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Abstract: Residual stresses have been a major source of concern, as they are an inevitable consequence
of manufacturing and fabrication processes. The magnitude of these stresses is often as high as, or at
least, comparable to the yield strength of the material. In terms of arc sprayed coatings, the utilization
of bore hole drilling methods presents some practical disadvantages as mechanical parameters
(Poisson’s ratio, Young’s modulus) need to be identified in order to determine the residual stress
distribution. Curvature techniques using Almen strips are cost- and time-effective methods that
can be used for analytical quality assurance. Within the scope of this work, a quantitative study
of the amount of residual stresses induced in a twin wire arc spraying (TWAS) process for a given
combination of process parameters was conducted using the incremental bore hole drilling method,
as well as the curvature method including Almen strips. Therefore, the effect of the primary gas
pressure, substrate preheating temperature, and handling parameters, such as the spray angle and
gun velocity, which influence the coating deposition as well as the heat input into the substrate, are
examined. The experiments were carried out by using an iron-based cored wire with cast tungsten
carbides as filling. The results of both methods are in an acceptable accordance with each other.
Different stress fields were observed depending on the parameter settings.

Keywords: arc spraying; residual stresses; bore hole drilling method; curvature method;
tungsten carbide

1. Introduction

The determination of residual stresses in thermal spray processes is an important technological
aim, since the residual stress levels in coatings, and their nature (tensile, or compressive), have
a significant effect on the coating characteristics and service life of tools [1]. The presence and
distribution of residual stresses affect both the initiation and growth stages of fatigue cracks by changes
of the effective mean stress, experienced during fatigue cycling. On the one hand, tensile residual
stresses typically increase the susceptibility to cracking and debonding, whereas, on the other hand,
compressive residual stresses inhibit crack propagations.

Residual stresses are inherently induced in any coating deposited by means of thermal spraying.
In general, the spray parameter settings determine the spray particle conditions (particle temperature,
particle velocity), which in turn affect the produced coating properties [2]. In particular, spray
particle conditions have a significant influence on the solidification rates, flattening behaviour, and
environmental interactions. This leads to different microstructures, residual stresses, and physical
properties of the coating [3]. Moreover, studies have shown that the residual stress field in a coating is
influenced by the deposition temperature and coating thickness [4,5].

Coatings 2017, 7, 125; doi:10.3390/coatings7080125 www.mdpi.com/journal/coatings

http://www.mdpi.com/journal/coatings
http://www.mdpi.com
http://dx.doi.org/10.3390/coatings7080125
http://www.mdpi.com/journal/coatings


Coatings 2017, 7, 125 2 of 18

Residual stresses develop in different stages. During deposition, quenching stresses occur due
to a rapid cooling and solidification of molten particles (i.e., atomization of the realm of molten pool
by means of twin wire arc spraying (TWAS)). Matejicek et al. [6] have revealed that a high level of
in-plane tensile stress (of the order of 100 MPa) can develop within each splat during quenching after
solidification, as thermal contractions of the splat are constrained by the underlying solid. At the
cooling stage, thermal stresses develop due to differences in the thermal expansion of the substrate and
the coating. A more detailed study of these two mechanisms can be found in [6–8]. Non-conforming
strains, rather similar to strains of differential thermal contractions, can occur after deposition as a
result of phase changes, structural relaxation, or plastic flow [9].

In terms of mechanical properties, it was shown that by decreasing the residual stresses in the
substrates, the adhesion can be improved. When the level of tensile residual stresses increases, the
toughness of the coating decreases, as well as the fatigue life of the coated components, whereas
compressive residual stresses increase the fatigue life of the coated component [10,11].

Measuring techniques to measure residual stresses in thermally sprayed coatings have been
roughly classified by Totemeier and Wright into three categories [1]:

• Measurement of crystallographic lattice parameters;
• Measurement of strains after layer removal or bore hole drilling;
• Measurement of the curvature.

In addition, the applicability of alternative methods, such as ring-core cutting in combination with
the digital image correlation technique [12], as well as magnetic techniques based on the Barkhausen
noise [13], has been recently demonstrated. An overview of the ring-core methods and other techniques
is given elsewhere [14].

Among thermal spraying processes, the TWAS process has great potential for the preparation of
mainly amorphous structured coatings, due to rapid cooling and solidification (~105 ◦C/s) [15] that
prevent long-range diffusions and avoids crystallization [16]. The application of Fe-based amorphous
coatings, prepared by arc spraying, has been recently investigated [17,18]. The determination of the
crystallographic lattice parameters by means of X-ray diffraction (XRD) is applicable for materials
which provide a well-defined crystal structure [9,19,20], and therefore, is not suitable for arc sprayed
amorphous or partially crystalline coatings. Moreover, the penetration depth is limited to a few
microns, depending on the material and the source wavelength [9].

