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Abstract

The paper presents the results of research aimed at verifying the possibility of creating
renovation layers using HVOF (High Velocity Oxygen Fuel) technology. HVOF ceramic
coatings represent a promising way to increase the efficiency, reliability, and sustainabil-
ity of manufacturing processes. Molds for high-pressure injection of aluminum alloys
were analyzed. The degradation mechanism of the functional surfaces of the molds was
determined. The paper analyzes two types of HVOF coatings—Cr,O3-TiO; and Al,Os-
TiO,. For both coatings, a Ni-Al interlayer was used for mechanical stability, durability,
and reliable functionality in demanding operating conditions. The interlayer is used in
thermal spraying as a so-called bond coat—a layer that mediates adhesion between the
metal substrate and the ceramic coating. EDX maps of chemical elements from the coating
surface and cross-sections were determined. The tribological properties of the coatings
were evaluated by a ball-on-disk test at 20 °C and 250 °C. SEM analysis of the surface after
the tribological test was performed. The resistance of the coatings was evaluated by COF
and friction resistance.

Keywords: injection molds; HVOF coatings; SEM and EDX analyses; tribological test

1. Introduction

The development of the modern automotive industry is currently closely linked to the
requirements for reducing vehicle weight, fuel consumption, and CO, emissions. One of
the most effective ways to meet these requirements is to replace steel structural elements
with components made of light metals, especially aluminum and its alloys. Thanks to their
favorable strength-to-weight ratio, good corrosion resistance, and suitable technological
properties, aluminum alloys have become a strategic material for the automotive sector.
The key manufacturing process that enables the efficient production of complex aluminum
parts in large series is high-pressure metal injection molding, known as High Pressure Die
Casting (HPDC). This technology is a long-established but constantly evolving method that
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combines high productivity, good dimensional accuracy, and the possibility of producing
thin-walled components [1-4].

High mold filling speed, followed by rapid cooling and solidification of the metal,
allows castings with a fine-grained microstructure and excellent surface finish to be ob-
tained. The interaction between the melt and the mold also requires great attention, as
it has a fundamental impact on the service life of the molds, the surface quality, and the
economic efficiency of the entire process [5-8]. High-pressure casting molds are extremely
stressed structural elements that must withstand repeated thermal cycling, mechanical
impact, erosion, and adhesive wear. During each cycle, there is a sudden increase in
temperature due to contact with the molten alloy, and the subsequent cooling causes high
thermal stresses. These repeated cycles lead to gradual degradation of the mold surface, the
formation of microcracks and erosion pits, and a reduction in their functionality. Given the
high procurement costs of molds and the time-consuming nature of their production, their
renewal and extension of their service life is therefore very important both economically
and ecologically [9-11].

Various surface treatment and renovation methods are used in industrial practice to
solve these problems. Traditional approaches include surface heat treatment (e.g., nitriding),
electroplating, or the application of hard coatings using physical and chemical deposition
techniques (PVD, CVD). In recent years, however, increasing emphasis has been placed on
thermal spraying technologies, which allow the application of layers with high hardness,
wear resistance, and thermal fatigue without significantly affecting the properties of the
base material. Among these methods, HVOF (High Velocity Oxygen Fuel) technology
occupies a dominant position and is currently one of the most promising methods for
renovating functional parts of molds [12-15]. The main advantage of HVOF technology
over other thermal spraying processes is the lower oxidative degradation of the material
during deposition, which leads to the formation of a homogeneous microstructure and the
achievement of high mechanical properties of the coating [16-18].

In the case of molds used in HPDC processes, HVOF technology is primarily used
for the application of hard metal, cermet, and ceramic coatings. Ceramic coatings based
on oxides such as Al,O3, TiO,, Cr,03, or ZrO; exhibit exceptional hardness, high thermal
stability, and excellent chemical resistance to molten aluminum. Thanks to these proper-
ties, oxide ceramic coatings are a suitable solution for the protection and renovation of
functional mold surfaces that are subject to intense thermal and mechanical stress. The
combination of aluminum oxide and titanium oxide (Al,O3-TiO,) is one of the most re-
searched systems because it combines the high hardness and wear resistance of Al;O3 with
the better toughness and adhesion of TiO, [19-21]. Al,O3-TiO, coatings are characterized
by a fine-grained microstructure, low porosity, and good tribological properties. Due to
their low thermal conductivity, they act as an effective thermal barrier that reduces thermal
shocks and protects the steel substrate from degradation. This leads to a reduction in the
number of defects in castings and an extension of the interval between individual mold
maintenance operations [22-24].

