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Abstract

Our paper deals with the possibility of replacing galvanic chrome coatings with thermal spraying,

specifically with the high-velocity oxy-fuel coating spraying (HVOF) method. The article provides an

analysis of alternatives compensation, mutual comparison of thermal spraying methods, and the choice

of the most appropriate method for replacing galvanic chrome plating. Increased pressure on health and

the environment necessitates the replacement of conventional galvanic plating process solution with

hexavalent chromium Cr®" by using environmentally friendly technology.
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Introduction

Excellent resistance to wear and corrosion
predetermine galvanically deposited chromium coatings
for utilizatio in the automotive and aerospace industries
[1-4]. The disadvantage of this technology is creation of
thickness that is not uniform (Table 1). Their positive
features include particularly high adhesion to the steel
surface, and a hardness of 8 GPa at room temperature
and above 4 GPa after ignition at temperatures of up to
600°C. Technology of Hard Chrome is typically used
to protect the surface against abrasive wear and to the

*e-mail: miriam.pekarcikova@tuke.sk

recovery of worn surfaces, original dimensions, and
shape. These conventional electroplated chrome layers
formed from an electrolyte with hexavalent chromium
have been used for 120 years. However, over the last
decade there has been increased pressure on health and
the environment. One of the acceptable solutions was
proposed replacement of the conventional process of
galvanic plating solution to hexavalent chromium Cr®" for
environmental technologies. One of the most acceptable
ecological options is electro-plating using a trivalent
chromium electrolyte, thermal spraying, chemical vapour
deposition (CVD), or physical vapour deposition (PVD).
We examined coatings composed of several elements
deposited alloy multiple combinations of elements such
as Cr-C, Ni-Mo [6-7], Ni-Co [2, 5, 8-9] and Ni-Mo-Co
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Table 1. Maximum thickness of galvanic Cr coating [15].

Distance from tube end, mm

Flow speed m/s
0 100 | 200 | 300 | 400 | 495
0 25 25 18 | 222 | 303 6
1.2 245| 25 | 305 285 | 355 | 11.8
1.6 263|333 | 35 | 364 | 36 10.8
2.0 2641 29.1 |303| 35 | 443 14

[10] as a substitute for conventional nanocrystal line
chromium coatings. This article aims to present possible
solutions to refund Cr-electroplated coating and assess the
effectiveness of alternative compensation. The literature
has already mentioned disclosed methods, especially:

a) Replacing Cr with another element with preservation
of the original technology.

b) Thermal spraying.

¢) Coating through explosion.

d) Vacuum physical and chemical methods (PVD, CVD)
or their combination by ion implantation.

Alternative methods of replacement of Cr galvanic

coatings:

a) Electrolytic coating of other elements: hexavalent
chromium can be replaced by cobalt [11] and chemical
reaction as shown in Fig. 2a). In galvanic coating
the coat is generated by electrochemical reaction
using electricity on the inner surface of the head
cannon. The process takes place in a special bath (the
electrolyte) captured by a direct fluxion. A coated
tube is connected to the negative terminal. The anode
is made up of metal, which excludes the object metal
coating and is connected to the positive pole of the
source. Plating parameters (current density, voltage,
current) are the subject of know-how technology of
the Rowan Company [12], which deals with creating
that type of coat.
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Fig. 1. Electrolytic formation of Cr coating on the inner surface
of the roller [15].

b) Thermal spraying: Fig. 2b describes thermal spraying
technology — high-speed thermal spraying and
spraying high-velocity oxygen fuel (HVOF) — for
coating the inner surface of a tube [13]. The limiting
factor is the minimal diameter. By contrast to other
technologies of coating, dip injection is not based
on the overlap of atoms, but hole melted (or partially
fused) particles of the coating material strike upon
the surface. Particles of the coating material adhere
only to the surface of bodies lying in the path of
flying fused particles. The technology of thermal
spraying (Fig. 2b) allows for creating a coating of
ceramics, metals, and their alloys, in which there is no
disintegration of the melting point, almost on all types
of substrate materials. This is made by mechanical
anchoring of the coating to the roughened surface of
the substrate.