The bore hole drilling method (BHDM), known as a semi-destructive method, is one of the most
popular methods to measure residual stresses [9]. A highly sensitive strain rosette is installed on a
sample surface. The drilling of a hole on this surface leads to a stress relaxation in the area around the
hole. The new stress distribution in this region results in a deformation of the surrounding material,
which is measured with installed strain gauges [21]. Several studies show the applicability of BHDM
to determine residual stresses in thermally sprayed coatings [22–25]. Various analytical methods
can be used to calculate the residual stresses from measured dynamic expansions. A comprehensive
summary of the different analytical methods and their underlying mathematical correlations can be
found in the work of Münker [26]. Most analytical methods are based on equations by Kirsch [27]. The
two most frequently used analytical methods to determine residual stress profiles are the differential
method according to Kockelmann et al. [28–30], and the integral method according to Schajer [31,32].
These methods differ in their underlying assumptions. The differential method assumes that only
residual stresses of most recently drilled incremental depths contribute to the dynamic expansion on
the surface. The relationship between the measured dynamic expansions, and the residual stresses in
the component for homogenous material conditions, is described in [33]. In contrast to that, Schajer
has shown that not only the residual stresses in the most recently drilled incremental depth contribute
to dynamic expansions on the surface [34]. Instead, the influence of residual stresses on the dynamic
expansion in all already drilled incremental depths are taken into account by the incremental method.
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While the first two methods (measurement of crystallographic lattice parameters by means of
XRD and measurement of strains after BHDM) generate precise results when performed correctly, the
preparation, recording, and analyses of samples, are in many cases, time consuming and cost-intensive.
On the contrary, a measurement of the curvature is simple, less time-consuming, and cost effective,
and thus, suitable for many parameter studies. Curvature method measurements are frequently used
to determine the stress state in coatings. This method is based on the principle that the deposition
of coatings induces stresses, due to the equilibrium force and bending moment in both the coating
and the substrate, which cause both to curve. The resulting change in the curvature is measured by
different methods [20] and is used to calculate the change in the stress state. Zhu et al. [35] summarized
in their work widely adopted equations, such as the Stoney equation, and the analytic model by
Clyne et al. [9], to predict the residual stresses based on the induced curvature. Since the deflection
(e.g., arc height) of the Almen strip can be used to evaluate the relative residual stresses imparted onto
the substrate-coating system during thermal spraying [36], these coupons can be used to determine
the stress field.

Due to overlaps of many individual spray particles, arc sprayed coatings are produced, which
exhibit properties that mainly depend on the characteristics (size, temperature, and velocity) of the
individual impinging particles [15,37,38]. Thus, in-flight particle characteristics are the controlling
factors in the splat formation, and in the determination of the morphology of the coating. The
atomization behavior (droplet formation), and thus the particle characteristics, are extremely dependent
on the electrode phenomena, as well as on the flow behavior of the atomization gas that is
used [37,39,40]. Additionally, the disintegration of the extruded metal sheets and the droplet formation
are influenced by the selection of the feedstock (material and wire configuration) [38,41–43]. Deposits
are mainly composed of a heterogeneous microstructure. Phase transformation processes, due to the
inherent process characteristics [43,44], among others, provoke the formation of brittle phases, which
in turn lead to a degradation of the mechanical properties [45].

Only few studies can be found in literature that address the use of tungsten carbide reinforced
iron-based feedstock materials [46–50]. According to these studies, a major objective was on the
tribological behavior with respect to their resistance against abrasion and sliding wear. The results
indicated some outstanding properties, which emphasize the relevance of tungsten carbide reinforced
iron-based feedstock as wear resistant coatings. In terms of tungsten carbide reinforced arc sprayed
coatings, the residual stresses were not investigated at all.

Within the scope of this work, a comparative study of the residual stress field in coatings induced
by a TWAS process for given process parameter settings was carried out, using two different analytic
methods. An iron-based cored wire with a cast tungsten carbide (CTC) filling was used as feedstock.
The coating is mainly composed of eutectic carbides, eta carbides (M4C, M6C, and M12C) [50], and
interstratified with various Fe-rich oxides. Moreover, the coating is characterized by a lamellar
microstructure. Since the microstructure formation of this coating system is heterogeneous, it is
yet unknown if the determination of residual stresses from the measured dynamic expansion will
provide meaningful data. Therefore, the stress field in coatings is additionally calculated utilizing the
curvature method.