Despite their numerous advantages, ceramic HVOF coatings also have certain limita-
tions. Due to the different coefficients of thermal expansion between the metal substrate
and the ceramic layer, cyclic thermal stress can cause stresses that lead to microcracks
or coating spalling. Therefore, interlayers made of metallic materials (e.g., Ni, NiCr, or
CoNiCrAlY) are often used to serve as adaptive transition layers and ensure better adhesion
and stress distribution [25-30]. Ceramic coatings stabilize the temperature distribution in
the surface layers of the mold, contributing to more uniform cooling and lower temperature
gradients, which is one of the main causes of thermal cracks [28-34].
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Renovating molds using HVOF ceramic coatings also has significant environmental
and economic benefits. Extending the service life of molds means lower material consump-
tion, reduced energy requirements for the production of new molds, and less waste. From
an operational economics perspective, the application of coatings can reduce production
costs by tens of percent by reducing downtime and increasing production reliability. This
makes HVOF technology attractive not only for the automotive industry, but also for the
aerospace and energy industries, where the requirements for mold durability are similarly
high [35-38]. Despite the progress made, many questions remain that require further re-
search. Another challenge is the development of multilayer or gradient systems that would
combine different properties—for example, a tough metal base with a ceramic protective
layer and possibly a self-lubricating interlayer. Equally important is the investigation of
the long-term stability of coatings during operation, including their resistance to thermal
fatigue, corrosion, oxidation, and contact with molten aluminum [12,39-45].

The article presents the results of research in the field of evaluating the quality of
renovation layers applied to the functional surfaces of molded parts for high-pressure
casting of Al alloys using HVOF (High Velocity Oxygen Fuel) technology.

2. Materials and Methods

From the set of shaped components for high-pressure metal casting molds on cold-
chamber machines, those mold inserts with the highest expected service life were se-
lected for the filling chamber. The base material used in the experiments was chrome-
molybdenums-silicon-vanadium steel Dievar (1.2343) (Bohler-Uddeholm, Vienna, Austria)
with a hardness of 45 HRc, commonly employed for high-pressure die-casting molds.
This steel combines good thermal conductivity with high toughness and resistance to hot
cracking. Its chemical composition is presented in Table 1.

Table 1. Chemical composition of the base material Dievar (1.2343) [wt.%].

C Mn

P S Cr Ni Mo A% Cu Fe

0.362 0.421

0.002 0.009 5.09 0.074 2.31 0.64 0.072 Bal.

Material analysis was conducted on mold components that were discarded after
800,000 casting cycles of the mold cavity with aluminum alloy melt. The mold inserts,
manufactured according to the design documentation, were heat-treated to a hardness
of 48 HRc, assembled into the mold body for high-pressure casting of Al-Si-Cu-based
aluminum alloy, and operated in cold-chamber machines.

2.1. Analysis of Injection Molds After Wear

The analysis of wear on mold components focused on identifying degradation mecha-
nisms in the sharp corners of mold components. Samples for material analysis were taken
from the molded parts of the mold half. The samples were taken from the area of sharp
transitions in the corners of the molded parts. The Olympus CX71 microscope (Olympus
Corporation, Tokyo, Japan) was used with accessories for observation in polarized light
and differential interference contrast. For local chemical and elemental analysis of defects
and their surrounding areas, a Jeol JSM 7000F scanning electron microscope (JEOL Ltd.,
Tokyo, Japan) coupled with an Oxford Instruments EDX system (Oxford Instruments,
Abingdon, UK) was used. Backscattered electron imaging in composite mode (COMPO)
enabled differentiation of areas with varying elemental compositions. Hardness and micro-
hardness measurements were also conducted. Subsurface microhardness was determined
using a Leco LM 700 microhardness tester (Leco Corporation, St. Joseph, MI, USA) in
accordance with ISO 6507-1:2018 [46]. Measurements were performed in a strip located
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40-50 um below the free surface, and the average microhardness value in this region was
reported. The chemical composition of the metal samples was determined using spark
emission spectroscopy on ARL 4460 spectrometers (THERMO ARL, Waltham, MA, USA)
and by infrared (IR) absorption analysis. For microstructural examination, samples were
mounted in conductive PolyFaste dentacryl, sequentially ground using 240, 400, 600, and
800 grit papers under water, and then polished with diamond paste (1/0 grit) on a satin
cloth moistened with kerosene. After polishing, the samples were washed, rinsed with
a gasoline—alcohol mixture, and cleaned in methanol using an ultrasonic bath prior to
microscopic observation.

2.2. Coating Characterization

Surface treatments of materials play a key role in increasing their service life, resistance
to wear, corrosion, and other degrading environmental influences. Modern protective
coating technologies include HVOF (High Velocity Oxy-Fuel)—high-speed oxygen-fuel
plasma spraying, which allows the creation of dense, adhesive, and mechanically resistant
coatings with minimal porosity.

Two types of coatings were applied to the surface of Uddeholm’s Dievar material:

1. CryO03-TiO; (75-25), 25/10 um
2. ALOs3-TiO; (97-3),30/5 pm

A Ni-Al 95-5 interlayer (45/22 um) was used for both coatings, with an interlayer
thickness of 146 um. The Ni-Al 95/5 (45/22 pm) intermediate layer is a key element
in the multilayer coating system, ensuring mechanical stability, durability, and reliable
functionality in demanding operating conditions. The nickel and aluminum interlayer with
a ratio of 95/5 and a particle fraction of 45/22 pm is used in thermal spraying as a so-called
bond coat—a layer that mediates adhesion between the metal substrate and the ceramic
coating. One of the main reasons why TiO; is added to Cr,O3 coatings, especially in HVOF
technology, is that TiO, acts as a plastic phase—it helps to absorb the stress between hard
Cr, O3 particles, reduces internal stress, and the risk of microcracks, resulting in a better
cohesive coating and higher resistance to delamination. This mainly involves improving
the adhesion of the applied coating and increasing the toughness of the system. TiO,
modifies the structure, refines the microstructure by forming smaller and more uniform
particles, improves the homogeneity and distribution of pores, and creates a multiphase
coating that can be optimized for a specific application. The addition of TiO, also improves
the functional properties of the coating. TiO, can reduce the coefficient of friction in some
applications (e.g., moving parts) and improves electrical insulation properties, which are
particularly important in electrical insulators. TiO, has lower thermal conductivity than
Cr,03, which helps in applications where heat protection is required, i.e., it acts as a thermal
barrier. Its main functions include the following:

- Increased coating adhesion—Ni-Al forms a strong mechanical and partially metallur-
gical bond with both the substrate and the ceramic coating, significantly reducing the
risk of flaking of the top layers.

- Compensating for differences in thermal expansion—ceramic materials and metals
have different coefficients of thermal expansion. The interlayer acts as a damping
zone, reducing the formation of stresses and microcracks during thermal cycles.

- Improvement in surface structure—the 45/22 um fraction ensures suitable roughness
and surface development for anchoring subsequent layers, improving their stability
and uniformity.

- Protection of the substrate against corrosion—the Ni-Al intermediate layer acts as
a barrier against the penetration of corrosive media in case the ceramic layer con-
tains micropores.
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The Al,O3-TiO; coating is characterized by very high hardness (900-1200 HV) due
to its high Al,O3 content and has excellent resistance, especially to abrasive and erosive
stress. The addition of TiO; increases the toughness and reduces the brittleness of pure
aluminum oxide coatings, improves thermal conductivity, and slightly reduces porosity.
Thermal stability is very good up to temperatures around 1000 °C, as is chemical resistance,
which, however, may be affected by the amorphous phase content. The coating has a fine
lamellar structure, with porosity ranging from 3 to 5%.

The Cr,O3-TiO, coating is characterized by high hardness (700-1000 HV), excellent
resistance to chemical and electrochemical wear, excellent chemical inertness, extreme resis-
tance to acids, alkalis, and corrosion, and is suitable for aggressive chemical environments.
It has low electrical conductivity, making it suitable for use in electrical insulation. The
addition of TiO; improves adhesion and slightly increases the mechanical toughness of the
coating. The thickness of the coatings ranged from 208 to 234.4 pum.

There are fine interfaces between the phases; deformation of the crystal lattice is
possible due to the impact of high-speed particles, residual stress and adhesive forces
between the layers arise due to rapid cooling, and there are harder areas (Cr,O3) and
slightly softer but hard phases (TiO;). The coating is characterized by high density and low
porosity (<2%). Thanks to the high kinetic energy of the particles, the coating has excellent
adhesion to the substrate, and oxidation is low because the flame temperature is lower than
in plasma spraying and contact with oxygen is limited. The importance of TiO; in coatings
lies in the refinement of the microstructure, the formation of more homogeneous splashes,
the reduction in friction, and the increase in the thermal barrier of the coatings. The used
HVOF spraying parameters are in Table 2.

Table 2. High Velocity Oxy-Fuel (HVOF) spraying parameters.

Gun
Movement Kerosene Powder Feed Rate Powder Feed Gas Spray Distance
Speed, [L/h] [g/min] [L/min] [mm]
[mm/s]
800 22.7 75 oxygen; 800 380

The evaluated coatings were deposited onto pretreated substrates using HVOF tech-
nology on a PRAXAIR TAFA JP 5000 system (Praxair Surface Technologies, Indianapolis,
IN, USA) equipped with an HP /HVOF setup and an HVOF Power Feeder 1264 powder
feeding system. Coating deposition was performed using a plasma-assisted HVOF system
with an ABB 4600 IRC5 robotic arm (ABB Ltd., Zurich, Switzerland) and a CPF2 powder
feeder (Thermico GmbH & Co. KG, Dortmund, Germany).

2.3. Methodology of Phase Analysis of Coatings

X-ray diffraction (XRD) experiments were performed using a Philips X'Pert PRO
diffractometer (Philips, Almelo, The Netherlands) with a Cu anode in Bragg—Brentano
geometry. A Ni filter was employed to remove the Cu K3 component of the primary beam,
and Cu Ky radiation was eliminated from the diffraction pattern using the Rachinger
method. Patterns were recorded with a fast X’Celerator detector under the following
conditions: 26 range of 28-100°, step size of 0.033°, and a counting time of 15 s per step.
Phase identification was carried out using the PDF2 database.

2.4. Tribological Test

The tribological properties of the coatings were evaluated under adhesive wear and
dry friction conditions. A SiC sphere with a diameter of 8 6 mm was used as the coun-
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terpiece. The specific wear rates (W) were calculated in terms of volume loss (V) over
distance (L) and the applied load values (Fp) were calculated according to ISO 20808 [47].
The measurements were performed using a BRUKER UMT 3 universal tribometer (Bruker
Corporation, Billerica, MA, USA) at room temperature of 20 and 250 °C and humidity of
40% using the dry ball-on-disk method with translational movement of the sphere over the
sample surface. The used testing parameters are in Table 3. The research was focused on
the restoration of functional surfaces, while experimentally searching for possibilities for
renovating the surfaces of unheated molds for high-pressure injection molding of Al alloys.
Their working temperature is 250 °C, so the injections were tested at this temperature.
Topographical measurements of tribological profiles and specific wear rate determination
were performed using a confocal microscope PLu neox 3D Optical Profiler (SENSOFAR,
Barcelona, Spain).

