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Abstract: The need to increase the reliability of the metal parts and the assessment of the cost-quality
parameters of a matrix require big manufacturers to find new technological solutions focused on the
following aspects: thin layer deposits, metallic coatings, use of bimetals, and multilayer materials.
The coating of the copper-based quaternary alloys with carbon graphite impregnated polyester aims
to improve the performance of the metal parts used in the aeronautics, automotive, and railway
industries. The goal is to achieve the following objectives: to reduce the rate of premature failure,
to reduce the maintenance and service costs, and to increase the service life (the competitiveness of
the manufacturing companies is positively influenced by the latter). This paper studies the operating
behavior of some copper-based quaternary alloys coated with carbon graphite-impregnated polyester.
The influence of the carbon graphite coating is studied in terms of operating behavior, especially
aiming to assess the intensity of the wear and the intensity of the accumulated wear. On the whole,
proper wear behavior entails the possibility of obtaining an increase in the service life.

Keywords: sustainable product design; polyester; graphite; copper-based quaternary alloys;
wear; polymerization

1. Introduction

In this paper, the sustainability of a product is regarded not as a final state, but as a process
that can be continuously improved. The development of this technology in order to extend the
sustainability by changing the characteristics of the products has the following effects: increasing the
safety and the operating life of these parts, reducing the maintenance interventions, and obtaining
environmentally-friendly products (the metal being protected from oxidation). These decisions are
in accordance with the recommendations of the European Parliament concerning the analysis of the
products’ life cycles and ensure the fabrication of some competitive products.

Due to the need to preserve the cost and quality parameters of the matrix, the aeronautics,
automotive, and railway industries use metal parts coated with wear-resistant thin layers [1,2].
Generally, the thin layers serve the following roles: to increase the wear resistance; to increase the
corrosion resistance; to increase the resistance to backlashes and heat variations; to reduce the friction
force by improving the lubrication; and to increase the resistance to oxidation [3,4]. The coating of the
copper-based quaternary alloys of CuNiAlSi type (Ni = 3.80–4.10%; Al = 1.20–1.50%; Si = 1.00–1.20%)
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with thin layers of carbon graphite-impregnated polyester is intended to improve the lubrication
and to decrease the friction consequences with a direct effect on the operating durability of metal
parts such as rollers, drums, wheels, pinions, toothed gears, rings, transmission cylinders, shoes,
clutches, and discs [5,6]. The polyester resin impregnated with carbon graphite ensures an important
increase of the oxidation resistance with a direct effect on the extension of the life span of the metal part
and provides proper lubrication and a reduction of the frictional force. Polyesters are a category of
polymers that contain the ester functional group in their main chain. Polyethylene terephthalate (PET),
sum formula: H-[C10H8O4]-n = 60–120 OH was used. This material was chosen for its outstanding
mechanical, chemical and eco-friendly properties (low emissions to the environment during production
and processing, low toxicity). The chosen copper-based CuNiAlSi quaternary alloy, treated by salt
bath hardening + ageing, has a high hardness. The coat of polyester resin provides a set of properties
that allow a longer operating life, without faults and downtimes (the effects of the friction and low
wear are cumulated).

2. Materials and Methods

Experiments meant to study the wear process under similar conditions to the operational ones
were performed. The experimental clutches are of the roller-roller type, with a diameter of d1 = d2 =

50.00 mm and roller thickness B = 10 mm. The rollers are made of copper-based quaternary alloys
CuNiAlSi, coated with polyester resin in which a percentage of 5% carbon graphite was incorporated.
Before being coated, the surfaces were polished and subjected to a cleaning-degreasing operation,
avoiding the silicate-based solutions [7]. The polymerization—fixation reactions occur during the
treatment of the coated surfaces. The main technological parameters of the polymerization—fixation
treatment are: Theating = 200 ◦C, tholding = 20 min. Figure 1 shows the following elements: diagram and
parameters of the salt bath hardening; diagram and parameters of the ageing heat treatment.

Figure 1. Salt bath hardening and ageing, used for studying the wear behavior of a roller type test
specimen made of CuNiAlSi quaternary alloy: (a) diagram and parameters of salt bath hardening;
(b) diagram and parameters of ageing heat treatment.