Technological process assures the temperature of
coated parts below the temperature of the structural
phase-transformation (about 80-120°C). It also prevents
unwanted distortion of components. The type of used
energy can be divided into methods of thermal spraying
as shown in Fig. 4. For each type of energy, it is possible
to distinguish certain characteristic values and features
which these types of energy significantly differ. These are
mainly the following parameters:

— Achieved maximum energy density per unit area.

— Maximum temperature values obtained with various
energy sources.

Thermal spraying methods are divided into two groups:

e Methods using the heat energy of burning a mixture
of fuel and oxygen:

— Thermal spraying flame.

— Detonation spraying (D-gun).

— High-speed spraying (HVOF).

e Methods using thermal energy of power source:

— Plasma spraying (plasma spraying in air, vacuum
plasma spraying, radiofrequency plasma spraying).

— Electric arc spraying.

The analysis of various methods of thermal spraying
and physical parameters show the differences, advantages,
and disadvantages of each technology of thermal
spraying. Knowledge of these issues can compare these
technologies (Fig. 4, Table 2) and select the appropriate
method of thermal spraying as replacement galvanic
chrome. An overview of parameters of individual methods
of thermal spraying, some properties of the coating
produced by these methods, and their most common use
are shown in Table 2. Hard chrome plating is used for a
very wide range of applications, from which results too
many choices replace hard chrome plating. This includes
plating with alternative alloys, for example CVD and
PVD (sputtering, vapour plating, ion nitriding). The
greatest potential compensation for hard chrome plating,
however, is found in thermal sprayed coatings. Thermal
spraying technologies are based on the principle where
the material is applied as a powder (or wire) supplied to
the heat source (plasma, flame, el. arc) where the particles
are melted down and accelerated toward the coating part.
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Fig. 2. a) Galvanic coating of hollow part [11], b) Galvanic coating of tube [13] with diagram of creation process of thermal spraying,

and c¢) Technology of coating by explosion [11].

Excessive particle dissipation, anchoring, and accelerated
curing occur in the event of an impact. This creates a
coating with a characteristic lamella structure.

c) Coating by explosion: another technology of coating
the internal surface is coating by explosion (Fig. 2c),
which is investigated as an alternative to galvanic
chrome plating and thus hexavalent chromium [11].
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Kinetic energy of the explosive blast is used to move
coating material to the functional surface, which
also ensures satisfactory adhesion of the deposited
coating.

Vacuum methods: literature [14] assessed anisotropy
CrN coatings by magnetic sputtering, which is also
known as cylindrical magnetron sputtering (Fig. 3a),
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Fig. 3. a) Galvanic coating of hollow part [14], b) PECVD method, plasma-directed by microwaves [14], and c) Friction coefficient

according to distance [14].
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Fig. 4. Comparison of thermal spraying processes in terms of
temperature and speed of the impacting particles [24].

described by K. Legg in his work about replacing a
hard Cr and Cd and choosing the best options [12].
Sputtering technological parameters were: current
of 0.8 A, voltage 350 V, bias 1100V, pressure in the
vacuum chamber of 0.3 Pa, working gas was pure Ar,
and the reaction gas was N,. As a target we used clean
Cr. Kousaka H. et al. [12] used for deposition of the
diamond like carbon (DLC) coating method plasma
enhanced chemical vapour deposition (PECVD), and
for directing plasma used we microwaves (Fig. 3b).
A steel tube had a diameter of 4.4 mm and a length
of 200 mm. The friction coefficient was evaluated by
pin-on-disk test according to the distance from the
entrance to the tube (Fig. 3c). Test parameters were:
loading forces of 19.6 N, the speed of the counterpart
cast-iron balls 26.4 mm/s, 4.2 mm diameter beads,
and Hertz contact pressure of 22 MPa. The hardness

of the coating was evaluated at intervals of 5 GPa to
12 GPa.

Materials and Methods

Methods used to replace the production of coatings
and their materials were selected according to the
properties of produced coatings (hardness, adhesion,
wear resistance, friction coefficient). Listed coatings are
always used in connection with temperature, operating
pressure, load force, lubricant use, and others.