Table 3. Parameters of the ball-on-disk tribological test.

Parameters Static Partner Environment
Radius: 5.00 [mm] Substrate: SiC Temperature: 20.00 [°C] and 250 [° C]
Lin. Speed: 0.10 [m/s] Cleaning: Aceton Atmosphere: air
Normal load: 10.00 [N] Dimension: 6.00 [mm)] Humidity: 40.00 [%]
Stop condition: 500.00 [m] Geometry: Ball

Effective Stop: Meters
Acquisition rate: 0.1 [Hz]

The ball movement speed was 0.1 m/s, the normal force was 10 N, the movement
frequency was 0.1 Hz over a path of 5 mm, the time was 5000 s, and the resulting path was
500 m.

3. Results
3.1. Analysis of Worn Molds

In the zones of sharp transitions in the corners of the molded parts, wedge-shaped
branched cracks with sharp ends at the root of the crack were observed in the microstructure.
Safety Lube 8715 release agent (Safety-Lube International, Inc., Indianapolis, IN, USA) was
used to treat the molded parts that were in contact with the molten aluminum alloy during
the die-casting process. In addition to the elements present in the matrix, oxygen, calcium,
magnesium, and silicon were also present in the crack fillings (Scheme 1).

Spectrum 1

Element | Weight%  Atomict
OK 24.85 52.57

Si K 313 3.78

Fe K 72.02 43.65
Totals 100.00

Spectrum 2

Element | Weight% Atomic%
OK 23.58 51.02
SiK 3.91 4.82
CrK 3.13 2.08

Fe K 65.83 40.80
Mo L 3.54 1.28

Totals 100.00

Scheme 1. Cont.
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Spectrum 3
Element | Weight% Atomic%
OK 28.44 56.58
SiK 7.1 8.06
CaK 2.31 1.84
Fe K 54.21 30.90
Mo L 7.92 2.63
Totals 100.00
Spectrum 4
Element | Weight% Atomic%
CK 20.36 48.29
OK 3.40 6.05

P B Mg K 3.45 4.04

BES. eI SiK 9.91 10.06

10.0kv  X1.600 10pm WD 11.2mm Ca K 1 53 109

CrK 4.46 2.44
Fe K 52.20 26.64
Mo L 4.70 1.40
Totals 100.00

Scheme 1. Sharp transition zones of flat molded parts. Semi-quantitative EDX microanalysis, (a) hot
tearing end-section analysis, (b) analysis of the central part of the crack.

3.2. Quality of Evaluated Coatings

The microstructure outside the crack zones was formed by heterogeneous sorbite. Fine
globular carbides based on Fe-Cr-V-Mo were isolated in the structure (Scheme 2). In the
vicinity of cracks in areas of sharp transitions between the surfaces of mold components,
the average microhardness value was 497 HV 0.5. The clamping force of the machines
used for casting aluminum alloys with a horizontal filling chamber was 600 t. The entire
structure of the mold and the mold parts were repeatedly stressed in the area of elastic
deformations during the casting process. Short open cracks occurred in the areas of sharp
transitions in the corners of the mold components, which were filled with oxides and
pressed-in material from the separating agent during repeated casting cycles. As a result
of elastic deformations during repeated casting cycles, the filling of the open cracks acts
as a wedge that is gradually pressed into the material. Figure 1 shows the distribution
of individual elements in the analyzed coating in the form of an EDX map. Each map
represents the distribution of a specific element in a given field of view (~100 um).

Spectrum 1
Element Weight% Atomic%
CK 11.33 41.02
SiK 0.68 1.05
VK 1.99 1.69
CrK 5.94 4.97
Fe K 46.06 35.86
Mo L 34.00 15.41
Totals 100.00
Spectrum 2
Element Weight% Atomic%
CK 9.67 33.46
CrK 5.74 4.59
Fe K 81.43 60.59
Mo L 3.16 1.37
Totals 100.00

UMV SAV SEl 100KV X9500  Tum WD 112mm

Scheme 2. Microstructure of molded parts. Semi-quantitative EDX microanalysis.
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O Kal C Kal_2 Si Kal

| prrrea—|
100pum 100pum

100pm

Figure 1. EDX (energy-dispersive X-ray) map of chemical elements from the surface of the Cr,O3-
TiO, coating.

Cr K« (turquoise map): Chromium is predominantly and evenly distributed across
the entire surface of the coating. It is the main component of the Cr,O3 phase, confirming
the presence of this ceramic in the composite.

Ti Kl (green map): Titanium is also evenly distributed, but in smaller quantities than
chromium. It confirms the presence of the TiO, phase, and its distribution is homogeneous,
indicating good mixing of titanium dioxide in the matrix.