Figure 2 shows the diagram and parameters of the polymerization—fixation treatment of a
roller-type CuNiAlSi test specimen previously coated with 5% carbon graphite impregnated polyester.

The technological flow for coating the CuNiAlSi quaternary alloy test specimens is shown in
Figure 3, while the technological parameters are shown in Table 1.
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Figure 2. Diagram and parameters of the polymerization—fixation treatment of a roller-type CuNiAlSi
test specimen previously coated with 5% carbon graphite impregnated polyester.

Figure 3. Technological flow for depositing the polyester resins on the surface of the quaternary
alloy rollers.

The polyester coated rollers made of the CuNiAlSi quaternary alloy, obtained after the
polymerization-fixation treatment, are ground before the experimental tests; the average thickness of
the polyester coat is 100 µm. Figure 4 shows the microstructure of the quaternary alloy coated with
polyester after the polymerization-fixation treatment.
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Table 1. Preparation of quaternary alloy rollers for coating with polyester resin.

No Technological Operation Parameters

1 Machining operations, Ø 50 mm
bar made of CuNiAlSi

Ni = 3.80–4.10%; Al = 1.20–1.50%; Si = 1.00–1.20%; Roller size:
diameter Ø = 50 mm; roller thickness B = 10 mm; hole
diameter Ø = 10 mm.

2 Salt bath hardening
T = 870 ◦C; tholding = 8 min.; water cooling. Effect: removing
the state of strain hardening and restoring the initial plasticity
properties.

3 Ageing treatment

T = 500 ◦C; tholding = 2 h; air cooling; Effect: heating in order
to pass the suprasaturated solid solution (metastable
structure) into an equilibrium state by precipitating
intermetallic compounds.

4 Cleaning-degreasing of surfaces
- mechanical cleaning;
- polishing;
- degreasing (avoiding the silicates based solutions).

5 Depositing the polyester resin on
the roller surface

- incorporation of 5% carbon graphite in the polyester resin;
- maintaining the uniformity of the deposited layer;
- average thickness of the deposited layer = 100 µm

6 Polymerization treatment T = 200 ◦C; tholding = 20 min.; air cooling;
- creation of conditions for polymerization reactions

Figure 4. Microstructure of the quaternary alloy CuNiAlSi coated with polyester (×100).

Table 2 shows the characteristics, symbols, and equations used during the assessment of the
operational behavior of the CuNiAlSi alloys coated with polyester [8,9].

Table 2. Dimensions, symbols, and equations used during experiments.

Characteristics Symbol, UM Values or Equations

Diameter of rollers d1, d2 [mm] d1 = 50,00
Contact width B, [mm] B = 10

Operating speed n1, n2, [RPM] n1 = n2 = 200
Sliding S, [%] S = n2.d2−n1.d1

n1.d1

Normal load of the rollers Q, [N] Q = 60
Friction time T, [s] -

Friction length Lf, [mm] L f = π.d1.n1.T
60

Thickness of the worn layer Gf, [mm] -
Wear intensity Im, (×10−9) Im =

G f
L f
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The experimental tests are aimed at studying the friction in the linear contact roller-roller clutches
and on curved surfaces, using the experimental test stand which is presented in Figure 5 [8].

Figure 5. A functional diagram of the experimental stand for the wear resistance experiments:
1—roller 1 of the CuNiAlSi alloy coated with polyester; 2—roller 2 of the heat-treated CuNiAlSi alloy;
3—cogwheels gears that take over the movement of roller 2; 4—basic bar of the experimental stand;
M—electric drive motor; nm—electric motor speed, rpm; Z1, Z2, Z3, Z4 . . . —gearboxes; n1—roller
speed 1 = 200 rpm; n2—roller speed 2 = 200 rpm.

The rotational movement is transmitted from the motor through the kinematic chains with
cogwheel gears. The normal load on Q rollers is achieved by a mechanical system with screw and
compression spring, being able to vary within the limits of 0–2000 N. The value of the load Q can
be read directly on the graduated scale attached to the compression spring. The diameters of the
rollers range from 30 to 60 mm and the width is 10 mm (the rated load on the rollers was Q = 60 N
during the experiments). The motor speed is 1450 rpm. The two roller-type test specimens rotate
in the opposite direction; a pure rolling motion or rolling with a sliding motion, depending on the
diameters of the test specimens, occur at their contact. The working speeds of the two test specimens
are around 200 rpm. When the rollers have equal diameters, there is a sliding of 10% approximately.
By changing the diameters of the two rollers, variable sliding ranging from 0 to 30% can be obtained.
Figure 6 shows the wear diagram of the rolling pairs used in the experiments.