These spare technologies include: thermal spraying,
PVD and CVD technologies, and ion implantation.
Using these technologies, the thickness of the layers may
range from several nanometers to 1-5 mm. The choice
of technology and layer thickness is influenced by the
aforementioned operating parameters. For example, the
telescopic parts of aircraft landing gear are degraded
differently in the case of aircraft operating at sea
(aggressively corrosive environment, the presence of salt
in the air), if the aircraft is in a desert region (degrading
mechanism abrasive and erosive due to the presence of
small silica particles in the air, also a high temperature
range of 0-60°C). In the case of flights in Central Europe,
temperatures and airborne particles are acceptable, but
polar circle flying at low temperatures (-70-0°C) also
includes the presence of salt.

The elimination of chromium from an electrolyte
consisting of chromic acid and the companion catalysing
acid (sulfuric, hydrofluoric, fluorosilicic) extends through
gradual reduction of chromium CrO;, through substances
of chromium with lower valences to metallic chromium,
and eventually chromium is eliminated from the chromic

Table 2. Results of comparison of methods of thermal spraying [2-5, 24-26].

Injection Fon.n. of Source Sp eéd of Adhes.lon Typical Properties of the Suitable
technolo additive temperature | particles | (adhesion) sprayed coatin anplications
24 material (%) (m/s) (MPa) materials & PP
classical
. F.larr}e Powder/wire | 2.700-3200 50-100 metals, a.lloys, hi ghe.r porosity and metalhzaﬂqn,
injection plastic oxide content less demanding
applications
. high hardness, low
D.et.onatnon Powder 4,000-6,000 1,000 and metals, alloys, porosity and oxide wear protection
njection more cermet
content
metals, alloys high density, rotection against
Hvof Powder | 2,800-5,200 | 200-1,200 |  60-90 » 87O¥S | excellent adhesion, | P &
cermet . wear, corrosion
compressive stress
.P‘lasn_la Powder 12,000- 100-800 /68 ceramics porous in thf: case Themal barrier,
injection 20,000 of ceramics isolators
: . wear resistant
Blectric arc Wire | 40008000 | 50-300 | 10-40 | metals. alloys. | greater thickness, coatings,
injection cermet high density :
renovations
Cold gas soft metals reater thickness, |corrosion protection
—oee Powder less than 900 | 500-1,500 - and their & . ’ P .
injection alloys low oxide content | conductive coatings
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acid directly, without intermediate reduction stages. The
authors have dealt with research of Cr electroplating
coating for several decades [2-5].

Several studies in literature [15] deal with properties
of Cr coatings deposited electrolytically. They have coated
the internal surface of a diameter of 7.62 mm (copper)
and 5.56 mm (steel) and a length of 150 mm (copper)
and 495 mm (steel) (Fig. 1). Coating processes used
anode, which passed the axis of the tube. Technological
parameter depositions of Cr coating are: current density
26 A/dm?, temperature of the electrolyte was 50°C, and
flow rates of the electrolyte were 1.2 1/min., 1.6 1/min.,
and 2.0 1/min. The main ingredients of the electrolyte
are: phosphoric acid (48 wt %), sulfuric acid (48 wt %),
and H,O (2 wt %). The thickness of Cr coating was in
the range 6-44.3 microns, with a value decreasing
according to the flow rate of electrolytes, and the distance
of the inlet to the tube. The hardness of the coating was
840 HV to 920 HV depending on electrolyte flow
rate and the speed of rotation of the coated tube
(Fig. 2¢). In evaluating the thickness, current density and
diameter of the anode were constant, changing the flow
of the electrolyte. It is possible to obtain high hardness,
coefficient of friction (COF), and acceptable corrosion
resistance at an elevated temperature [11, 15].

Results and Discussion

For selection of a suitable coating material and method
of its deposition in order to replace Cr-galvanized coating,
itis necessary to compare selected properties of Cr coating
and alternative coatings. First of all, it is necessary to
compare the features of Cr coatings deposited galvanically
and then the same characteristics of the proposed
compensation. The most important properties of coating
include: hardness, thickness, coefficient of friction, and
abrasion. Table 3 summarizes selected features and values
of Cr-galvanized coating. Table 3 shows that the highest
hardness was obtained by Martinkovi¢ et al. [16], where
hardness reached the value of 11.4 GPa. This value is up
to 40% higher. The value of COF = 0.13 of these authors
is markedly lower than Martinkovic et al. [16]. The value
is COF = 0.71. On the other hand, COF takes the values
of 0.70. The thickness of coating was 90 um. Presented
values of measured properties have been achieved

Table 3. Published values of selected properties of Cr galvanized
coating.