O Kal (red map): The strong and evenly distributed presence of oxygen indicates the
oxidic nature of both main phases (Cr,O3 and TiO;). Oxygen correlates with areas rich in
Cr and Ti.

C Kal_2 (purple map): Carbon occurs in smaller quantities, scattered across the entire
surface. It may originate from surface contamination (e.g., carbon tape or spray residue).

Si Kl (yellow map): The presence of silicon is relatively low but uniform. It may
be an impurity from the substrate, powder material, or contamination from the prepara-
tion process.

Figure 2 shows a cross-section of the clearly distinguishable three-layer architecture of
the coating system. The coating consists of a top layer (Spectrum 17). This corresponds
to a functional coating of Cr,O3-TiO,. It is fine-grained and slightly porous. The dark
areas represent pores or inclusions. The Cr and Ti ratios correspond approximately to
the declared ratio of CryO3:TiO, = 75:25 (by weight). The presence of O confirms that
this is an oxide coating. Trace amounts of Ni and Si indicate minor diffusion overlaps
or contamination during the spraying/plasma process. The results of EDX spectrum No.
17 confirm the composition of the functional layer and show that the deposition process
was carried out with minimal contamination. The intermediate layer (Spectrum 18) was
applied as a bond coat (a layer that increases adhesion and transition between the ceramic
coating and the metal substrate). An interlayer was applied to improve the adhesion of the
functional layer to the substrate and to compensate for differences in thermal expansion.
The composition of 95% nickel and 5% aluminum ensures good mechanical properties
and oxidation resistance. The average particle size in this layer is 45 um, with a minimum
particle size of 22 um. The bottom layer (Spectrum 19) represents the substrate material on
which the entire coating was applied.
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315 0.2

197 01

Si 0.3 0.0
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[ | Spectrum 18

Wt% o
925 01
5.0 0.1
2 0.1

|
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Figure 2. EDX elemental analysis on a cross-section of Cr,O3-TiO; coating, Ni-Al interlayer.

Figure 3 shows EDX maps of chemical elements obtained from the surface of the Al,O3-
TiO, coating. The upper image shows the morphology of the coating surface observed
using an electron microscope. An uneven, porous surface with small depressions and
graininess typical of thermally sprayed ceramic coatings can be seen. The distribution
maps of individual elements confirm that the base matrix of the coating is aluminum oxide.
The element aluminum (Al Kx1) is evenly distributed across the entire surface, indicating
a homogeneous chemical composition of the surface. Oxygen (O K«1) is also present in
high concentrations, which corresponds to the oxidic nature of the material and its bond
with Al and Ti. Titanium (Ti Kx1) occurs in lower concentrations, in line with the nominal
composition of the coating (3 wt.% TiO;). The maps reveal its slight local enrichment
in some areas, which may be related to the presence of small TiO, particles (probably
in the form of rutile or anatase) dispersed in the Al,O3 matrix. Carbon (C Kal) shows
only a weak signal, which can be attributed to residual surface contamination or the use
of carbon adhesive tape during sample preparation. The elements silicon (S5i Kx1) and
calcium (Ca Kal) were detected in trace amounts, indicating possible contamination from
the environment or from the original powder material. Based on EDX analysis, it can be
concluded that the Al,O3-TiO; coating exhibits a homogeneous distribution of the main
components (Al and O) with uniform incorporation of a small amount of TiO,, without
significant segregation or formation of separate phases. This distribution promotes good
chemical homogeneity and stability of the coating.

Figure 4 shows EDX elemental analysis on a cross-section of Al,O3-TiO, coating with
Ni-Al interlayer. The top (darker) layer corresponds to a ceramic coating of Al,O3-TiO,
with a thickness of 30-35 um. The middle layer represents a Ni—Al interlayer approxi-
mately 45 um thick. The bottom area is the base material of the substrate. The top layer
(Spectrum 13) contains the dominant elements Al, O, and a smaller amount of Ti. The
spectrum confirms the presence of aluminum oxide with a smaller proportion of titanium
oxide. The composition corresponds to the declared Al,O3-TiO; ratio (97-3). The interlayer
(Spectrum 14) contains the elements Al, O, and Ni. They indicate partial mixing or diffusion
of elements from the interlayer into the ceramic coating. This phenomenon may contribute
to better adhesion of the coating to the substrate. The bottom layer (Spectrum 25) contains
Ni and Al elements and, to a lesser extent, O. The spectrum confirms the metallic nature of
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the interlayer, which serves as an adhesive layer between the steel substrate and the ceramic
coating. The presence of oxygen indicates partial oxidation during the HVOF process,
which is common for this method. The coating has a layered structure without significant
pores or cracks, indicating the high quality of the HVOF spray. The Al,O3-TiO, ceramic
layer provides high hardness and wear resistance, while the Ni-Al interlayer ensures good
adhesion to the metal substrate. The diffuse interface between the layers indicates good
metallurgical contact and minimization of delamination under thermal stress.

Al Kal O Kal

Ti Kal C Kal_2

Si Kal

[T ae—|
100pum

Figure 3. EDX (energy-dispersive X-ray) map of chemical elements from the surface of the Al,O3-

100pm

TiO; coating.