2. Materials and Methods

2.1. Substrate and Feedstock Material

Rectangular (20 mm × 50 mm × 10 mm) C45 steel specimens were used as substrates. The
surfaces were prepared for the thermal spraying experiments by grit-blasting and cleaning them
in an ultrasonic ethanol bath. An iron-based (FeCMnSi) cored wire with 50 wt % of CTC (eutectic
mixture of WC and W2C) as a filling was used as feedstock (type AS-850, Durum Verschleissschutz,
Willich, Germany).
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2.2. Coating Deposition

The deposition of thermally sprayed coatings is a promising way to protect stressed surfaces
against wear. Since complex components (i.e., deep drawing tool, Figure 1) feature different outer and
inner radii, it is possible that spray particles impinge the substrate at off-normal spray angles (<90◦),
which can result in a discontinuous coating thickness, or locally differing coating properties.Coatings 2017, 7, 125  4 of 18 
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Figure 1. Spray path (schematic) on a simplified substrate geometry with outer and inner radii (a) and
a TWAS process showing the coating deposition on a punch used for sheet metal forming (b).

With regard to the deposition of particles, the following factors contribute to off-normal spray
angles. On the one hand, due to the electrode phenomena (e.g., arc, magnetohydrodynamics, and
eddies), the TWAS process is associated with an increased spray plume divergence across the spray
axis behind the intersection point of the electrode tips. The spray plume characteristics were discussed
by numerous authors [2,51–58]. On the other hand, limitations of the robot dynamics (depending on
the path planning strategy) can lead to deviating spray angles and velocities (e.g., gun velocities) along
the robot’s path [52]. Moreover, some path planning strategies allow the shift towards off-normal spray
angles, in order to achieve a continuous coating thickness. Against this background, different handling
parameters of the spray torch such as the spray-angle at off-normal angles (<90◦), as well as a deviating
gun velocity, were considered within the experiments. Moreover, the primary gas pressure (PGP) and
substrate preheating temperature were taken into account, which have repeatedly been identified as
significant factors determining the coating characteristics. The different parameter settings used for
the coating deposition within this study are listed in Table 1.

Table 1. Process parameter settings.

Parameter Primary Gas Pressure
(PGP) (Mpa)

Gun Velocity
(mm/min)

Substrate
Temperature (◦C) Spray Angle (◦)

Gas velocity
0.4 12,000 RT 90
0.6 12,000 RT 90
0.8 12,000 RT 90

Deposition rate
0.6 12,000 RT 90
0.6 18,000 RT 90
0.6 24,000 RT 90

Preheating
0.6 12,000 RT 90
0.6 12,000 150 90
0.6 12,000 300 90

Spray angle
0.6 12,000 RT 90
0.6 12,000 RT 60
0.6 12,000 RT 30
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The electrical values for the current and voltage were kept constant (current = 220 A,
voltage = 30 V). Two overruns were utilized for the coating deposition. The experiments were
conducted using the Smart Arc 350 PPG arc spraying system (Oerlikon Metco, Pfäffikon, Switzerland).
According to the setup, a commercially available front end hardware (high profile centering post, No.
PPG5I976; air cap body (fine), No. PPG51416) was utilized.

2.3. Coating Characterization and Diagnostic Systems

In order to obtain information about the in-flight spray particle conditions, the temperature
and velocity of spray particles were measured in-flight with the Accuraspray-g3 device (Tecnar,
Saint-Bruno-de-Montarville, Quebec, Canada) at a stand-off distance ranging from 30 to 110 mm.
Cross-section images of the coating, and the interface between the coating and the substrate
material, were taken by an AXIOPHOT optical microscope (Carl Zeiss, Oberkochen, Germany).
The substrate temperature was determined during spraying by using thermocouples next to the
coating/substrate interface.

The residual stress values were obtained by circular high-speed drilling, with a drilling speed of
300,000 rpm. Compared to conventional drilling, the drill used in this study has a diameter of 0.9 mm
(type: 805 314 009, Komet Group, Besigheim, Germany) and additionally rotates around an offset axis,
so that the overall hole diameter is 1.8 mm. In order to obtain an accurate stress distribution, drilling
steps with an identical increment of 20 µm were successively performed through the thickness of the
coatings into the substrate. The thus released strains are measured with a strain gauge rosette (type:
CEA-06-062UL-120, Vishay Intertechnology, Malvern, Pennsylvania, PA, USA) which consists of three
strain gauges (one for 0◦, 45◦, and 90◦, respectively). With the help of an evaluation program, the
depth dependent strains are filtered (filter parameter 0.5) and newly exported as splines. The residual
stresses are calculated according to the differential method. The drilling depth was confirmed by
microscopic analyses using a 3D-Profilometry Infinite Focus (Alicona Imaging, Raaba, Austria).

