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Abstract: With respect to post-processing techniques in the field of surface engineering, it was recently
found that machine hammer peening (MHP) represents a promising approach to functionalizing
thermally sprayed coatings as the MHP contributes to a compression of the coating, enabling the
potential to reduce the coating porosity as well as the protruding peaks of the rough as-sprayed
coating surface. The MHP also has the potential to induce compressive residual stresses in the
coating surface, which can positively affect the mechanical and tribological properties. Arc-sprayed
tungsten carbide-reinforced Fe-based coatings pose an appropriate candidate to counteract the wear
of tribologically stressed surfaces. Due to the inherent process characteristics, however, these coatings
are mostly characterized by a heterogeneous lamellar microstructure with residual porosity and

check for interstratified with a certain amount of oxides, as well as the presence of tensile residual stresses.
updates To adjust their microstructural and mechanical coating properties, the applicability of a subsequent
Citation: Hagen, L.; Baumann, J.; MHP was evaluated in this study. Therefore, arc-sprayed WC-W,C reinforced FeCMnSi coatings are
Heidelmann, M.; Biermann, D.; deposited using either argon or compressed air as atomization and shroud gas, providing different
Tillmann, W. Machine Hammer lamellar structures and oxide content. The effect of MHP on the surface integrity of the WC-W,C-
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stresses, which are known as relevant influencing factors on the performance of tribologically stressed
components. It was found that the MHP leads to reduced porosity and lamella thickness as well as
increased hardness due to strain hardening effects. Furthermore, it was demonstrated that the MHP

leads to the introduction of compressive residual stresses, which contribute to a decline in tensile
Academic Editors: Dibakor Boruah,

Shiladitya Paul, Alvise Bianchin,

residual stresses in the near-surface area.
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Over the last decades, tungsten carbide-based hard coatings have become a widely
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used coating system to protect tribologically stressed surfaces against wear such as abrasion

or erosion. The technological relevance can be attributed to the outstanding properties of
tungsten carbides, such as their high hardness and relatively high plasticity (compared
to other ceramics), as well as their thermal conductivity [1,2]. Among thermal spraying
methods, common methods for applying tungsten carbide-based hard coatings include
This article is an open access article  Nigh-velocity oxy-fuel spraying [3], atmospheric plasma spraying [4], and suspension flame
distributed under the terms and  Spraying [5]. A few studies already showed that arc spraying represents an alternative
conditions of the Creative Commons ~ Method to deposit tungsten carbide-based coatings. Accordingly, various studies have
Attribution (CC BY) license (https://  discussed the application of tungsten carbide-reinforced feedstocks comprised of iron-
creativecommons.org/ licenses /by / based (FeCSiMn-WC/W,C, Fe3Al-WC, Fe-FeB-WC [6-10]) or nickel-based alloys (NiCrBS;i,
40/). NiBSi)-WC/W,C, Ni-(WC-Co) [11-13]) and emphasized their outstanding application
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potential as wear protective coatings. The use of Ni- or Co-based feedstocks may cause
critical health issues. Ni-based alloys can cause allergenic reactions, are classified as suspect
carcinogenic agents [14], and are labeled as hazardous powder materials (hazard statement
according to the European Commission regulation EC 790/2009) [15]. Moreover, it is
reported that WC-Co feedstock is potentially toxic when inhaled [16]. It is also listed in the
“Report on Carcinogens” [17]. Ni- and Co-based coatings may likely fail to fulfill the specific
requirements for food production (according to EU and PDA standards) as they constitute
a risk of contamination of the products with harmful or even toxic elements [18]. For
thermally sprayed coatings, Fe-based alloys are less hazardous to health when compared
to Ni- and Co-based alloys. Arc-sprayed tungsten carbide-reinforced Fe-based coatings
therefore pose promising candidates for wear-resistant applications that meet public claims
related to occupational safety and health.