[ | Spectrum 13
Spectrum 13 Wt% o
523 0.2
459 0.2
1.6 0.1
Ca 0.2 0.0
. Spectrum 14
Wt% o
80.7 0.2
5.8 0.1
3.5 0.1
- Spectrum 15
Wt% o
91.0 0.2
5.7 0.1
vV 0.6 01
- Si 0.2 0.0

250pm ! |

Figure 4. EDX elemental analysis on a cross-section of Al;O3-TiO, coating, Ni-Al interlayer.

3.3. Results of Tribological Testing

SEM analysis of the surface after the ball-on-disk tribological test (Figure 5) shows
significant wear in the form of grooves and the presence of loose particles. Figure 5a shows
the coating after the test at 20 °C and EDX analysis. Figure 5b shows the coating after
the test at 250 °C and EDX analysis. EDS analysis in the Spectrum 1 and 2 area revealed
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a dominant presence of Cr, Ti, and O elements, which corresponds to the composition
of the HVOF coating Cry;O3-TiO,. The results indicate that the surface was subjected to
mechanical stress without significant transfer of foreign material from the opposite ball.
Spectrum 1 confirms that the material of the original coating is still present on the surface.
Scratches are visible in the direction of ball movement, which is typical for friction and wear.
Small particles and loose material can be observed on the surface, as well as a deformed
surface with signs of adhesive and abrasive wear. Both spectra confirm the presence of
elements in the composite coating.
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Figure 5. SEM analysis of the surface after ball-on-disk tribological testing for Cr,O3-TiO, coating
(@) 20 °C; (b) 250 °C.

Figure 6a,b shows an SEM image of the surface of the Al;O3-TiO; ceramic coating after
a ball-on-disk test. Traces of contact with the counterpiece, possible local particle removal,
and changes in surface morphology are visible. Different areas of the structure are visible—
smoother (worn) and rougher (original coating). EDS analysis in the Spectrum 1 area
revealed a dominant presence of Al and O elements, which corresponds to the composition
of the HVOF coating. The presence of Ti was not detected as its representation in the coating
is minimal. In both coatings, the test body did not penetrate into the interlayer area or the
base material, which confirms the high quality of the evaluated coatings. Figures 7 and 8
show the friction coefficient curves. The COF value is plotted on the Y-axis, while the
sliding distance, in meters, is plotted on the X-axis.

Figure 7a shows friction coefficients curve for Al,O3-TiO; coating at 20 °C—the initial
value of p ranges from 0.22 to 0.25, which corresponds to the typical range for ceramic
oxide coatings in a dry environment. After a brief initial increase, the coefficient value
decreases (tribological “running-in” of the surface) and then stabilizes at approximately 0.23.
The curve has minor fluctuations, indicating stable friction and good adhesion between
the coating surface and the sliding material. The dominant friction mechanisms at this
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temperature are abrasive and adhesive processes between Al,O3 microparticles, without
significant thermochemical changes.

Figure 7b shows friction coefficients curve for Al;O3-TiO, coating at 250 °C—the
initial p is higher (around 0.88-0.90) and, after a brief drop (to ~0.70), there is a gradual
increase until it stabilizes at around 0.90. The curve shows more pronounced fluctuations,
which indicates thermal activation of tribochemical processes. At elevated temperatures,
the surface layer softens, oxidation films form, and adhesion between the coating and the
sliding body may increase. These effects increase the overall resistance to movement and,
thus, the resulting coefficient of friction.

Spectrum 1
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Figure 6. SEM analysis of the surface of Al;O3-TiO, coating after tribological testing using the
ball-on-disc method at (a) 20 °C and (b) 250 °C.
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Figure 7. Friction coefficients curve for Al,O3-TiO; coating at (a) 20 °C and (b) 250 °C.
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Figure 8. Friction coefficients curve for Cr,O3 —TiO; coating at (a) 20 °C and (b) 250 °C.

Figure 8a shows friction coefficients curve for CrpO3-TiO; coating at 20 °C—the initial
friction coefficient value is approximately 0.52. At the beginning, a short increase can be
seen, followed by a decrease to a value of around 0.45. The value then stabilizes slightly
and gradually rises again to approximately 0.49-0.50 at the end of the measurement (at a
track length of around 500 m). The curve indicates that friction stabilizes after an initial
“running-in” period.

Figure 8b shows friction coefficients curve for Cr,O3-TiO, coating at 250 °C—the
initial friction coefficient value is higher, around 0.75. At the beginning, there is a short
increase above 0.78, followed by a slight decrease in friction, which stabilizes in the range of
0.72-0.75. Overall, the curve fluctuates slightly, but the values remain higher than at 20 °C.