Table 4. Selected deposition parameters of Cr coatings in
selected literature.

Reference 1 24 | 23 8

CrO, (g/l) 250 | 250 | 250 | 50
H,SO, (g/l) 25 | 25 |25 ] 20
Current density (A/dm?) 40 60 85 | 135
Deposition temperature (°C) 55 55 85 60

in altered amounts of individual components of the
electrolyte. Other mentioned authors especially evaluated
hardness, whose measured value was in the range of 8.4
GPa to 10.3 GPa. An overview of the most important
parameters of deposition electrolyte Cr coating is shown
in Table 4, which shows that the high value of hardness
was measured on Cr coating, which has been deposited
with significantly altered technological parameters.
Especially the amount of electrolyte components as CrO,
and H,SO, were significantly lower versus the compared
authors. On the other hand, the thicknesses of the
thermal spraying and HVOF WC-Co coatings are in
the range 0.5-350 um and COF was in the range 0.24-
0.31. There are also successfully used layers of CrC and
NiCo [1, 3], then layers of WC-Co-Cr deposited by the
HVOF method. Its hardness is 24.5 GPa [7]. Hardness of
the WC-Co layer is approximately GPa, and COF from
0.5 to 0.8. The hardness of Cr,O, coatings is about
12.5 GPa [7]. This is the reason for usage of above-
mentioned materials and technologies for replacement
of electro-deposited Cr coatings.

Another method is PECVD technology, which can
be on deposit as a spare coat as CrSiCN, DLC coating,
and others. Deposited thickness ranges 1.0-5.0 um as
a monolayer up to 30 pm as a multilayer. In the case
of multilayer, the intermediate layers are arranged to
ensure good adhesion (to steel substrate, Al alloy
substrate, Ti intermediate layer). In successive steps,
further intermediate layers are structured so that the
hardness increases to a maximum value of the top layer,
which ensures good wear resistance. The hardness
of the top coat ranges 20.0-35.0 GPa. An overview of
measured hardness, thickness, COF, and material of
evaluated coatings and methods of deposition are shown

Table 5. Rated HVOF properties and electrolytically deposited
coatings as a replacement for Cr electrodeposition coating.

Reference 1 3 4 9 15
Reference 1 2 3 4 23 24 8*
Coating CrC | CrC | NiP | Ni-Co | Ni-Mo-Co
Thickness [um] | 50 | 50 | - 40 80 | 15 5 Thickn
ickness
Hardness [GPa] | 9.2 | 84 |8.8| 103 | 89 | 9.0 | 84 [um] S0 140-50) 33 4 20
FC - |- [058]02]08] - Hf‘ggf]ss 85 | 80 | 56| 50 73
Values of hardness at RT showed in literature; *trivalent

electroplated Cr coating FC - - 0.45 - 0.5
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in Table 5. In [1, 3, 4, 9, 15] films were electroche-
mically deposited from the electrolyte. The research
is realised from materials other than Cr. Rated
properties such as hardness and COF are comparable
with the results of coatings deposited by the HVOF
method. In spite of this, HVOF coatings do not have
such an adverse effect on the environment because
they do not leave electrolytes that must be ecologically
spread.

Selecting a Method for Replacing Galvanic
Coatings

Toxicity of chemicals may strongly depend on
the form in which they exist in the environment. The
adverse effects when disposing of output after applying
plating technology with hexavalent chromium Cr®*
should be noted, and in this regard the possibility of
compensation. Hexavalent chromium Cr® pollutes
soil, water, and air, making it dangerous for all living
organisms. The main component of chromium bath is
chromium trioxide. During the process of chroming, its
concentration is in the range 200-300 g/l. The optimal
concentration is 250 g/l when the cathodic current
yield is the highest. The effort to reduce the yield of
hexavalent chromium (hexavalent chromium Cr®)
in wastewater can be found at a concentration of
chromium oxide in the range of 150-200 g/l, calling
for new types of catalysts. This is the right choice
and then their concentration significantly affects the
operation and economy of chromium bath. Primary
catalysts are sulfate in the form of H,SO,. Simple
fluoride and complex salts containing fluoroborate
anion have a catalytic effect. The presence of these
substances in the bath increase cathodic current yield,
but also significantly increase the aggressiveness of
electrolyte against the base material.