Arc spraying is a well-established process mainly used in surface refurbishments and
maintenance applications, featuring comparatively low investment and operating costs,
facilitated handling (including mobility), and extremely high energy efficiency at high
deposition rates [19]. Arc-sprayed coatings typically exhibit a lamellar microstructure,
high surface roughness, and tensile residual stresses. To meet the demands of the coated
workpiece’s surface quality, arc-sprayed coatings are commonly subjected to a subsequent
machining process. The lamellar microstructure results from the splashing and overlapping
of individual spray particles and depends on the spray particle conditions at the moment
of impact onto the substrate [20-24]. The generation of spray particles, i.e., the droplet
formation, is determined by the aerodynamically driven disintegration of the molten
electrode tips as well as the magnetofluid-dynamic processes and thus depends on the
flow characteristics of the atomization gas, the thermodynamic properties and transport
quantities (for partially ionized plasma in the area of arc discharge), as well as the physical
properties of the electrodes (e.g., material-specific properties of the melt) [24-28]. Numerous
studies have already dealt with the use of different atomizing gas types for the production
of arc-sprayed coatings [22,29-31]. For different feedstocks, it was validated that the use of
compressed air led to an increased oxide content in the deposits. The produced coatings are
typically interstratified with miscellaneous oxides, which are formed between individual
lamellae depending on their chemical composition [21,32,33]. The use of inert gases such
as nitrogen or argon in combination with shrouds can reduce the oxide content [34-39].
Moreover, it was stated that the use of an inert gas atmosphere leads to the formation of
coarser spray particles, which cause the formation of larger lamellae with an increased
number of pores [40]. Due to the inherent process characteristics of arc spraying, the
feedstock is heated above its melting point. This can result in a loss of alloying elements
and phase transformation processes (e.g., tungsten carbide decomposition phenomena
and formation of eta carbides [11,41,42]), whereby the latter depends on environmental
conditions (atmospheric, inert) [30]. Distinct carbide decomposition phenomena, the
formation of eta carbides, and oxide formation can lead to material embrittlement and thus
impair the mechanical properties.

The deposition of thermally sprayed coatings is associated with the formation of resid-
ual stresses. Quenching stresses and thermal stresses are the two main sources contributing
to the overall residual stresses [43]. For arc sprayed coatings, quenching stresses arise
during the rapid solidification of molten droplets owing to the impingement onto the
substrate or sublayer [44]. Constraining the thermal contraction of individual splats by
adherence to the underlying material, results in tensile stresses within the splats [45,46]. As
the cooling process continues (i.e., cooling down to ambient temperature), thermal stresses
develop due to thermal expansion mismatch between the coating and substrate [45-47].

The presence of tensile or compressive residual stresses has a crucial impact on the
coating’s performance. Thus, compressive residual stresses in the coating can contribute
positively to the fatigue life of the coated component [45]. In contrast, tensile residual
stresses can cause fatigue failure and cracking if their magnitude exceeds the yield strength
of the material [45,48].
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In the field of surface conditioning, the MHP represents a mechanical post-treatment
that has already been applied in the tool- or mold-making industry in order to enhance
the surface quality and life span of the tool [49,50]. For bulk materials (e.g., high-strength
steel), it was demonstrated that the MHP leads to the introduction of compressive residual
stresses in the near-surface area of the workpiece [51]. The MHP thus enables the potential
to superimpose the tensile residual stresses, i.e., the inherent stress state, onto the machined
surface with compressive residual stresses or adapt them locally. Conventional methods
for reducing residual stresses, such as stress relief heat treatment, are only conditionally
suitable for a broad range of tungsten carbide-based hard coatings and are not commonly
used. Furthermore, as demonstrated for arc-sprayed metallic coatings (e.g., ZnAl coating),
the MHP allows the densification of the coating’s microstructure [52] and reveals the
potential to increase the fatigue and corrosion fatigue resistance of the coating-substrate
composite [53,54]. Among others, hybrid process strategies such as thermally assisted
MHP are also being investigated to increase the capabilities of the machining process [52].
Studying different MHP parameter settings using a statistical design of experiments, Rausch
et al. [55] showed the great potential to smooth thermally sprayed hard coatings, i.e., high-
velocity oxy-fuel sprayed WC-Co and arc sprayed WC-W;,C-FeCMnSi coatings. Under
optimized MHP parameter settings, the authors demonstrated the feasibility of optimizing
the surface properties of a coated workpiece with complex geometry (Figure 1), which
results in economic and technical advantages compared to subsequent machining processes.