Specific wear rates (W) were calculated in terms of the volume loss (V) per distance
(L) and applied load (Fp) according to the standard ISO 20808:

W= T ZFP [mmB’/(mN)} (1)

The coefficient of friction (COF) of the Al,O3-TiO, coating showed a significant in-
crease from 0.279 to 0.831 with increasing temperature, see Table 4. This indicates reduced
tribological stability of the Al,O3-TiO, coating at higher temperatures. The COF of the
Cry03-TiO; coating increased from 0.539 to 0.755, which is a more moderate increase than
that of Al,O3-TiO,. The Cr,O3 coating has a higher COF at room temperature than Al,O3,
but better temperature stability. An increase in the wear rate of the Al;O3-TiO2 coating from
7.2 x 107 mm3/m-N to 143.2 x 107® mm?®/m-N (~20-fold deterioration) was observed.
Severe degradation at 250 °C may be due to embrittlement or degradation of the oxide layer.
For the Cry,O3-TiO; coating, the wear rate increased from 6.9 to 35.8 x 107® mm3/m-N
(~5-fold deterioration). The Cr,O3 coating retains a significantly lower wear rate compared
to Al,Oj3 at higher temperatures.

Table 4. Coefficient of Friction and Wear Rate of the Investigated Materials.

Experimental Applied Load Distance COF (SiC Ball) Wear Rate x 10~

Materials [N] [m] [-] [mm3/m-N]
Al,O3-TiO, 20 °C 10 500 0.279 4+ 0.028 7.2
Al,O3-TiO, 250 °C 10 500 0.831 £ 0.056 143.2
Cr,03-TiO, 20 °C 10 500 0.539 + 0.027 6.9

CrpyO3-TiO, 250 °C 10 500 0.755 £ 0.029 35.8
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Ball-on-disk tribological tests performed on HVOF coatings of Al,O3 and Cr;O3 at
temperatures of 20 °C and 250 °C revealed a significant influence of temperature on the
coefficient of friction (COF) and wear rate. The Al;O3 coating exhibited low wear and
COF at room temperature, but, at 250 °C, there was a dramatic deterioration in tribological
properties—COF increased more than threefold and wear increased up to twentyfold. In
contrast, the CrpO3 coating had a higher COF already at 20 °C, but at elevated temperatures
it maintained significantly better tribological properties than Al,O3, indicating its better
thermal stability and suitability for applications at elevated temperatures. Figures 9-12
show optical 3D analyses of the surfaces of the evaluated coatings. The horizontal axis (X)
represents the length of the scanned path (846.6 um), which is the width of the area through
which the profile passes. The vertical axis (Y) represents the height deviations in the surface
(um)—i.e., the topography of the surface before and after wear. The red area represents
the material that has been worn away—i.e., the worn groove. The blue curve shows the
surface profile before and after wear—clearly showing the difference between the worn
and unworn areas.
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Figure 9. Visualization of confocal images of wear traces for the coating Al,O3-TiO; at 20 °C.
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Figure 10. Visualization of confocal images of wear traces for the coating Al,O3-TiO; at 250 °C.
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Figure 11. Visualization of confocal images of wear traces for the coating Cr,O3-TiO, at 20 °C.
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Figure 12. Visualization of confocal images of wear traces for the coating Cr,O3-TiO, at 250 °C.

Figure 9 shows the results of a topographic analysis of the surface of an Al;O3-TiO,
ceramic coating after a tribological test at 20 °C. The left side shows a 3D map of the surface
obtained using optical confocal microscopy. The color scale (ranging from approximately
-2.5 um to +2.5 um) represents surface height differences—yellow and red areas correspond
to protrusions, while blue and green areas represent depressions. The surface exhibits
significant micro-roughness, which is typical for thermally sprayed coatings, and indicates
uneven wear after contact during the tribotest. The right-hand side shows a 2D profile of
the surface cut with the worn area highlighted (red). The profile shows the course of height
changes along the measurement path with a maximum depression depth of approximately
19.55 um and a maximum protrusion height of approximately 11.42 um. The graph clearly
shows that there is material loss due to wear in the central part of the profile. Overall,
the analysis confirms that the Al;O3-TiO; coating after the tribotest at room temperature
shows local plastic deformations and material losses typical of mechanical wear processes
in contact with an opposing body. The surface of the Al,O3-TiO; coating is significantly
more fragmented after the tribological test at a temperature of 250 °C, and a wider trace
can be observed (Figure 10). Based on profilometric analysis of the worn trace after the
tribological test, a maximum material loss of 6.72 um was recorded in the middle part of
the trace (between 250 and 600 um). The wear area was 1146.03 um?, indicating a more
significant material loss in this part. Outside the main worn area, the surface was relatively
uniform, with maximum deviations of up to 199.5 nm. These results indicate localized
adhesive or abrasive wear with a slight profile drop in the surface.

The tribological test of the CrpO3-TiO, coating was performed at 20 °C, Figure 11. The
trace consists of several shallow grooves—mainly microabrasion (scoring). The surface
remains relatively smooth, with fine peaks and no massive plastic flow. The low depth
and small area of the trace are due to the high hardness and good resistance of the Cr,Os
coating. At 250 °C, the trace is characterized by deep erosion with plastic deformation
and material deposits on the sides, Figure 12. Higher temperatures cause a reduction in
the hardness of the coating and pin, leading to increased adhesive and oxidative wear.
The larger footprint area and height of the edges indicate local melting or softening of the
coating, or the formation of oxide layers with reduced adhesion. At 250 °C, the tribological
footprint is significantly deeper, wider, and more extensive than at 20 °C.