To determine the residual stress state, the Young’s modulus and Poisson’s ratio for both the
coating and the substrate are needed. The Poisson’s ratio can be calculated with Equation (1) [59], if
the shear and Young’s moduli are known. The shear and Young’s moduli can be obtained using the
impulse excitation technique (IET), with separate torsional and flexure vibration modes (Figure 2).
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Figure 2. Setup of impulse excitation technique: (a) bending oscillation mode for the measurement of
the Young’s modulus; (b) torsional oscillation mode for the measurement of the shear modulus.

The bar-shaped specimens lie on two wires, which are crossed at right angles for a torsional
vibration and parallel for a flexure vibration. The points of support are located just below the vibration
nodes of the specimens, where the vibration amplitude is the lowest. After a slight shock, the specimen
is exited to vibration at its natural frequency that can be picked up by a microphone and determined
using a computer with an analysis software (version 1.15, Audio Funktion-Sweep Generator developed
by Grant Connell).

ν =
E

2G
− 1 (1)
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According to DIN EN 834-2, the shear modulus of a bar-shaped free-standing coating with a
rectangular cross-section can be calculated with Equation (2) [60]. The free-standing coatings were
separated from the substrate using electrical discharge machining.

G =
4lm ft

2

bh
· (h/b) + (b/h)
4(h/b)− 2.52(h/b)2 + 0.21(h/b)6 (2)

where G is the shear modulus, ft the resonance frequency of the fundamental torsional vibration, b the
width, h the thickness, l the length, and m the mass of the specimen. According to a previous study, it
is unnecessary to separate the coating from the substrate to determine the Young’s modulus [61]. The
Young’s modulus of coating, Ec, of a specimen with a substrate, can be calculated with Equation (3):

Ec =
0.07887 f f

2l3mc+s − Es Is

Ic
(3)

where I is the area moment of inertia of the cross-section with respect to the neutral axis. The indices c
and s refer to the coating and the substrate, respectively. The indices mc+s and ff are the mass of the
entire specimen, and the resonance frequency of the fundamental flexure vibration, respectively [61].
Each measurement was repeated three times. The average values were taken into account for further
investigation. The mechanical coating properties measured by these methods are listed in Table 2.

Table 2. Thermal and mechanical properties of the coating and substrate material.

Material Young’s Modulus E Shear Modulus G Poisson Ratio v

CTC-FeCMnSi 55 GPa 21.2 GPa 0.3
1.0503 Steel 190 GPa 73.6 GPa 0.29

In addition, the Almen measurement was utilized to evaluate the relative residual stresses
transmitted to the substrate-coating system during thermal spraying [36]. Therefore, the stress
states of the coatings were evaluated by spraying on a standard Almen strip type N-1S (length
l = 76.09 mm, width w = 19.04 mm, thickness hc = 0.785 mm, and a flatness tolerance of ± 0.013 mm,
73.0–74.5 HRa, Standard AMS 2432B). The Almen test was employed to determine the residual stress
state by measuring the curvature caused by spraying. The curvature was measured at three different
samples. The influence of the sand-blasting process for each sample ID was taken into account. In
terms of sand-blasting processes, the surface coverage was analyzed using optical microscopy. A
constant peening time of 5 ± 0.2 s, using a coarse grain sized corundum EKF 14, was applied in order
to ensure a full area coverage. Thus, the surface of the substrate is roughened and activated prior to
the coating process, as the adhesive strength of the coatings get affected by its topography [62,63].
The curvature of the Almen strip was measured before sandblasting, as well as before and after the
coating deposition. Measurements were carried out with the convex surface facing up and employing
a standard Almen gage (type: TSP-3, Electronics, Mishawaka, IN, USA). During coating, the strip was
restrained in a flat position by four screws, as indicated in AMS S13165. The reported normalized
value was obtained from the difference between the measured values obtained from the coated and
uncoated strips. In accordance with the Almen strip arc height, the Stoney equation (Equation (4)) is
used to relate the curvature of the specimen to the stress σc of the film [35]:

σc =
Esh2

sκ

6hc(1 − νs)
(4)

The subscripts c and s denote the coating and the substrate, h the thickness, E is the Young’s
modulus, which is 200 GPa for SAE 1070, and ν the Poisson’s ratio of about 0.3. κ is the curvature of
the substrate.
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The curvature k is obtained from the geometric relation, which can be described as (Equation (5)),

κ =
2d

d2 + (L/2)2 (5)

whereas d is the maximum displacement at the center of the specimen, and L is the length between the
hold-down bolts.

