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Plasma Transferred Arc (PTA) coatings are widely used for the surface modification of
metals due to their ability to achieve high coating thickness, low thermal stress, and high
energy density. This technique is commonly applied to glass and ceramic molds,
automotive valves, petrochemical vanes, lamination cylinders, as well as plastic extrusion
molds and screws. In plastic injection machine screws, high hardness and wear resistance
are essential for durability. To achieve these properties, the steels used in plastic injection
screws are first hardfaced on the thread crests using the PTA coating method and then
nitrided. In this study, 1.8550 and 1.8519 steels, commonly used in plastic injection screw
manufacturing, were coated with two different powders: FeCrBSi with a nickel (Ni)
balance, either with or without tungsten (W) addition. The tribological properties of the
coated samples were evaluated through ball-on-disc wear tests. The samples were
characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM),
energy-dispersive spectroscopy (EDS), and optical microscopy. The depth and width of
wear tracks were measured using a profilometer. Results indicated that increasing W
content leads to a higher coefficient of friction, but the best wear performance was
observed with W-containing coatings. The optimal combination was found to be the
1.8550 steel substrate paired with the FeCrBSi-W coating, which demonstrated a 5%
higher coefficient of friction but a 47% lower specific wear rate compared to the non-W
coating.

PLAZMA TRANSFER ARK KAYNAGI iLE NITRURLENMI$ CELIKLER UZERINE KAPLANMIS

NIiKEL ESASLI SERT DOLGU KAPLAMALARININ MiKROYAPISAL VE TRIiBOLOJIiK OZELLIKLER

Anahtar Kelimeler

Oz

Yiizey gelistirme,
Plazma transfer ark,
Bor karbiir

Plazma Transfer Ark (PTA) kaplamalari, yiiksek kaplama kalinligi, diistik termal gerilim
ve yiiksek enerji yogunlugu sagladiklari icin metallerin yiizey modifikasyonunda yaygin
olarak kullanilmaktadir. Bu teknik, cam ve seramik kaliplar, otomotiv valfleri,
petrokimyasal kanatlar, lamine silindirler ve plastik ekstriizyon kaliplart ve vidalarina
uygulanmaktadir. Plastik enjeksiyon makinesi vidalarinda yiiksek sertlik ve asinma
direnci, dayaniklilik icin kritik oneme sahiptir. Bu ézelliklerin elde edilmesi icin plastik
enjeksiyon vidalarinda kullanilan celiklerin dis tepeleri 6nce PTA ydntemiyle sert dolgu
kaplama ile kaplanir, ardindan nitriirleme islemi uygulanir. Bu ¢alismada, plastik
enjeksiyon vidalari tiretiminde kullanilan 1.8550 ve 1.8519 celikleri, nikel (Ni) esasli ve
tungsten (W) katkili veya katkisiz FeCrBSi tozlari ile kaplanmistir. Kaplanmig
numunelerin tribolojik ozellikleri bilye-disk asinma testleriyle degerlendirilmistir.
Numuneler, X-isin1 difraksiyonu (XRD), taramali elektron mikroskobu (SEM), enerji
dagiliml spektroskopi (EDS) ve optik mikroskop analizleri ile karakterize edilmistir.
Asinma  izlerinin  derinligi ve  genisligi  bir  profilometre  kullanilarak
Olctilmiistiir.Sonuglar, artan W iceriginin stirttinme katsayisini artirdigini, ancak en iyi
asinma performansinin W iceren kaplamalarla elde edildigini gdstermistir. En uygun
kombinasyon, %5 daha yiiksek stirtiinme katsayisina ragmen %47 daha diistik spesifik
asinma orani gésteren FeCrBSi-W kaplamalr 1.8550 ¢elik altlik olmusgtur.
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1. Introduction

