ture can be seen. By adding 25% He to the process gas, the particle temperature at impact 
can be lowered. Hence, the particle temperatures exceed the stability limit of the expanded 
austenitic phase for long-term stress. Due to the very short residence times within process 
gas, no impairment of the phase stability can be assumed. 

Table 3. Impact temperature and velocity of the AISI 316L particles depending on the coating pa-
rameters during cold gas spraying. The values were calculated with the KSS software. For the ex-
periments with the cold spray meter, the average particle velocities and standard deviations are 
listed. 

Parameter Setting 
Impact Speed (m/s) 

CSM 
Impact Temperature (°C) 

15 µm 35 µm 15 µm 35 µm 
850 °C 706 612 717 ± 106 422 618 
950 °C 734 629 775 ± 114 487 699 

1100 °C 782 680 796 ± 114 575 814 
1100 °C, 25% He 860 726 863 ± 121 489 749 

The measured and calculated particle velocities differ significantly from each other, 
Figure 2. Furthermore, all CSM measurements lead to a standard deviation of more than 
100 m/s, see Table 1. Several factors could be responsible for the enhanced particle veloc-
ities. Firstly, during the CSM experiments no substrate was placed in front of the nozzle 
exit. Due to this setup, the bow shock effect, which mainly affects small and light particles 
at short stand-off distances [29], is avoided and the measured particle velocities should be 
compared to those in a free gas stream. The effect is small for the used feedstock, since 
most particles are larger than 29 µm. Furthermore, several studies [30–33] have demon-
strated that particle measurements with DPV systems (including CSM) typically lead to 
higher average velocities than CFD simulations. Increases of up to 8% were reported, cor-
responding to a velocity enhancement of 40 to 60 m/s for the experiments carried out in 
this work. Nevertheless, the deviations in the current study are significantly higher, which 
might be related to the non-spherical shape of a portion of the feedstock, as it can be seen 
from the cross-section images in Figure 1 and in Figure 2 [15]. A recent study by Özdemir 

Figure 1. Optical-microscopic image of Beraha-II-etched AISI 316L powder feedstock after gas
nitrocarburization.

For example, for the particle sizes of 15 µm and 35 µm, the mean values of the
measurement results of the kinematic and thermal state variables are summarized in
Table 3. A steady increase in particle temperature and velocity with increasing process
temperature can be seen. By adding 25% He to the process gas, the particle temperature
at impact can be lowered. Hence, the particle temperatures exceed the stability limit of
the expanded austenitic phase for long-term stress. Due to the very short residence times
within process gas, no impairment of the phase stability can be assumed.

Table 3. Impact temperature and velocity of the AISI 316L particles depending on the coating parame-
ters during cold gas spraying. The values were calculated with the KSS software. For the experiments
with the cold spray meter, the average particle velocities and standard deviations are listed.

Parameter Setting
Impact Speed (m/s)

CSM
Impact Temperature (◦C)

15 µm 35 µm 15 µm 35 µm

850 ◦C 706 612 717 ± 106 422 618
950 ◦C 734 629 775 ± 114 487 699

1100 ◦C 782 680 796 ± 114 575 814
1100 ◦C, 25% He 860 726 863 ± 121 489 749

The measured and calculated particle velocities differ significantly from each other,
Figure 2. Furthermore, all CSM measurements lead to a standard deviation of more
than 100 m/s, see Table 1. Several factors could be responsible for the enhanced particle
velocities. Firstly, during the CSM experiments no substrate was placed in front of the
nozzle exit. Due to this setup, the bow shock effect, which mainly affects small and light
particles at short stand-off distances [29], is avoided and the measured particle velocities
should be compared to those in a free gas stream. The effect is small for the used feedstock,
since most particles are larger than 29 µm. Furthermore, several studies [30–33] have
demonstrated that particle measurements with DPV systems (including CSM) typically
lead to higher average velocities than CFD simulations. Increases of up to 8% were reported,
corresponding to a velocity enhancement of 40 to 60 m/s for the experiments carried out
in this work. Nevertheless, the deviations in the current study are significantly higher,
which might be related to the non-spherical shape of a portion of the feedstock, as it can
be seen from the cross-section images in Figure 1 and in Figure 2 [15]. A recent study by
Özdemir et al. [34] has demonstrated the importance of considering the particle shape
when comparing particle velocities obtained by CFD simulations with experimental results
from velocimetry. For non-spherical particles, other models for the drag coefficient are
incorporated in the calculations, resulting in higher particle velocities. Özdemir et al.
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replaced the drag coefficient given by Schiller–Naumann [35] with the drag coefficient of
Haider and Levenspiel [36]. This model includes a shape factor, called sphericity ψ = s/S.
(s = Surface Area of a Spherical Particle of Equivalent Volume)/S = Surface Area of the
Particle Under Investigation), which was introduced by Wadell [37]. For a sphere the
sphericity parameter is equal to 1, and for non-spherical particles the parameter is smaller than 1.
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Figure 2. Particle velocity distributions measured with a cold spray meter: (a) 850 ◦C, (b) 950 ◦C,
(c) 1100 ◦C and (d) 1100 ◦C and 25% He. The detailed spray parameters can be found in Table 1.
The particle impact velocities and particle impact temperatures depending on particle diameter and
spray parameters are presented in (e,f), respectively. For the calculations, KSS software was used. For
certain particle diameters, the values can be found in Table 3.