3. Results

The results obtained from the BHDM show a clear interrelationship between the spray angle used
for the particle deposition and residual stresses in the coating (Figure 3a,b). Accordingly, the coatings
possess low tensile residual stresses close to the surface, which increase (for α = 90◦) or remain almost
constant (for α = 30◦) along the coating thickness towards the substrate. The findings are in good
agreement with the results (calculated stress field) derived from the curvature method utilizing the
Almen strips (Figure 3c). In this respect, a narrow spray angle of 30◦ results in low tensile stresses,
whereas samples produced with spray angles of 60◦ and 90◦ exhibit increased tensile residual stresses.
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With respect to metallographic investigations of produced sample types, cross-section images
reveal that the formation of the microstructure is strongly influenced by the handling parameters of
the spray torch, such as the spray angle. For reduced spray angles lower than 90◦, the microstructure
formation is characterized by a desirable direction of lamellas and splats. Furthermore, structural
irregularities (i.e., porous zones) are oriented towards the spray torch. Figure 4 illustrates the different,
preferred orientations of the lamellar layers, deposited on specimens with different spray angles.
The porous zones, which occur next to the compound layer, are particularly noticeable as they are
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deposited in a preferred orientation, and occur alternately in a specific frequency as shown for a spray
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Figure 4. Cross-section images taken by optical microscopy, showing the microstructure of the coating,
deposited by using different spray angles: (a) 90◦; (b) 60◦; (c) 30◦.

With respect to arc spraying, phenomena concerning the splat flattening behavior and splat
morphology of droplets has been examined in very few studies [64]. Thus, Abedini et al. [64] studied
the effect of the substrate temperature and impact velocity on the splashing behavior of individual
droplets. In terms of the handling parameters of the spray torch, only few authors examined the effect
of the spray angle on the characteristics of thermally sprayed particles impinging on substrates [65–69].
Regarding plasma-sprayed and cold-sprayed particles, it was revealed that particles deposited at
off-normal spray angles (e.g., 60◦ and 30◦) showed significant elongations of flattened splats on
the surface.

In this study, different shapes of flattened splats were observed by means of electron microscopy
for particles deposited using a spray angle of 60◦ and 30◦ (Figure 5). Since the spray angle was reduced
to 30◦, the spray particles are more likely to possess an elongation of flattened splats. For single splats,
it was found that the impinging splats slide over the surface and partially disintegrate.
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Figure 5. Electron microscopy showing the splashing of spray particles deposited at different spray
angles: (a) 90◦; (b) 60◦; (c) 30◦.

For the impact of particles at off-normal spray angles, the particle impact velocity can be
decomposed in a normal and tangential component, relative to the substrate surface [67,70], which
finally affect the splat flattening behavior and the deposition efficiency. A specific analysis on the
influence of particles deposited at off-normal spray angles, and their effect on the microstructure
as well as on the mechanical properties of arc sprayed coatings, has been conducted by Krebs [70].
For reduced spray angles (providing an increased tangential component), Krebs showed that the
impinging particles slide over the surface and mainly adhere to irregularities at the surface. Incidental
particles accumulate at these irregularities or protruding peaks. Subsequently, the deposits obtained a
sawtooth-like surface. Macro pores were observed at the area between those sawtooth-like structures,
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which correspond with the findings in this study (Figure 4). This explanation was also used by other
authors [71,72].

For thermally sprayed coatings, it is reported that the porosity level and the shape of pores
significantly influence the elastic modulus [73,74]. Studies showed that coatings produced with an
increase of porosity will exhibit lower in-plane elastic modulus [75] and consequently they are expected
to possess lower stresses [76].

Figure 6 shows the residual stresses determined for different sample types, depending on the
substrate preheating temperature.
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Figure 6. Residual stress distribution along coatings produced with different preheating procedures,
determined by using the bore hole drilling strain gage method (a,b), and calculated stress states in
coatings produced with different preheating procedures using the curvature method (c).