Figure 1. MHP as a surface post-treatment for complex-shaped free form surfaces of tribologically
stressed components.

Although the positive effect of the MHP on the surface integrity of arc sprayed coatings
has been phenomenologically proven in various studies, the introduction of residual
stresses in the near-surface area as well as the inclusion of strain hardening effects in arc
sprayed coatings have been studied to a limited extent [55-57]. Within the scope of this
study, the MHP was conducted on different arc-sprayed WC-W;,C-FeCMnSi coatings that
were deposited with the use of compressed air or argon as an inert gas. The surface integrity
of the hammer-peened WC-W,C-FeCMnSi coatings was investigated with respect to their
microstructural characteristics, such as porosity, lamellar structure, hardness, and residual
stresses. The findings were compared to the results obtained from non-hammer-peened
WC-W,C-FeCMnSi coatings, which served as references.

2. Materials and Methods
2.1. Substrate and Feedstock Material

Round (40 mm x 6 mm) steel specimens (material: AISI 1045) were used as substrate
materials, which are used, e.g., for forming tools. The substrate surfaces were grit-blasted
with corundum (type EKF 14, according to FEPA). Following this, the substrates were
cleaned in an ultrasonic ethanol bath.

A FeCMnSi-cored wire (type Durmat AS-850, Fa. Durum Verschleifischutz, Willich,
Germany) with cast tungsten carbides (CTC) as a filling, which consists of an eutectic WC-
W,C mixture, served as feedstock. As verified by laser light scattering, the 50th percentile
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of the volumetric particle size distribution of sampling (i.e., WC-W;C filling) was nearly
113.2 um, whereas the 10th and 90th percentiles of sampling were 72.8 um, and 158.4 pum.
The sampling features a bimodal particle size distribution with a small amount of WC-W,C
particles in a range of a few microns. With regard to the wire configurations, the bandwidth
and thickness of the velum were 10 mm and 220 um, whereas the diameter of the wire was
1.6 mm. According to the manufacturer, the cored wire consists of 2 wt.% of C, 1.4 wt.% of
Mn, 1.1 wt.% of Si, 48 wt.% of W, and bal. Fe.

2.2. Spray Parameter

The WC-W,C-FeCMnSi coatings were deposited on the steel substrates utilizing the
arc spraying device Smart Arc 350 PPG spraying system (Fa. Oerlikon Metco, Wohlen,
Switzerland). A commercially available front-end device (high-profile centering post, No.
PPG51976; air cap body (fine), No. PPG51416, Fa. Oerlikon Metco, Wohlen, Switzerland)
and a prototypical nozzle attachment (Figure 2) were used within the scope of the experi-
mental approach. For the coating deposition, two different gas types (compressed air and
99.99% pure argon) were used. For the axial incoming atomization gas, either argon or
compressed air are used, whereas a secondary gas (argon or compressed air) serves as
the shroud gas. The process parameter settings were kept constant for all experiments
(atomization gas pressure = 1.2 MPa, secondary gas pressure = 0.6 MPa, voltage =30V,
current = 220 A, spray distance = 110 mm, gun velocity = 200 mm/s, track pitch = 5 mm,
two overruns).

Nozzle
Cathode Atomization / attachment

Shroud gas disintegration of

? molten wire tips
~
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Figure 2. Experimental setup showing the prototypical nozzle attachment to produce the different
arc sprayed WC-W,C-FeCMnSi coatings.

2.3. Machine Hammer Peening Process

Prior to the MHP, the coated samples were machined by using silicon carbide grinding
discs and polishing cloths with a diamond suspension (9 pm, 6 pm, 3 um, and 1 um). The
subsequent MHP on the coated specimens was conducted on a five-axis milling machine