Many engineering applications require materials with
high strength, as well as corrosion and wear resistance.
In industry, steel is widely used for most applications,
but its properties may not be sufficient for some
specialized needs. In such cases, enhancing the surface
of the material can provide significant benefits, and
various surface modification techniques are employed.
One such technique is Plasma Transferred Arc (PTA)
coating. PTA coating is a surface modification method
that uses a plasma arc to melt both the substrate and the
coating material, creating a metallurgically bonded layer
with improved surface properties. The literature
contains a variety of studies focusing on the application
of PTA coatings to enhance the wear resistance,
hardness, and corrosion resistance of different
substrates. These studies demonstrate that PTA
coatings can be customized by adjusting process
parameters, such as arc current and powder
composition, to achieve desired microstructural
characteristics and mechanical properties. For instance,
lower arc currents have been associated with refined
microstructures and improved hardness and corrosion
resistance (Appiah et al,, 2024). Incorporating different
carbides, such as WC, NbC, and TiC, into the coatings has
been shown to significantly enhance wear resistance
(Appiah et al. 2022; Chen and Lin 2024; Das and Kumar
2024). Additionally, the shape of carbide particles,
whether spherical or angular, influences the hardness
and wear resistance of the coatings (ArunKumar,
Prakash and Deenadayalan, 2023; Zhou et al., 2023). The
addition of elements like vanadium, chromium, and
nitrogen has also been reported to contribute to the
formation of hard precipitates and improved coating
performance (Guo, Zhang and Wang, 2023; Li et al,
2023). PTA coating is a versatile process that can be
optimized to produce coatings with superior surface
properties for various industrial applications (Lépez et
al,, 2023). On steel parts, coatings with base materials
such as Nickel, Cobalt, Stainless Steel, or Alloy Steels are
commonly used, often with the addition of carbides like
WC, Cr,Cs, TiC, VC, NbC, and SiC. The PTA technique,
with its capability for very high coating thicknesses,
reduced thermal stress on the material, and high energy
density, is used in various industries including glass and
ceramic molds, automotive valves, petrochemical vanes,
lamination cylinders, and plastic extrusion molds and
screws (Hirpara, Valaki, Chaudhari and Siddhpura,
2024; Kishore, Jaiswal, Prabhakaran and Arora, 2023).

2. Literature Review

Steels used in plastic molds and screws require high
hardness and wear resistance to ensure product
longevity (Berins, 2012). To achieve these properties,
surface hardening methods such as nitriding are
employed. The most commonly used steels are 1.8550
(34CrAINi7-10) and 1.8519 (31CrMoV9). The high
aluminum content in 1.8550 results in surface hardness
of 1000 HV after nitriding, but the low toughness of this
layer limits its applications. Therefore, aluminum-free
steels, such as 1.8519 or 1.7735 (14CrMoV6-9), are
preferred (Mennig and Stoeckhert, 2013).

When examining the wear mechanisms in the plastic
mold industry, galling and adhesion are identified as the
prominent issues. These mechanisms are exacerbated
by high-temperature corrosion and abrasive wear. To
prevent further degradation, coatings that offer
corrosion and abrasion resistance at elevated
temperatures (around 200°C) are required. Among the
available options, nickel-based coatings show promise
for their corrosion and high-temperature resistance,
though their abrasion resistance is somewhat limited.

In certain applications, alloying elements are added to
the coating powders to enhance the abrasion resistance
of the coatings. One advantage of using hardfacing,
rather than thin-film coatings, is that worn surfaces can
be repaired and reused. Plasma Transferred Arc (PTA)
is a technique capable of applying coatings with
substantial thickness. With the aid of numerical control,
PTA coatings can be applied repeatedly to parts with
various geometries, ensuring precise surface coverage.

PTA coating on plastic molds and screws presents an
interesting opportunity for manufacturing. Since PTA
coating can be applied selectively to areas of parts that
are more prone to wear, it can significantly extend part
life. Nickel-based (Ni-based) alloys have demonstrated
excellent corrosion resistance (Maros and Siddiqui,
2022), and the addition of carbides to the powder
increases wear resistance. Furthermore, as surface
hardness increases, contact fatigue resistance also
improves.