The particle velocities in Table 3 or Figure 2 were calculated with KSS software,
assuming spherical particles. For a more detailed understanding of velocimetry data, it is
therefore necessary to experimentally determine the sphericity and to use the corresponding
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drag coefficient for the calculations. Figure 3 shows examples of cross-sections of coating
systems produced with different process parameters. A clear contrast between the color-
etched austenitic matrix phase and solution-hardened areas without color deposits is still
present. While for the coating produced with a process temperature of 850 ◦C, the phase
proportions roughly correspond to those of the powder, a decrease in the proportion of
the expanded austenitic phase in the coating structure was observed with an increase in
process speed. This can be assumed to be influenced by the different hardness levels in
the feedstock powder. The high hardness of particles with the expanded austenitic phase
contributes to an increase in the proportion of reflected particles.
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At the same time, the proportion of impurity incorporation of the starting powders
in the coating structure increases for a deposition with a process temperature of 1100 ◦C.
This can be explained by the improved formability and low hardness. In contrast to
the results for HVOF and APS coatings in Ref. [15], no changes in the phase domains
within the individual particles can be observed due to the low thermal load in the process.
The nanoindentation measurements showed an increase in hardness for the austenitic
phase with increasing process speed. Likewise, the average hardness value increased
from 410 HV0.005 for 850 ◦C, to 460 HV0.005 for 1100 ◦C with 25% He. While only minor
variations were observed, a strong gradient was detectable within the expanded austenitic
phase. Accordingly, the hardness increased to values between 510–850 HV0.005.

The results of the XRD measurements are shown in Figure 4. Interstitial enrichment is
always accompanied by lattice expansion. Due to the heterogeneous treatment condition,
the strongest peak occurs for the fcc phase. Characteristic diffraction patterns of precipitates
are not detectable.

Due to the heterogeneous phase state, a broad range with no distinct peak appears
at lower diffraction angles. This can be assigned to the expanded austenitic phase. Due
to the deformation of the particles during processing, the stress states within the grains
change. This results in a broadening of the peaks. Due to the higher process speed, the
broadening was at its maximum for the coatings deposited with a process temperature of
1100 ◦C. Although the intensity in the area of the expanded austenitic phase is relatively
low, a decrease with increasing process speed can still be observed. This confirms the
assumption that the volume fraction of the expanded austenitic phase decreases compared
to the initial powder.
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Figure 4. Sections of diffractograms of the untreated and gas-nitrocarburized AISI 316L powders and
the CGS coating using 850 ◦C as well as 1100 ◦C and 25% He for the main fcc lattice peak.

The wear resistance of the CGS coatings was characterized under abrasive conditions
in the scratch tests, Figure 5. With increasing temperature and pressure, an increase in
wear resistance can be observed. The best results were obtained using 1100 ◦C and 50 bar
with the addition of 25% He. However, the wear resistance of this coating did not exceed
that of the HVOF coating [15]. This can be explained by the decrease in the hardness level
of the solution-hardened particles. Nevertheless, the results confirm the potential for the
improvement of thermally sprayed austenitic steel coatings by using solution-hardened
powder feedstock.
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Figure 5. Comparison of the results for wear area and wear depth in scratch tests of CGS coatings in
dependence of the process parameters.

The polarization curves also showed a dependence of the spraying parameters on the
corrosion behavior, shown in Figure 6. Accordingly, the highest corrosion current densities
could be detected in the coating systems that were coated with a process temperature
of 850 ◦C. With an increase in process speed, a continuous decrease in the corrosion
current densities could be observed. This can be attributed to the decrease in the volume
fractions of the expanded austenitic phase, which exhibits lower resistance compared to
the austenitic matrix.
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4. Conclusions

Solution-hardened AISI 316L powders were successfully processed by cold gas spray-
ing. The deposition of coatings could be achieved with all investigated process parameters.
A heterogeneous hardness level of the different phase fractions could be demonstrated.
The hardness of the initial austenitic phase increases with the impact velocity. Due to the
low thermal energy input in the coating process, the heterogeneous phase structure of the
feedstock could be largely preserved for the coatings, while the phase fraction of expanded
austenite decreases with increasing impact velocity of the particles. This indicates a re-
flection effect of hardened particles. An increased proportion of the austenitic phase is
associated with a lower corrosion current density in the polarization measurement. Hence,
an impairment of the corrosion resistance by the interstitial solid solution phase can be
deduced. With increasing kinetic energy, hardness and wear resistance was improved.

The results of this study confirm the general feasibility of the novel process approach
for cold gas spraying. The prerequisite for further investigations is the improvement of the
quality of the powder treatment. For this, adjustments to the standard industrial routine are
necessary. For example, carbon deposition on the surface can be prevented by pure nitrogen
enrichment. The development of suitable cleaning steps is another option. Furthermore, a
circulation of the powder or a pressure modulation is suitable to achieve a more uniform
enrichment medium within the powder bed.
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