Coatings 2023, 13, 1563

50f15

type DMUS0 eVolution (Fa. Deckel Maho, Pfronten, Germany) using a pneumatic MHP
tool type Forge Fix Air (Fa. 35-Engineering, Marktoberdorf, Germany) in a load-controlled
mode. The MHP parameter settings were derived from preliminary tests using a design
of experiments, as shown in [55], and were used in this study for the production of
the samples. A spherically shaped tool tip made of cemented carbide (ball-tip diameter
dx = 12 mm) was applied. The operating air pressure of the tool was adjusted to 0.6 MPa,
resulting in an oscillating frequency of approximately f = 220 Hz. The feed velocity v¢ and
the parallel path distance a of the meander-like movement were kept at constant values
(v¢ = 1000 mm min~!, 2 = 0.2 mm). The MHP coating systems are referred to as Ar-MHP
and CA-MHP, while the references are referred to as Ar-non-MHP and CA-non-MHP,
respectively. The resulting machined surface conditions are summarized in Table 1.

Table 1. MHP and non-MHP thermally sprayed samples used for the tribological investigation.

. Atomization Secondary/Shroud .
Specimen Gas Type Gas Type Surface Condition
CA-non-MHP compressed air compressed air non-MHP
CA-MHP compressed air compressed air MHP
Ar-non-MHP argon argon non-MHP
Ar-MHP argon argon MHP

2.4. Analytics Methods

In order to examine the morphology of the WC-W;,C-FeCMnSi coatings, cross-sections
were taken and metallographically prepared using diamond grinding discs and polishing
cloths with a diamond suspension (9 um, 6 pm, 3 um, and 1 um). Cross-sectional images
were taken using a field emission scanning electron microscope (FE-SEM) type J[SM-7001F
(Fa. JEOL, Tokyo, Japan) equipped with secondary electrons (SE) and backscattered elec-
trons (BSE). In conjunction with the FE-SEM, energy dispersive X-ray spectroscopy (EDS)
was conducted in order to determine the element distribution.

The coating porosity and lamella thickness were determined based on image analysis
(Axiovision AutMess, Fa. Zeiss, Oberkochen, Germany) using SEM images with magni-
fications of 250, and 350 x, respectively. The lamella thickness was measured along the
coating thickness at ten different spots. For each sample, 200 lamellae were measured in
total.

The phase composition was investigated by means of X-ray diffraction analyses. The
experiments were implemented at the beamline BL9 of the synchrotron light source DELTA
(Dortmund Electron Accelerator, Dortmund, Germany). The incident photon energy was
13 keV, which corresponds to a wavelength A of 0.9537 A). The angle of incidence was set to
5 degrees, whereas the beam size was 0.2 x 1.0 mm? (v x h). A PILATUS detector system
(Fa. Dectris, Baden, Switzerland) was applied to measure the scattered intensity. Afterward,
the 2-theta scale of the diffraction patterns was converted to a wavelength A of 1.5406 A.

To assess the potential of inducing strain hardening effects into the coating surface,
the hardness was determined at the coating surface by means of nanoindentation load-
displacement curves, as suggested by Oliver and Pharr [58], using the nanoindenter G200
(Fa. Agilent Technology, Santa Clara, CA, USA) equipped with a Berkovich indenter. The
indents were carried out in penetration-control mode with a depth of two microns at regular
intervals on a representative surface area. A total of 49 indents were performed for each
sample. The nanoindents were accompanied by EDS spot analyses in order to evaluate the
element concentration at the remaining indents, thus excluding single indents in carbidic
hard phases (e.g., CTC particles) for calculations. In addition, Vickers microhardness tests
were conducted at the coating surface with a load of 2.942 N utilizing the microhardness
tester model M-400 (Fa. LECO, Monchengladbach, Germany). Five indentations were
performed for each sample. A light microscope (type Axiophot, Fa. Zeiss, Germany) was
utilized to measure the diagonals of the remaining indents.
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Moreover, scanning transmission electron microscopy (STEM) was executed to inves-
tigate the dislocation density. Prior to the STEM, sample preparation was carried out by
focused Ga ion-beam preparation using the FEI Helios Nanolab 600 (Fa. Thermo Fisher
Scientific, Waltham, WA, USA; former Fa. FEI Company, Peabody, MA, USA). The sampling
of the coating surface was analyzed using the transmission electron microscope JEM-2200FS
(Fa. JEOL, Tokyo, Japan), operating at an acceleration voltage of 200 kV. The samples were
tilted inside the microscope to satisfy the excitation conditions for appropriate dislocation
observation.