As obtained from the BHDM, tensile stresses were determined with a gradient towards lower
values at the surface (Figure 6a,b). In this respect, the stresses increase along the coating thickness,
reaching a maximum next to the coating/substrate interface. This tendency is noticed for all sample
types: the preheated (150 ◦C and 300 ◦C) and untreated (no preheating) sample types. With respect
to the mean average for the in-plane stresses σ1 and σ2, the deposit produced with the use of a
substrate preheating temperature of 300 ◦C exhibits the lowest tensile residual stress state, followed
by the deposit produced with a substrate preheating temperature of 150 ◦C and the sample where
no preheating is applied. As observed with the curvature method, the variations of the substrate
preheating temperature (no preheating, 150 ◦C and 300 ◦C) lead to similar stress states. It is observed
that a substrate preheating temperature of 300 ◦C brings about the lowest stress field in the coating,
which was calculated between 106–116 MPa for different specimens (Figure 6c). The calculated stress
field in the coating for a substrate preheating temperature of 150 ◦C is 131–147 MPa towards tensile,
compared to 133–168 MPa for specimens deposited without a preheating procedure.
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Thermal analyses during spraying were carried out to monitor the heat distribution next to the
coating/substrate interface. Figure 7 illustrates the average surface temperature of the substrate during
spraying. The three graphs show the evolution of the temperature which was observed during the
coating deposition for the different samples.
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Figure 7. Evolution of the temperature at the interface during spraying depending on the substrate
preheating temperature.

In terms of no preheating procedure as well as a lower substrate preheating temperature (150 ◦C),
the temperature in the substrate increases during the coating deposition. In particular, in case of
a preheating temperature of 150 ◦C, the heat input during spraying keeps the temperature at the
surface of the substrate at an almost constant level. In contrast to that, when applying a preheating
temperature of 300 ◦C, the surface temperature drops to 245 ◦C at the end of the coating deposition.
A preheating of the substrate to a temperature of 150 ◦C or 300 ◦C can cause a thermal expansion.

After thermal spraying and during cooling, this expansion will relax, and the substrate shrinks
again. W possesses one of the lowest coefficients of thermal expansion (CTE) of about 4.5 × 10−6 ◦C−1

amongst pure metals at room temperature [45]. The substitution of Fe by W can lead to a considerable
change of the CTE. Assuming that the CTE of the coating follows the rule of mixture, it can be stated
that the CTE of the coating is smaller than the CTE of the substrate (according to [77]: α(20–100 ◦C) =
11.5 × 10−6 ◦C−1; α(20–250 ◦C) = 13.0 × 10−6 ◦C−1). Therefore, if both parts can contract freely, the steel
substrate will shrink more during cooling than the coating and as they are attached to each other, the
shrinkage induces additional compressive stress into the coating, reducing the absolute value of the
tensile stress in the arc sprayed coating. Therefore, the value of the tensile stress across the deposit
(Figure 6) is reduced, when increasing the preheating temperature of the substrate.

As reported in the literature, the physical properties of both, the substrate and feedstock used for
the coating deposition, have a strong influence on the resulting stress state [78–80]. Song et al. [79]
showed that the magnitude of thermal stress decreases with an increasing preheating temperature of
the substrate. Oladijo et al. [80] found that a strong link exists between the stress field in the coating and
the physical properties of the substrate, as its CTE relative to that of the substrate, plays a significant
role. Thus, a different stress field in the coating was observed for the same feedstock and deposition
characteristics when applied on substrates which provide a different CTE.

With regard to the handling parameter, the experiments revealed a significant influence of the
gun velocity on the residual stress state across the coating (Figure 8). Thus, the findings obtained
from the BHDM showed that a higher gun velocity leads to an increase in tensile residual stresses
(Figure 8a,b). Taking the mean average for the in-plane stresses σ1 and σ2 into account, it is found
that the deposit produced with the use of an increased gun velocity of 24,000 mm/min possess higher
tensile residual stresses, whereas the tensile stress state is more diminished when using a gun velocity
of 18,000 mm/min, and 12,000 mm/min, respectively.
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Figure 8. Residual stress distribution along coatings produced with different gun velocities determined
by using the bore hole drilling strain gage method (a,b) (coating thickness: 330 ± 19 µm, 261 ± 20 µm,
and 182 ± 18 µm, for 12,000, 18,000, and 24,000 mm/min, respectively), and calculated stress state in
coatings produced with different gun velocities using the curvature method (c).

With regard to the curvature method using Almen strips, the results indicated the same
dependencies as a gun velocity of 24,000 mm/min leads to an increased Almen strip arc height,
which in turn corresponds to increased stress values (178–186 MPa) calculated with the Stoney
equation (Equation (5)). As opposed to that, utilizing a lower gun velocity of 18,000 mm/min
and 12,000 mm/min, the coatings exhibit a reduction in tensile residual stresses (157–184 MPa for
18,000 mm/min, and 133–168 MPa for 12,000 mm/min, respectively), as visible in Figure 8c.

Experiments that monitored the temperature next to the surface of the substrate during spraying
for different velocities showed that for a lower gun velocity, a slightly higher surface temperature
occurs after each overrun as well as during spraying (Figure 9).