In this study, two different steels 1.8519 and 1.8550,
commonly used in the plastic injection industry were
coated using the PTA technique. The coating powders
employed were commercial PTA powders (Colmonoy
56 and Colmonoy 57). Although these coating powders
have been studied separately, the combination of these
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specific powders with these steels has not been
previously examined in the literature. Cross-sections of
the coated surfaces were taken and analyzed using an
optical microscope, confirming that the coating process
was successful without any significant issues. Hardness
and microstructure analyses were also conducted.

The tribological properties of the samples were
investigated using a Ball-on-Disc test, and the coefficient
of friction and specific wear rates were measured.

3. Method

3.1. Materials and welding parameters

Two commercially available PTA coating powders and
two different steel specimens were used in the PTA
process. The chemical compositions of the coating
powders and steel specimens are provided in Tables 1
and 2, respectively.

Table 1. Composition of Powders Used for PTA in wt%

Powder Bal C Cr B Si Fe W
Colmonoy Ni 09 18 19 53 54 -
56 (C56)

Colmonoy Ni 0.5 11.5 2.5 3.5 35 16
57 (C57)

Table 2. Compositions of Steels in wt%

Steel C Si Mn Ni
0.27-0.34 0.4 0.4-0.7 -
1.8519 Cr Mo \% Al
2.3-2.7 0.15-0.25 0.1-0.2 -
C Si Mn Ni

0.3-0.37 max 0.4 0.4-0.7  0.85-1.15
1.8550 Cr Mo V Al

1.5-1.8 0.15-0.25 - 0.8-1.2

The substrates dimensions were machined to 100 x 42
x 20 mm. A canal of 10 mm width and 4 mm depth were
machined to facilitate coating powders. Coating was
performed using an automated Stellite Coating Star III
(see Figure 1). The selection of welding parameters for
the PTA process was aimed at achieving thick, pore-free
coatings. The current was set to 100-105 A to ensure
uniform heating of the workpiece, promoting consistent
bonding and repeatable powder penetration. The PTA
process was conducted in two passes to enhance the
coating quality. The shielding gas flow rate was
maintained at 12 L/min, the feed gas flow rate at 3
L/min, and the powder feed rate at 100 g/min. To
further optimize the coating process, the substrates
were preheated to 350°C before the PTA process and
were allowed to cool in air after coating. The parameter
tuning process was also carried out in collaboration
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with Enformak Company to refine the process and
ensure reproducibility.

The primary objective of using PTA coating in this study
is to produce crack- and pore-free thick coatings. To
achieve this, powders with high nickel content, as nickel
is well-known for its excellent wetting capabilities and
ability to compensate for thermal differences, thus
preventing cracks. The matrix of the coating is
predominantly formed by nickel, which promotes good
wetting of the molten powder onto the substrate and
contributes to the formation of a hard surface to
enhance wear resistance. Additionally, plastic injection
molds often experience adhesive wear, where hot,
molten plastic can adhere both chemically and
mechanically to the mold surface. The selected powders,
Colmonoy 56 and 57, are known for their durability in
such conditions, making them ideal choices for
enhancing the wear and adhesive resistance of the mold
substrates, 1.8519 and 1.8550, which are commonly
used in industrial applications.

Figure 1. Stellite Coating Star 111 PTA Machine

Table 3. Sample Coating and Substrate

Steel Coating Powder Sample No
1.8519 Colmonoy 56 Al
1.8519 Colmonoy 57 A2
1.8550 Colmonoy 56 B1
1.8550 Colmonoy 57 B2

This study complies with research and publication
ethics.

3.2. Microstructure

To reveal the microstructure, coating samples were
taken and prepared for metallographic analysis. The
polished samples were etched using Murakami's
reagent (ASM International et al,, 2000) at 25°C for 60
seconds, and optical inspection was conducted with a
Nikon Eclipse L150 optical microscope. Subsequently,
samples were examined using a JEOL JSM 5600LV
Scanning Electron Microscope and analyzed with a
Panalytical Empyrian X-ray Diffractometer (XRD).