The hole drilling method (HDM) was applied to determine the through-thickness
residual stress distribution in the coating using the RS-200 Milling Guide (Fa. Vishay
Precision Group, Malvern, PA, USA, performed at the Institute of Forming Technology
and Lightweight Components, TU Dortmund University). Initially, a strain gauge rosette
with a diameter of 5.13 mm (type CEA-06-062UL-120, Fa. Vishay Intertechnology, Malvern,
PA, USA) was mounted on the coated specimens. Orbital drilling with a drilling speed
of 300,000 rpm was performed to remove the material using an end mill with 0.9 mm
in diameter (type 806.314.009, Fa. Gebr. Brasseler, Lemgo, Germany). The drilling was
executed up to a coating thickness of 200 um with drilling steps of 10 um. After each
increment, the process was stopped and the strain was recorded by a computerized data
acquisition system, LabVIEW (Fa. National Instruments, Austin, TX, USA). The residual
stresses were calculated from the depth-dependent strains using the differential method.
The shear and Young’s modulus were determined utilizing the impulse excitation technique,
as shown in [59]. Accordingly, the Young’s modulus of the coating E; was estimated using
Equation (1).

0.07887 f}?ﬁmc+S — EgI;
c — IC 7
where E; is Young’s modulus of the substrate, I with the subscripts ¢ and s for the coating
and the substrate, respectively, is the area moment of inertia of the cross section with respect
to the neutral axis. [ and . indicate the length and mass of the entire specimen. f; is the
resonance frequency of flexural vibration and can be written as (Equation (2)) [59,60]:

M

1118 (ECIC+ESIS )1/2 @

ff ml? pcAc +PsAs

where p is the density, and A is the cross-sectional area of the respective components. To es-
timate the shear modulus of the coating G, a free-standing coating was first separated from
the substrate utilizing electrical discharge machining, followed by mechanical grinding.
For a bar-shaped free-standing coating with a rectangular cross-section G, can be calculated
as follows: see Equation (3) [61],

_ dmf? (h/b) + (b/h)

bl 4hyv) — 2.52(h/)? + 0.21(g)6,

Ge (3)

where [ is the length, b is the width, & is the thickness, and m is the mass of the speci-
men. Here, f; represents the resonance frequency of torsional vibration. Since G, and
E. have been calculated, the Poisson’s ratio of the coating v. can be determined using
Equation (4) [62].

J— EC

T 2G,

According to Equations (1)—(4), a Poisson’s ratio and Young’s modulus of the coating
of v, = 0.30 and E. = 55 GPa, respectively, were estimated for sample CA-non-MHP. This
value was taken into account for all other arc-sprayed CTC-reinforced Fe-based coatings
examined within this study. For the AISI 1045 substrate, a Young’s modulus Es of 190 GPa
was used [63].

Ve 1, 4)
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3. Results and Discussion
Microstructure

SEM images show the cross section of the different CTC-reinforced Fe-based coatings
(Figure 3). The BSE imaging demonstrates variation in brightness, indicating inhomogeneity
in chemical composition. EDS analyses reveal that the coatings are formed from lamellar
microstructures of Fe- and W-rich phases. Thus, W-rich phases (bright phases) scatter
throughout the coatings and are unevenly distributed and surrounded by the Fe-based
matrix (dark gray phases).

Embedding

‘Stlbstrate

Embedding

Coating

Substrate

Figure 3. Cross-sectional images measured by scanning electron microscopy depicting the coating
morphology of different samples: (a) CA-MHP, (b) CA-non-MHP, (¢) Ar-MHP, (d) Ar-non-MHP, and
(e) enlarged view of Ar-MHP.

The cross-sectional analyses indicate the presence of fully fused W-rich hard particles.
A small amount of not fully fused W-rich hard particles is sporadically observed. Those
not fully fused W-rich hard phases contain a polygonal shape and correspond to the
morphology of CTC particles in the filling.