Figure 11 shows the three-dimensional topography and cross-sectional profile of the
CrpO3-TiO; coating after testing at 20 °C. The wear scar is shallow and well defined, with a
maximum depth of about 19.95 pm and a relatively narrow affected zone. The edges of the
track are smooth and no large-scale delamination or spallation is observed, which indicates
predominantly mild abrasive wear with only limited cracking or pull-out of individual
splats. Outside the wear track, the original coating roughness is largely preserved. The
right-hand side shows a 2D profile of the surface cut with the worn area highlighted
(red). The profile shows the course of height changes along the measurement path, with
a maximum depression depth of approximately 19.95 pym and a maximum protrusion
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height of approximately 12.90 um. The graph clearly shows that there is material loss due
to wear in the central part of the profile. Overall, the analysis confirms that the Cr,Os-
TiO, coating after the tribotest at room temperature shows local plastic deformations and
material losses typical of mechanical wear processes in contact with an opposing body. The
surface of the CryO3-TiO, coating is significantly more fragmented after the tribological
test, at a temperature of 250 °C, and a wider trace can be observed (Figure 12). Based on
profilometric analysis of the worn trace after the tribological test, a maximum material loss
of 5.13 pym was recorded in the middle part of the trace (between 215 and 638 um). The
wear area was 1095.02 um?, indicating a more significant material loss in this part. The
surface within the wear track remains relatively smooth, with maximum height deviations
of up to approximately 0.86 um. These results indicate localized adhesive or abrasive wear
with a slight profile drop in the surface. The increased temperature leads to a transition
from a predominantly abrasive to an adhesive—oxidative wear mechanism, which reduces
the resistance of the HVOF Cr,O3 coating. It causes a decrease in the microhardness of
CrpOs3 (thermal softening of the binding matrix), an increase in friction between the pin and
the coating (oxidation, material transfer), a deterioration in the bonding forces between the
oxide particles and the substrate, and the possible formation of adhesive bridges, which
causes greater material loss.

4. Conclusions

The paper presents the results of research aimed at verifying the possibility of creating
renovation layers using HVOF coatings. Molds for high-pressure injection of Al alloys
were analyzed after the end of their service life. Two types of coatings applied using HVOF
technology were evaluated in the paper. Based on the tests carried out and analysis of the
results, the following conclusions were made:

The analysis of wear on mold components focused on identifying degradation mecha-
nisms in the sharp corners of mold components. Short open cracks formed in the sharp
transition zones at the corners of the mold components, which were filled with oxides and
pressed-in material from the separating agent during repeated casting cycles. As a result
of elastic deformations during repeated casting cycles, the filling of open cracks acts as a
wedge that is gradually pressed into the material. The choice of renovation technologies is
primarily limited by the elimination of this degradation mechanism.

The intermediate layer was applied to improve the adhesion of the functional layer
to the substrate and to compensate for the differences in thermal expansion. Distribution
maps of the individual elements of both coatings confirm the homogeneous chemical
composition of the coating surface. The distribution of elements promotes good chemical
homogeneity and stability of the coatings. The Ni-Al interlayer ensured good adhesion to
the metal substrate. Similar multilayer systems with an HVOEF-sprayed Al,O3-TiO, top
coat and a NiAl bond coat on Al-Si casting alloys have been shown to form low-porosity,
well-adhering coatings with improved resistance to erosive wear compared with uncoated
substrates [28]. The combination of these two oxides achieves synergy between hardness
and toughness. Delamination under thermal stress can be expected to be minimized.

The ball-on-disk tribological test confirmed the high quality of the evaluated coatings.
After the test, scratches were visible in the direction of the ball’s movement, but there was
no penetration of the counterpiece into the interlayer or base material. Loose material
was observed on the surface, as well as a deformed surface with signs of adhesive and
abrasive wear. At room temperature (20 °C), both coatings show low wear, with a lower
value for the Al,O3 coating. At elevated temperatures (250 °C), the Al,O3 coating is
significantly more affected, with an increase in friction and wear observed, making the
coating less suitable for high-temperature applications. The Cr,O3 coating is more stable
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and has better temperature resistance. At 20 °C, the Al,O3-TiO, coating exhibits a lower
COF (~0.28) than the base material (0.5), whereas the CrpO3-TiO, coating shows a slightly
higher COF (~0.54). Overall, the coatings provide either a lower coefficient of friction
(AlpO3-TiO,) or a markedly lower wear rate at comparable COF (CrpO3-TiO,) relative to
the base material. This advantage of chromia-based coatings is consistent with published
tribological studies, where thermally sprayed Cr,O3; and Cr,O3-based composite coatings
exhibited substantially lower specific wear rates than steel counter-bodies under dry sliding,
while maintaining moderate friction coefficients [48].

In the context of the automotive industry, it can be said that the combination of high-
pressure aluminum alloy injection technology and innovative mold surface treatments, such
as HVOF ceramic coatings, represents a promising way to increase the efficiency, reliability,
and sustainability of manufacturing processes. Previous work on thermal-sprayed coatings
for aluminum injection mold tooling in the automotive sector has similarly shown that
HVOF-deposited hard coatings can provide smooth, dense, and well-bonded surfaces
without degrading the fatigue life of aluminum substrates, thereby extending tool life and
enabling shorter cycle times [49].
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