1811



ESOGU Miih. Mim. Fak. Dergisi 2025, 33(2), 1809-1818

3.3. Microhardness and Wear Properties

Microhardness values were measured using a Vickers
hardness tester with a 100 gload and a 10-second dwell
time, with measurements taken 500 um apart within the
coating area. Another set of samples was prepared for
wear tests. These samples were mounted, and their
surfaces were ground. Surface roughness was measured
before the wear tests using a Mitutoyo S] 400 surface
profilometer (see Hata! Basvuru kaynagi bulunamadi.a).
It was confirmed that the surface roughness values of all
samples were below 0.15 pm.

a)
Figure 2. Surface Roughness (a) Mitutoyo SJ 400) and

Tribometer (b)CSM Ball-on-Disk Tribometer) Devices

A CSM Ball-on-Disk tribometer (see Figure 2b) was used
for the wear tests. The samples were tested at a
peripheral speed of 2.5 cm/s for a distance of 100
meters, under a 5 N load. The wear tests were conducted
at room temperature (25°C) and 30%-35% humidity.
For each test, a SizN, ball (E = 310 GPa, Hardness = 1580
kg/mm?) with a diameter of 3 mm, certified for
sphericity and composition by Red Hill Precision, was
used as the counterpart. The SizN, ball was selected to
ensure that no wear would occur on the ball itself. A
schematic of the test setup is shown in Figure 3. SEM
and EDS were used to examine the wear tracks. The
sliding wear rates of the samples were calculated using
data from the measured wear tracks, which was
obtained with a surface roughness measurement
instrument.

Figure 3. Schematic Drawing of Wear Geometry

J ESOGU Eng. Arch. Fac. 2025, 33(2), 1809-1818

4., Results and Discussion
4.1. Hardness

Coating hardness values were measured using Future
Tech microhardness tester with 500um intervals.
Results were given in Figure 4.

800

600 I I mAl
400 W A2
200 Bl

0 B2

Mean Hardness Values

Microhardness
(HV)

Figure 4. Hardness Values of Samples

4.2. Microstructure

Optical microscopy images of the samples reveal
different phase formations in the microstructure.
Figures 5a and 5b show the differentiation between the
coating and the substrate. Upon inspection, it was found
that the microstructures vary with changes in the
coating powder, as illustrated in Figures 5a, 5c, and 5b,
5d. Closer examination of the samples reveals the
presence of dendritic structures and dark carbide
particles in the coating, as shown in Figures 5e, 5f, and

5g.

The samples were examined using scanning electron
microscopy (SEM) along with energy dispersive
spectroscopy (EDS) analysis, providing a detailed
insight into their microstructural features. Cross-
sectional images of the A1 and B1 samples reveal a
pronounced dendritic growth of yNi, as clearly shown in
Figures 6a and 6b ( Sun, Tian, Ning Tian, Yu, and Meng,
2014). This dendritic pattern is indicative of the primary
solidification process during alloy formation, suggesting
rapid cooling and directional solidification which can
affect the material’s mechanical properties.

Additionally, the SEM images reveal floret-type
chromium (Cr) microstructures, visible in Figures 6a,
6d, and 6g. These structures exhibit a characteristic
pattern that has been previously reported in the
literature (Kesavan and Kamaraj, 2010). The presence of
these floret-like formations suggests localized
segregation of Cr during solidification, which might
influence the corrosion resistance and overall
performance of the alloy.
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b) A2 50x

d) B2 50x

e) B1 100x f) A1 200x

23
g) Al EOéx

Figure 5. Microstructure of Samples

Furthermore, blocky carbide microstructures are
observed in Figures 6d, 6e, 6f, and 6g. Detailed EDS
analysis confirmed that these carbides are rich in
chromium, thereby identifying them as chromium
carbides (Hemmati, Rao, Ocelik and Hosson, 2013). The
formation of these carbides is crucial, as they are known
to contribute significantly to the hardness and wear
resistance of the material by acting as reinforcing
phases within the matrix.