Moreover, the cross-sectional analyses reveal a small number of pores and interlamellar
cracks. The cracks predominantly pass horizontally parallel to the coating/substrate
interface between individual lamellae or splats, with interlamellar cracks appearing more
frequent in the sample Ar-non-MHP. Instead, the pores are randomly distributed across the
different coatings.

According to the EDS analysis, the samples produced by using compressed air (i.e., CA-
MHP and CA-non-MHP) contain 51.8 4 0.7 wt.% of Fe, 37.7 + 0.7 wt.% of W, 4.1 + 0.8 wt.%
of C, and 6.4 + 0.2 wt.% of O on average. As opposed to that, the samples deposited using
argon (i.e., Ar-MHP and Ar-non-MHP) consist of 54.5 £ 0.8 wt.% of Fe, 35.5 + 0.7 wt.% of
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W, 5.5 £ 0.2 wt.% of C, and 4.6 £ 0.3 wt.% of O on average. It can be noted that all samples
exhibit a certain amount of oxides, with a reduced amount of oxides being observed for the
samples Ar-MHP and Ar-non-MHP. However, when compared to the nominal composition
of the fabricated cored wire, some carbide loss was determined as a reduced amount of W
was observed in the deposits. As previously reported in [64], one possible reason could be
that a reduced amount of W-rich spray particles impinges onto the substrate, either due to
an amended trajectory of some particles or a rebound of not fully fused CTC particles.

With regard to the XRD patterns obtained from the different samples prepared by
either using compressed air or argon, it is found that the deposits are mainly composed
of cubic Fe, eutectic carbides (WC and W5C), eta carbides (Fe,W,C, FesW3C, FegWQ),
elementary W, as well as some traces of various oxides such as WO3 and Feg 992O (Figure 4).
Regarding the cored wire, which served as feedstock, the sheath is mainly composed of
cubic Fe, whereas the filling contains WC and W;,C. Along with the major peaks of Fe,
a peak broadening can be observed for the arc-sprayed deposits, which is most likely
attributable to an amorphous/nanocrystalline structure. Due to the rapid solidification
(about ~10° °C/s) [22] of molten spray particles, arc spraying has great potential for the
production of amorphous coatings, as already demonstrated in [65,66] for Fe-based coatings.
Nevertheless, the Bragg reflections suggest a crystalline structure.

.
e

Counts [a.u.]

Ar-non-MHP
N I\
P § CA-non-MHP

T : - ‘l‘ . T : i : T I : ‘l I 3 T I 1
30 40 50 60 70 80

Diffraction angle 26 [deg,]

e Fe (bee) * Fe (fcc) ¢ Fe 95,0
o W,C x WC « W

A Fe,W,C v Fe;W,C +Fe,W,C
® WO,

Figure 4. XRD pattern obtained from the arc-sprayed CTC reinforced Fe-based coatings produced
with the use of different atomization gases.

It is striking to note that a certain oxide content was detected for the arc-sprayed
samples, although argon was used as atomization and shroud gas. Since an oxidizing
environment prevails, it can be assumed that the oxides were generated during atomization
of the molten electrodes (i.e., the molten wire tips), acceleration of spray particles towards
the substrate, or splashing onto the substrate. The kinetics of interactions of arc-sprayed
particles (i.e., atomized metal droplets) with oxygen were discussed by Boronenkov and
Korobov [28], who developed a physical model of oxygen delivery to a droplet. As reported
by the authors, although the solubility limit of oxygen in the liquid metal at the electrode
tips and in the arc burning zone is significantly higher than during flight due to higher
temperatures, oxygen uptake in spray particles during flight or splashing onto the substrate
is possible.

Nevertheless, for arc-sprayed coatings, phase transformation processes result in a
wide range of non-equilibrium states because of inherent process characteristics such as
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constitutional supercooling during rapid solidification of spray particles. In consequence,
the phases can be determined only to a limited extent within the experimental resolution.