Since there is no flame enthalpy, the heat input is mainly induced by molten spray particles which
splash onto the substrate. The spray particle temperature is higher than the steel liquidus temperature.
The droplets in the spray plume cool down over the axial spraying distance interval from the realm
of the molten pool to 110 mm (spray distance to the substrate). The two colour pyrometry system
indicates that the spray particle temperature (for PGP = 0.6 MPa; current = 220 A, voltage = 30 V) is
about 2400 ± 10 ◦C at a stand-off distance of 30 mm, cooling down to 2040 ± 4 ◦C at an axial distance
of 80 mm, and impinges on the substrate with a particle temperature of 1980 ± 4 ◦C, monitored from
the anode side. At the point of impact on the substrate, the droplets solidify rapidly. As opposed
to other thermal spraying methods, (e.g., HVOF, APS) the heat input into the substrate is, in total,
not significant.
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As already described in Figure 8, the residual stresses differ when utilizing different gun velocities.
In particular, it is shown that the stress state deviates substantially next to the coating/substrate
interface. Accordingly, coating systems produced by using increased gun velocities contain a significant
gradient next to the interface. As opposed to that, coating systems produced with a reduced gun
velocity possess a slight gradient and lower tensile residual stresses towards the interface (Figure 8a,b).
Thermocouple measurements revealed that a lower gun velocity correlates with an increased heat
input at the coating/substrate interface, due to the increased particle concentration at the moment
of impact. In accordance with that, the coating/substrate interface is exposed to a lower heat input
with the use of an increased velocity of the particle-laden spray plume moving over the sample. As
a result, fewer molten particles are deposited on the substrate or sublayers. Due to a reduced heat
input on the substrate or on the sublayer, it can be stated that the substrate experiences a reduction in
thermal stress. As a result, the extra compressive stress of the substrate translated into the coating is
diminished. Thus, the mismatch between the residual stress state in the coating and substrate might
be increased (Figure 8a,b).

In view of the influence of the PGP applied during spraying, a clear correlation is shown, as an
elevated PGP affects the residual stress field generated in the coating (Figure 10). In terms of the BHDM,
the measurement reveals that the surface stress is tensile, with a maximum of 40–85 MPa. Across
the coating thickness, the stress field in all specimens increases, with a maximum of 150–225 MPa
next to the coating/substrate interface. Coatings deposited with the use of a PGP of 0.8 MPa obtain
higher tensile residual stresses than coatings deposited with either the use of a PGP of 0.4 MPa and
0.6 MPa (Figure 10a,b). In accordance with that, the results obtained from the curvature method
using Almen strips show the same interrelationship. The calculated stress values are 164–207 MPa for
PGP = 0.4 MPa, 178–230 MPa for PGP = 0.6 MPa, and 204–231 MPa for PGP = 0.8 MPa, respectively
(Figure 10c).

While analysing the thicknesses for samples produced by using a PGP of 0.4, 0.6, and 0.8 MPa,
the coating thickness declined with an increased gas pressure of the atomization gas (395 ± 23 µm
at 0.4 MPa; 379 ± 18 µm at 0.6 MPa; 361 ± 20 µm at 0.8 MPa). Pyrometric measurements show a
slightly higher particle temperature at the point of impact on the substrate using 0.4 MPa (utilizing
220 A, 30 V), which is approximately 2080 ± 18 ◦C (with vparticle = 86 ± 3 m/s), whereas at a PGP
of 0.8 MPa (utilizing 220 A, 30 V) the particle temperature is approximately 1965 ± 25 ◦C (with
vparticle = 140 ± 7 m/s). At higher relative velocities between the continuous phase (gas phase) and
dispersed phase (particle phase), the convective heat transfer of spray particles increases as the heat
transfer coefficient increases with an increase of the gas velocity [81–83]. The heat transfer coefficient
significantly depends on the type of flow as well. In the case of a laminar flow, the heat transfer
coefficient is low, whereas in a turbulent flow the coefficient is higher [81,82]. Depending on the spray
nozzle design, the flow characteristics across the spray plume may differ at different PGPs used within
this study.
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Nevertheless, the particle temperature with the use of a PGP of 0.4 MPa does not vary significantly,
when compared to a PGP of 0.8 MPa. Thus, the heat input at the moment of impact (molten particles
splash on the surface) should not be different. It is more likely that the expanded air jet (the use
of compressed air at room temperature) works as a front cooling. From differential pressure flow
measurements, the gas velocity resulting from different PGPs of the atomization gas is monitored at
varied stand-off distances (Figure 11).