] ESOGU Eng. Arch. Fac. 2025, 33(2), 1809-1818

a) A1 1000x b) A1 2000x

d) B1 1000x

e) B1 1000x

f) B1 1000x

g) B1 2000x

Figure 6. SEM Images of Samples A1 and B1

SEM images of the A2 and B2 samples reveal a complex
distribution of carbide particles throughout the
microstructure. In Figures 7a, 7d, and 7f, well-defined
angular carbide particles are observed, indicating that
these phases have formed with distinct boundaries.
Their angular morphology suggests that these particles
are likely to contribute significantly to the material's
hardness and wear resistance by providing mechanical
reinforcement within the matrix.
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f) B2 1000x

) B2 2000x h) B2 2000x

Figure 7. SEM Images of Samples A2 and B2

In contrast, Figures 7c, 7g, and 7i show deformed and
dissipated angular particles. This variation in
morphology may result from localized mechanical
stresses or partial dissolution during wear, implying
that these particles are subject to dynamic interactions
within the material. EDS analysis of these regions
revealed a higher tungsten (W) content, confirming that
these are WC particles. The observation of WC particles
at various dissolution levels is consistent with the

] ESOGU Eng. Arch. Fac. 2025, 33(2), 1809-1818

findings reported by Lu and Kwon and Oteyaka, Arslan,
and Cakir, suggesting that the processing conditions
might be influencing the stability and integrity of these
carbides (Lu and Kwon, 2002; Oteyaka, Arslan, and
Cakir, 2021).

Additionally, Figures 7b, 7e, and 7h display M6C eutectic
carbide structures. The presence of these
microstructures is highlighted by their distinct
morphology and composition, with EDS analysis
indicating higher chromium content. This suggests that
the M6C structures are likely chromium carbide
microstructures, similar to those described in the
literature (Ferreira et al., 2015). These carbides are
typically formed during the eutectic solidification
process, and their presence can have a pronounced
effect on the alloy's overall wear behavior and
mechanical performance.

4.3.XRD analysis

Figure 8 presents the XRD analysis of the A1, A2, B1, and
B2 samples after coating. The XRD patterns are very
similar across the four samples, with only minor
differences. The types of elements in the powders used
for the coatings are the same, except for the presence of
W in Colmonoy 57. The differences in element
percentages are provided in Table 1.

1-C!’B —A1
2NiB, 2 —B
3-Cr.B, 6 — A2
4-NiSi 8 — B2

Relative Intensity

T T T T T T r
35 40 45 50 56

2Theta

Figure 8. XRD Result of Samples

Examination of the XRD patterns reveals that the A2 and
B2 coatings contain peaks corresponding to the W
element, which constitutes 16% of the coating, unlike
the A1 and B1 samples. The Ni content in the powders
used for coating is 68.5% by weight in Colmonoy 56 and
62.5% by weight in Colmonoy 57. Due to the high Ni
content, the Ni peaks obscure the detection of peaks
from elements present in lower concentrations within
the coating and substrate. The overlapping of peaks
from different phases at the same diffraction angles
complicates the determination of peak intensities. XRD
diffraction identified peaks corresponding to carbide
(Cr,Cz, WC) and boride (CrB, CrsBs, NisB, NiyBs, Ni,B)
phases associated with Ni and Cr elements. These
phases align with results from similar coating studies as
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reported in the literature (Hemmati et al., 2013; Silva
and D’Oliveira, 2017; Yang et al., 2016). The presence of
these phases was confirmed by SEM and EDS analyses.

4.4. Wear Test

Figures 9, 10, and 11 show the relationship between
distance and the coefficient of friction (CoF), specific
wear rate (SWR), and the average CoF obtained from
wear tests, respectively. Upon close inspection, it was
observed that changes in substrate and coating
significantly affect both CoF and SWR. As expected, the
coefficient of friction was influenced by the coating
material, as illustrated in Figure 11. Colmonoy 57 was
found to be the best coating material in terms of friction
characteristics. The substrate type had a minimal effect
on the friction characteristics of the sample, which
aligns with expectations. For coatings where the coating
thickness exceeds the substrate's surface roughness, the
substrate has little impact on the friction coefficient
(Kato, 2000). Since the total wear track depth was less
than the coating thickness, the friction was primarily
influenced by the coating material. The high friction
coefficient observed in the A2 and B2 samples was
attributed to the W content in Colmonoy 57. XRD results
and SEM images indicated the presence of WC on the
surface. These hard particles increase the run-in time, as
shown in Figure 9. With increasing test distance, the
removal of hard particles leads to a CoF peak. The softer
Ni layer contributes to a higher CoF. In contrast, the
higher Cr content in Colmonoy 56 results in dispersed
CrB and CrC particles within the coating. These
dispersed particles lead to a shorter run-in time and a
lower CoF peak. Therefore, Colmonoy 56 exhibited
better friction characteristics.