By analyzing the morphological properties of the specimens, it is clearly visible that a
distinct compression of the coating due to the MHP can be precluded. Instead, only a slight
reduction in porosity and lamella thickness can be observed for the MHP-treated specimens,
which can be attributed to mechanically induced plastic deformation. Based on the image
analysis, the MHP-treated sample Ar-MHP shows a porosity of 3.8 £ 0.7%, whereas the
sample Ar-non-MHP exhibits a porosity of 6.3 £ 1.7% (Table 2). The same tendency can be
noted for the samples deposited using compressed air; however, the differences in porosity
are rather marginal. Thus, the sample CA-MHP demonstrates a porosity of 2.2 = 0.4%,
while the sample CA-non-MHP features a porosity of 2.7 & 0.3%.

Table 2. Microstructural characteristics and mechanical properties obtained from the different
samples (mean values).

Microstructural Sample
Characteristic Ar-MHP Ar-non-MHP CA-MHP CA-non-MHP
Porosity, % 3.84+0.7 63+1.7 22+04 27+03
Lamella thickness, um 64+56 6.8 +5.7 50+33 75+63
Vickers El\cfgoé‘ardness’ 711 £ 272 604 + 208 752 + 152 621 + 121
Hardness, GPa 56+t21 51+24 56+t13 51+1.6

Figure 5 shows the relative frequency distribution of the measured lamellae depending
on the lamella thickness.

—_
(=21
—

15 - B - 100 15 —— 1 - 100
[ | Content [%] ,/ L7
-- —-Passing [%]} =/ | a0 ] i’ =
i 7 — —_ 4 —
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c = c I (=
g s 8 . 1=
S / r40 8§ 40 @
8 5- o O 57 o
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Figure 5. Relative frequency distribution of the measured lamellae depending on the lamella thickness
obtained from image analysis: (a) CA-MHP, (b) CA-non-MHP, (¢) Ar-MHP, and (d) Ar-non-MHP. The
dashed line indicates the cumulative relative frequency.
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The frequencies reveal a nearly bimodal distribution, each of which has a maximum
at a lamella thickness of approximately 10 um, or, in the lower lamella thickness range, less
than 5 pm. A homogeneous Gaussian distribution is not recognizable.

The relative frequency distributions reveal a decreasing lamella thickness for the
MHP-treated samples, i.e., CA-MHP (Figure 5a) and Ar-MHP (Figure 5c). Based on
the measurements, sample Ar-MHP possesses a mean lamella thickness of 6.4 & 5.6 pm
(Table 2). In contrast, sample Ar-non-MHP reveals a mean lamella thickness of 6.8 £ 5.7 um.
A mean lamella thickness of 5.0 & 3.3 um could be measured for the compressed air-sprayed
and MHP-treated sample CA-MHP, whereas a mean lamella thickness of 7.5 £ 6.3 um
could be determined for the reference sample CA-non-MHP.

The findings indicate the densification of the coating microstructure as a consequence
of the MHP. It is assumed that splats across the coating thickness are plastically deformed
due to the MHP, leading to reduced lamella thickness and the number of pores. However,
in contrast to the positive effects, the formation of vertical cracks could also be observed.
Cracks are formed and propagate through individual lamellae, hard phases, and along
splat boundaries (i.e., between individual lamellae) since the frequently occurring MHP
induces brittle fractures instead of plastic deformations.

In terms of the mechanical properties, an increase in Vickers microhardness (or hard-
ness (H) taken by nanoindentation) can be found at the surface area of the MHP-treated
samples (Table 2). Accordingly, the sample CA-MHP shows a Vickers microhardness of
752 + 152 HV0.5 (H = 5.6 £ 1.3 GPa), whereas the sample CA-non-MHP demonstrates
a Vickers microhardness of 621 £ 121 (H = 5.1 & 1.6 GPa). The same tendency can be
found for the samples Ar-MHP and Ar-non-MHP. Here, sample Ar-MHP features a Vickers
microhardness of 711 4+ 272 HV0.5 (H = 5.6 £ 2.1 GPa). In contrast, sample Ar-non-MHP
possesses a Vickers microhardness of 604 £+ 208 HV0.5 (H = 5.1 £ 2.4 GPa).

Evaluating the microstructural characteristics of the different post-treated samples
using scanning transmission electron microscopy (Figures 6 and 7), it is found that the
MHP-treated surfaces, i.e., samples CA-MHP and Ar-MHP, possess isolated and locally
deformed grain structures with a high amount of dislocations in their structures (see black
lines in Figures 6a,c, and 7a,c).