Figure 6. Roller wear scheme: 1—roller 1 made of CuNiAlSi alloy coated with polyester resin in which
5% carbon graphite was incorporated; 2—roller 2 made of CuNiAlSi alloy treated by salt bath hardening
+ ageing; 3—contact surface between rollers; Q—rated load on contact surface = 60 N; Ff—friction
force; B—rollers width = 10 mm; d1—diameter of roller 1 = 50 mm; d2—diameter of roller 2 = 50 mm;
n1—rotational speed of the roller 1 = 200 rpm; n2—rotational speed of the roller 2 = 200 rpm.
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The rated load on the contact surface is Q = 60 N and ensures dry friction without relative sliding
during the wear tests.

3. Results

The results of the dry friction experimental tests on rolling pairs are listed in Tables 3 and 4.
The rollers are made of CuNiAlSi alloys treated and coated with polyester. The tests at dry wear
performed on the experimental tests stand lasted T = 8 h. The time between two measurements of the
linear wear intensity is of 1 h, ∆T = 3600 seconds, respectively.

Table 3. Tests at dry wear on rolling pairs. Roller 1: CuNiAlSi alloy treated by salt hardening + ageing;
Roller 2: CuNiAlSi alloy treated by salt hardening + ageing.

Friction
time, T (h)

d1
(mm)

d2
(mm) S (%) Q (N) ∆T (s) Lf (m) Gf

(mm)
Im

(×10−9)
Imc

(×10−9)

1 50.00 52.64 5.280 60 3600 1884.00 0.01 5.3078 5.3078
2 49.98 52.61 5.262 60 3600 1883.24 0.01 5.3099 10.6177
3 49.95 52.58 5.265 60 3600 1882.11 0.01 5.3131 15.9308
4 49.92 52.54 5.248 60 3600 1880.98 0.02 10.6327 26.5635
5 49.88 52.50 5.252 60 3600 1879.47 0.02 10.6412 37.247
6 49.84 52.46 5.256 60 3600 1877.97 0.02 10.6497 47.8544
7 49.80 52.42 5.261 60 3600 1876.46 0.02 10.6583 58.5127
8 49.76 52.38 5.265 60 3600 1874.95 0.02 10.6669 69.1796

Table 4. Tests of dry wear on rolling pairs. Roller 1: CuNiAlSi alloy coated with polyester; Roller 2:
CuNiAlSi alloy treated by salt hardening + ageing.

Friction
Time, T (h)

d1
(mm)

d2
(mm) S (%) Q (N) ∆T (s) Lf (m) Gf

(mm)
Im

(×10−9)
Imc

(×10−9)

1 50.00 52.64 5.280 60 3600 1884.00 0.01 5.3078 5.3078
2 49.98 52.61 5.260 60 3600 1883.24 0.01 5.3099 10.6177
3 49.96 52.58 5.240 60 3600 1882.49 0.01 5.3131 15.9298
4 49.94 52.54 5.200 60 3600 1881.73 0.01 5.3142 21.2440
5 49.92 52.50 5.160 60 3600 1880.98 0.01 5.3163 26.5603
6 49.90 52.46 5.130 60 3600 1880.32 0.01 5.3182 31.8785
7 49.88 52.41 5.070 60 3600 1879.47 0.01 5.306 37.1991
8 49.86 52.36 5.010 60 3600 1878.72 0.02 10.6455 47.8446

The diameter measurements before and after the dry wear test show the depth of the worn layer
and the intensity of the wear. The contact pressure causes an elastic deformation of the alloy; the
polyester layer follows this deformation and does not allow the contact between the two metallic
materials. In order to highlight the improvement of the wear resistance by coating the copper-based
quaternary alloys with polyester, tests were made on the following types of rolling pairs: treated
alloy—treated alloy; treated alloy coated with polyester—treated alloy. The comparative analysis
performed during the experiments highlighted the positive influence of the thin polyester layer.