-C:' | o Al
A A2
I B1
x B2

0.6 0.8

Coefficient of Friction
0.4

0.2

T T T T T
0 20 40 60 80 100

Distance {m)

Figure 9. Friction Coefficient Versus Distance Graph

The results of the wear characteristics indicate that the
substrate significantly affects the wear properties of the
samples. Wear is a complex phenomenon influenced by
various material and system properties. Figure 10
shows that steel 1.8550 (samples B1 and B2) exhibited
less wear, regardless of the coating applied. Among
these, sample B2, which was coated with a WC-
containing powder, demonstrated the best wear

J ESOGU Eng. Arch. Fac. 2025, 33(2), 1809-1818

performance. In contrast, sample A2, despite being
coated with the same powder, exhibited the poorest
wear behavior.

SEM images of the wear track on sample A2 (Figure 12c)
clearly reveal a distinct layering on the worn surface.
This layering likely results from the continuous
deposition of wear debris during the sliding process.
However, these layers are not stable; they exhibit
noticeable cracking, which indicates that the bond
between successive layers is weak. In Figure 12d, third-
body particles formed due to wear are visible. These
particles can act as abrasives, further contributing to the
wear process by aggravating the removal of surface
material.

The observed layering and subsequent layer removal in
sample A2 correlate well with the Coefficient of Friction
(CoF) versus Distance graph. For the initial 40 meters of
sliding, the CoF remains stable, suggesting that the
deposited layers temporarily protect the surface. After
this point, the occurrence of layer cracking and removal
exposes the substrate, resulting in an increased CoF as
the frictional conditions change due to direct contact
between the sample and the counterface.

In contrast, SEM images of the wear track for sample B2
(Figures 12e and 12f) demonstrate better layer
adhesion. This implies that the wear debris on B2 forms
a more continuous and robust tribolayer, which can
effectively reduce the friction and protect the surface
from further degradation.

Furthermore, SEM images for samples A1 and B1
(Figures 12a and 12b) show that both exhibit similar
wear track structures and specific wear rates.
Comparable morphology suggests that similar wear
mechanisms are at play in these samples. Their similar
specific wear rates—quantitative measures of material
loss—indicate that the underlying microstructures and
alloying effects lead to analogous tribological
performance.

The overall reduced wear rate observed in steel 1.8550
is attributed to its higher nickel (Ni) and aluminum (Al)
content (Takaki, Furuya and Tokunaga, 1990). These
elements improve the toughness of the alloy, which
enhances its ability to resist crack initiation and
propagation within the protective layers. Consequently,
this results in fewer instances of layer cracking and a
more durable wear surface, which contributes to the
lower wear rate.
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Figure 10. Specific Wear Rate of Samples
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e) A1 400X ") A1 400x

Figure 12. SEM Images of Wear Track Samples
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5. Conclusions

PTA hardfacing coatings are crucial for enhancing the
tribological properties of metals used in machine parts.
Examining PTA coatings on nitriding steels assists
designers in selecting high-performance coating
materials and substrate pairs. This study investigated
the friction and wear characteristics of two nitriding-
class steels with two different coating powders. The
following conclusions were reached:

e Lower friction is achieved with coating powders
containing less tungsten (W). PTA coatings with
higher hard particle content on the surface resultin
a higher coefficient of friction (CoF).

o Lower specific wear rates are dependent on the
combination of substrate and coating powder. The
best results were obtained with 1.8550 substrates
and FeCrBSi coating powder containing higher W
content.

e The optimum pair was identified as 1.8550 with
FeCrBSi-W coating. This combination exhibits a 5%
higher CoF but a 47% lower wear rate.
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