There is an increased dissolution of iron in the
chromate bath that subsequently leads to depreciation
[17]. The chrome plating process involves the production
of hydrogen, which escapes from the bath into the
atmosphere. Contemporaneously, it brings out a
considerable amount of chromium bath in the form
of acidic and very aggressive acrosols. To reduce the
amount of aerosols, special surfactants are added to the
bath [18]. They form a low foam bath on the surface, and
a substantial portion of aerosol is captured. The addition
of surfactant significantly reduces the requirements
for quantity of exhausted air above the bath [6, 19-20].
Unwanted components of chromium bath are metal
ballasts. They get into the bath by dissolving the base
material of chrome parts. These represent mainly iron,
trivalent chromium, and some heavy metals. If the
process of roughening is performed before chrome
plating, the amount of dissolved iron ballast increases.
The chromium ions are parts of chromium electrolytes.
In the process of chromium hexavalent chromium Cr®* is
reduced to metal. This is a cathodic current yield, which
compared to other plating baths is very low. Another

30% of flux is consumed for the reduction of hexavalent
chromium to trivalent, which remains being dissolved
in the electrolyte. The rest of the supplied flux is
consumed for generating hydrogen. Even more
important, trivalent chromium in solution is recovered
at the anodes, and about 30% is oxidized back to
hexavalent chromium Cr®*,

There is a balance between reduction and oxidation
at a concentration of about 5 g/I of Cr on the electrolyte.
This amount is considered as optimal for chrome plating.
The growth of such impurities causes a reduction in the
current yield, reducing the conductivity of the bath, and
increasing the terminal voltage and power consumption.
Most critical is concentration of ballast between 17-20
g/l. At this concentration, the bath practically ceases to
chrome [17, 20]. Application of this technology requires
a focus on ecologization of outputs from this process.
Technological possibilities for the renewal of valuable
chemicals from wastewater and gases and assessing the
impact of modernization on water quality is covered in
detail in literature [21]. Utilizing Ni as part of the above-
mentioned combination can also be considered a health
risk [4, 21, 27]. Although the majority of nickel gets in
the human body from drinking water and food, a greater
negative impact on health is inhalation (such as during
application coatings), which is highly toxic and comes
with carcinogenic effects.

The most appropriate technology for replacing hard
chrome plating is a technology called high velocity
oxygen fuel (HVOF). This method is used to coat the
base metal alloys, super alloys, cermet, ceramics, and
polymers, and substantially all of the common types of
base materials. The main advantage of the HVOF sprayed
coatings is low porosity (less than 1%), high adhesion
(exceeding 80 MPa), and low oxide content (less than
1%) for the feed of reactive metals. The latest burners for
HVOF spray are the so-called third-generation burner
(JP, e.g., TAFA 5000, DJ 2600, DJ 2700, JetKote II)
which allow for the creation of compressive stress in the
coating, which is very favourable for fatigue properties
of coated elements. It is also possible to apply a coating
with a thickness of several millimetres. The advantage of
HVOF coatings compared to hard chrome plating is the
possibility of material choice and thus the accomplishment
of exact requirements of a given application. This is a
variety of materials suitable as a replacement for hard
chrome plating, but the most appropriate is coating WC-
Co, which covers the widest range of applications of hard
chrome plating [8]. The advantages of HVOF sprayed
coatings compared with hard chrome plating materials
are:

— The possibility of material choice.

— Better wear resistance, corrosion, and fatigue
properties.

— Thicker coatings without surface network cracks.

— Deposition rates.

— Independence on the base material due to mechanical
anchoring sprayed coatings.

— Infrequent renovation of parts due to their longer life.
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— Heat treatment of hydrogen embrittlement is not
required, which is particularly important for large
parts.

— Unlimited size of components.

— Uniform thickness of coating.

— Environmentally preferable.

— Cleaner and safer operation, eliminates the problem of
cleaning bath and rinse water.

— Itis not needed to store toxic substances.