The values indicate a high gas velocity after the intersection point of the electrode tips, which is
about 250 m/s for 0.4 MPa (at a stand-off distance of 0.088 m), and more than 420 m/s for 0.8 MPa (at
a stand-off distance of 0.088 m). The measurement is limited up to a gas velocity of 428 m/s, due to
the calibration of the transmitter used in the experiments. The gas velocity reduces significantly with
growing stand-off distances, which is about 60 m/s for 0.4 MPa, 119 m/s for 0.6 MPa, 165 m/s for
0.8 MPa, captured at a stand-off distance of 0.143 m. Based on these findings, it can be stated that the
use of 0.8 MPa for the atomization gas pressure provides a higher gas velocity at a spray distance of
110 mm. Utilizing a calorimetric measurement system, the volume flow rate was determined, which is
about 1865 L/min for 0.4 MPa, 2485 L/min for 0.6 MPa, and 3080 L/min for 0.8 MPa, respectively.

Accordingly, a reduced gas flow rate and gas velocity of the atomization gas (PGP = 0.4 MPa)
provides a marginal cooling effect, whereas an increased gas flow rate and gas velocity (PGP = 0.8 MPa)
dissipates the heat, which is distributed at the surface of the specimen, more effectively. Further
investigations need to be conducted in order to examine the cooling effects during TWAS. One
approach would be to investigate the effect of a preheated atomization gas supply and consequently
its potential impact on the heat dissipation across the coating/substrate interface.
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4. Conclusions

Several reasons can cause the trapping of residual stresses inside the coating composite, such as
the mismatch between thermal expansion coefficient of the hard particle (WC/W2C) and the metallic
matrix, different thermal expansion coefficient in longitudinal and transverse directions of a layer,
different expansion and contraction of consecutive layers (WC/W2C, metallic binder) as a result of
their different arrangements, and a non-uniform solidification. The BHDM represents a promising
technique to measure the residual stress distribution described by the ASTM standard. It is still a
challenge to measure the relieved strains accurately. In terms of thermal spray coatings, in particular
for heterogeneous coatings such as TWAS, the utilization of the strain gauge rosette presents some
practical disadvantages, as mechanical parameters (the Poisson’s ratio and Young’s modulus) need to
be identified.

Curvature techniques, including the deflection of Almen strips, present an alternative approach
to measure the residual stress state to save time and costs. Especially for TWAS, which is an
inexpensive coating deposition method in thermal spraying, Almen strips can be used for an analytical
quality assurance. Furthermore, due to the fact that arc spayed coatings are prone to be partially
nanocrystalline and amorphous, the determination of residual stresses using XRD analyses is limited.

In this study, the incremental BHDM was used to determine the residual stresses distribution
across the coating into the substrate. The released strains for each step in the bore hole depth were
measured by a strain gauge rosette. Using the differential method, residual stresses were calculated.
For the calculation of the residual stresses, the Poisson’s ratio, shear modulus, and Young’s modulus
were examined. The findings were compared to the results obtained from the curvature method
utilizing Almen strips. In comparison, the results are in an acceptable accordance to each other, as
the measurement of deflection using Almen strips in combination with the Stoney equation and the
BHDM, lead to similar residual stress states for different spray parameter settings. None of the results
describe compressive residual stresses. With regard to the substrate and feedstock used within this
study, it is found that all different sample types exhibit tensile residual stresses. On the one hand,
utilizing a reduced spray angle, the coating possesses lower tensile residual stresses. On the other
hand, the use of a spray angle of 90 ◦C lead to an increased stress field. Furthermore, the experiments
showed that the gun velocity (and the heat input as the amount of molten particle contribute to the heat
influx), and the preheating procedure, as the amount of quenching stresses is influenced by physical
properties (e.g., CTE) of splats relative to the substrate material, lead to a different stress state. In
particular, coating systems produced by increased gun velocities contain a significant gradient next to
the coating/substrate interface, which can lead to a mismatch, moreover, acting as the driving force to
debond at the interface. Moreover, the experiments showed that coatings deposited with the use of
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0.8 MPa obtain higher residual tensile stresses than coatings deposited with the use of 0.4 MPa, and
0.6 MPa, respectively. Regarding these findings, it can be stated that an increased gas velocity caused
by a higher PGP works as a front cooling. Thus, the gas flow characteristics (PGP = 0.4 MPa) in the
expanded spray jet provides a marginal cooling effect, whereas the flow characteristics at an elevated
PGP (PGP = 0.8 MPa) dissipates the heat, which is distributed at the surface of the specimen, better.
Accordingly, a different stress field in the coatings was observed.
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