The results of the experiments are presented in Figure 7 (the rolling clutch is treated roller – treated
roller type) and Figure 8 (the rolling clutch is treated roller coated with polyester - treated roller type)
which show the values of the actual wear intensity and the cumulated wear intensity.

The experimental results reveal that the test specimens made of CuNiAlSi alloy coated with
polyester impregnated with 5% carbon graphite have a higher resistance to wear compared to the
treated test specimens made of CuNiAlSi alloy. The cumulated wear intensity recorded after T =

8 h of testing on the experimental stand in the case of the test specimens made of CuNiAlSi alloys
coated with polyester is of the order of 47.8446 × l0−9, as compared to 69.17969 × l0−9 in the case of
the test specimens made of the CuNiAlSi alloy treated by salt bath hardening + ageing. These values
indicate a decrease of the cumulated wear intensity by 30%, approximately. The impregnation of the
dry carbon graphite powder into the polyester, due to the lamellar structure of the graphite, improves
the lubrication. A percentage of 5% carbon graphite provided adequate lubrication and contributed to
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the creation of a thermal barrier that insulated the CuNiAlSi alloy from a thermo-mechanical point of
view and did not allow direct contact between the alloy roller—alloy roller.

Figure 7. Wear intensity and cumulated wear intensity for Roller 1 (CuNiAlSi alloy treated by salt
hardening + ageing)—dry friction without relative sliding.

Figure 8. Wear intensity and cumulated wear intensity for Roller l (CuNiAlSi alloy coated with
polyester)—dry friction without relative sliding.

4. Discussion

A comparative analysis was made between:

(1) The results of the experiments using a polyester resin impregnated with 10% carbon graphite as a
dry powder [9];

(2) The results obtained during the experiments conducted for this paper, using polyester impregnated
with 5% carbon graphite.

The results of the comparative analysis are shown in Table 5.
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Table 5. The comparative analysis of the experiment results.

No.
Polyester Impregnated
with Carbon Graphite

(%)

Cumulated Wear Intensity (×10−9) Decrease of the
Cumulated Wear

Intensity, (%)Roller/Roller Roller with
Polyester/Roller

1 10 74.49.9 47.8447 35
2 5 69.1796 47.8446 30

Analyzing data in Table 5 reveals that the graphite percentage impregnated in polyester resin has
an important influence on improving lubrication and increasing the oxidation resistance by creating
thermo-mechanical barriers. The increase of the percentage of carbon graphite impregnated in polyester
from 5 to 10 [%] entailed the decrease in the cumulated wear intensity to 35% (for 10% carbon graphite)
as against 30% (for 5% carbon graphite). The percentage values of the carbon graphite impregnated in
the form of dry powder should be kept within an optimal range of 5 to 15%.

5. Conclusions

The polyester layer deposited through polymerization–fixation treatment has a positive influence
on the quaternary alloys of CuNiAlSi type because it leads to the decrease of the cumulated wear
intensity by about 35%. The polyester impregnated with carbon graphite under the form of dry powder
takes over the elastic deformations to which are submitted the metal parts made of the quaternary
alloys during operation, directly contributing to the wear resistance improvement, to the friction
intensity reduction by providing proper lubrication, to the increase of corrosion resistance, and to
oxidation resistance by forming thermo-mechanical barriers.

The polyester layer ensures good adhesion and a negligible fragility, taking over some of the
tensions generated by the contact stresses and prolonged shock during the service life of the gears and
metal parts. The percentage values of carbon graphite impregnated in the form of dry powder should
be within an optimal range of 5–15%.

The effects of coating the metal parts with polyester layers are economically felt as follows:
a decrease of the average rate of rejects by 5%, and respectively, abatement by 400 ppm of the loss of
the layer’s thickness; a decrease of premature failure by 10%; and an increase of the service life by 10%.

From an ecological point of view, the coating of the quaternary alloys with polyester does not
raise particular problems in terms of exceeding the limit values of emission of the volatile organic
compounds in the working atmosphere. The values are consistent with the requirements imposed by
the European environmental directives. The metal parts coated with polyester can be considered green
products. The good results obtained in the laboratory will also be confirmed at the industrial level.
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