— Waste in the form of overspray can be recycled or used
in another way.

The issue of compensating the hard chrome plating has
been intensively studied around the world in recent years.
The evidence is a number of publications and ongoing
projects dealing with these issues, but on the other hand
— thanks to a competitive environment — it is almost
impossible to obtain detailed information. The biggest
effort is seen primarily in the aerospace industry, where
companies such as Boeing, Rolls Royce, Lufthansa, and
Delta Airlines are concerned with replacement of hard
chrome plating [6, 22]. Currently Lufthansa has conducted
flight tests with the aircraft that contain thermally sprayed
parts that were first hard-chrome plated. The company
considers complete replacement of hard chrome plating
for repairs of all aircraft.

Economic Evaluation of Alternate Methods
of Coating

This economic evaluation is a comparison of costs
used in the process of thermally sprayed coatings using
the HVOF method, and the technology of hard chrome
plating of hydraulic elements. Specifically, we take into
account the cluster coating of filler material Fe 17%. The
company TePU, Ltd. has experience with this element
and uses it for these applications. We not only considered
hydraulic components, but the overall cost associated
with production, operation, maintenance, and the need
for replacing worn components.

Prices are only informative because they may change
due to various factors. The price of hard chrome is
published online. Information about the cost for providing
a coating of filler material Fe 17% Cr was provided by
TePU. The price of hard chrome at a thickness of 0.1 mm
and a simple cylindrical form of a part is 0.2-0.6 €/cm?.
The price of the coating of a thickness 0.2-0.3 mm is
0.2-0.6 €/cm?. The price of dip spraying (HVOF) is
therefore at least three times more expensive, but with
3-5 times greater guarantee of durability. This fact
favours the technology of thermal spraying. The
coating formed by hot spraying has a significantly lower
consumption of sealant — 2-3 times lower than in the case
of hard chrome plating. This is important only in cases
where equipment with hydraulic components is used
in continuous operation, where each service downtime
decreases productivity.

In the process of hard chrome surface treatment, the
plated part must be without any defects on the surface

(although there can be some defects in the form of micro
cracks). These micro cracks may cause an undercutting of
coating, its breach, deterioration, or even stop hydraulic
elements altogether. This increases the cost of production
and in the case of bad pre-treatment it reduces the service
life of hydraulic components with hard chrome.

Another aspect that increases costs in the process of
hard chrome plating is costs connected to the degradation
of hexavalent chromium. So-called hexavalent chromium
is very aggressive in the environment, therefore it is
necessary to neutralize the electrolyte by degrading the
element. Finally, the HVOF method compared to hard
chrome plating is more advantageous in terms of quality
and also cheaper in terms of durability — despite the
higher initial cost.

Conclusions

The significant desired properties of Cr coating
technology are hardness, coefficient of friction, and
wear and corrosion resistance. The features can be
influenced by process parameters: current density
and temperature of the -electrolyte. Moreover, the
composition of electrolyte material is very important.
It often consists of sulfuric acid, phosphoric CrO,,
or other important additives. Furthermore, also
percentage composition of components of the electrolyte
is very important. Based on the discussions it can be
concluded that the substitution of Cr coatings deposited
electrolytically is not easy. One of the reasons is its
outstanding features, especially hardness and abrasion
resistance. Most of these characteristics meet coatings
based on WC-Co deposited by the HVOF method.
Through research of coatings is deposited electrolytically,
it can be stated that HVOF coatings do not have such
adverse effects on the environment, because they do not
leave electrolytes that must be organically decomposed.
Selection of deposition parameters is currently under
investigation.

As mentioned in our economic evaluation, surface
modification by method of thermal spraying significantly
prolongs the life cycle surface modification of machine
parts. It has a benign influence on economic and
environmental aspect. In the case of hydraulic systems,
coatings formed by cluster coating technology have
a better tightness, and the possibility of leaking the
hydraulic fluid into the environment decreases. There
is also the possibility of renovation of machine parts
by the thermal spraying method, which has to be
decommissioned. It also allows for better use of natural
resources, which is very important in the long term. It
would be also appropriate to focus on the resistance of
plaque against erosion, resistance of coating against
corrosion, friction coefficient, and percentage of porosity,
hardness, and homogeneity of the coating.
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