Figure 6. STEM bright-field micrographs showing the representative surfaces of the different samples:
(a,c) CA-MHP; (b) CA-non-MHP.
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Figure 7. STEM bright-field micrographs showing the representative surfaces of the different samples:
(a,c) Ar-MHP; (b) Ar-non-MHP.

Besides a high number of dislocations, some accumulations of dislocations or arrays of
dislocation walls are observed (see the black area in Figure 6a). With regard to the sample
Ar-MHP, the STEM image also reveals the presence of shear bands (i.e., a line-like structure,
Figure 7c). The assumption that grain refinement results from high plastic deformation
while coarser grains are located at the less deformed grains applies to individual regions of
interest but cannot be confirmed in general within this study.

For the MHP-treated surfaces, the STEM images verify an increased number of disloca-
tions, an array of dense dislocation walls, and the presence of shear bands, suggesting high
plastic strain and, hence, a high level of localized grain deformation on the impacts after
MHP. Consequently, the high level of plastic deformation causes strain hardening effects
in the coating surfaces, thus leading to an increased Vickers microhardness, or hardness,
respectively (Table 2).

Figure 8 shows the through-thickness distribution of the in-plane residual stresses
(o7 and o5 [67]) in the coatings. The coating thickness was determined by metallographic
investigations using image analysis. The adhesive used to attach the strain gauge to the
coating is sufficiently strong to affect the deformation of the strain-sensitive element in the
strain gauge, which subsequently influences the output from the gauge [68]. Accordingly,
the first few microns at the subsurface area were separated and not taken into account (see
dashed line).

As obtained from the HDM, the arc-sprayed CTC-reinforced Fe-based coatings exhibit
a non-uniform residual stress distribution. The non-uniform evolution of stress is charac-
terized by several peaks, some of which show a sinusoidal shape. The non-MHP-treated
coatings predominantly exhibit tensile residual stresses (Figure 8b,d). With growing coating
thickness going towards the substrate, the HDM reveals a stress gradient partly towards
higher values and partly towards lower values. Therefore, a clear tendency could not be
determined. However, a stress gradient next to the coating-substrate interface going from
tensile to compressive at the substrate subsurface area could be noticed.

When comparing the different samples, it is found that the MHP-treated samples
exhibit lower tensile residual stresses at the near-surface area (Figure 8a,c). Occasionally,
a decline in tensile residual stresses towards compressive values can be observed. The
formation of compressive residual stresses of higher orders of magnitude, however, cannot
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be obtained from the MHP-treated samples. It can be assumed that the MHP leads to the
introduction of compressive residual stresses at the near-surface area and thus contributes
to the overall residual stresses.
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Figure 8. Residual stress measurement showing the in-plane residual stresses obtained from the
BDM for different samples: (a) CA-MHP, (b) CA-non-MHP, (¢) Ar-MHP, and (d) Ar-non-MHP.

4. Conclusions

This study aimed at evaluating the machine hammer peening on arc-sprayed WC-
W,C-FeCMnSi coatings and its effect on the coating porosity, lamellar structure, hardness,
and residual stresses. The examinations were carried out on different coating types that
were deposited using either argon or compressed air as atomization and shroud gases.
Both coating types exhibit a certain amount of various oxides distributed across the coating,
with a reduced amount of oxides being observed for the coating produced using argon as
atomization and shroud gas. The different coatings are mainly composed of cubic Fe, WC,
W, C, eta carbides (Fe;W,C, FesW3C, and FegWC), elementary W, as well as some traces
of WOj3 and Fe( 9gpO. Applying the machine hammer peening to the different coating types,
the following conclusions can be drawn:

The machine hammer peeing leads to:

e areduced porosity and lamella thickness due to a densification of the coating mi-
crostructure

e an increased hardness due to strain hardening effects based on the formation of
dislocations

e an additional introduction of compressive residual stresses which contributes to a
decline in tensile residual stresses in the near-surface area

In contrast to the positive effects, the machine hammer peeing also shows the formation
of vertical cracks. These cracks are formed and propagated through individual lamellae,
hard phases, and splat boundaries.
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