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ABSTRACT: The repair of worn steel shaft surfaces in power transmission systems is made possible by thermal spray
procedures, which have become an essential technology in many sectors. With this novel approach, worn shaft components
may be recycled effectively since an API 687-compliant wear-resistant coating designed for specialty rotating equipment repairs
is applied. The process's efficacy stems from its capacity to extend the functional life of essential mechanical components,
therefore decreasing replacement expenses and downtime. The variety of factors that affect the result highlights the intricacy of
thermal spray techniques. Finding the ideal mix of these crucial process variables becomes essential to provide the required
degree of wear resistance. The coated shafts perform better as a result of this careful tuning, which also guarantees dependability
under challenging working conditions. The coated shafts' surface hardness data in this investigation showed that the initial
coating hardness value was below the predetermined goals. Several parts that interact with the shaft were redesigned
strategically in response to these discoveries. These adjustments were mainly motivated by economic considerations, to
optimize effectiveness while resolving the noted hardness deficiencies. Furthermore, a thorough analysis of failure data showed
important correlations between different operational parameters and how they interacted, offering a further understanding of
how these factors affected wear resistance. This research allowed for the identification of crucial parameters that required
change and emphasized the precise balance essential for optimum thermal spray application. All things considered, this study
emphasizes how critical it is to use a methodical approach to improve thermal spray processes, guarantee successful shaft
component restoration, and ultimately increase the operational longevity of such components in challenging applications.
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1. INTRODUCTION

An important part of Indonesia's total economy is the
energy industry. The energy sector not only provides for the
country's energy needs but also makes a substantial
contribution to foreign exchange reserves, especially when it
comes to the export of oil and gas. Due to factors such as
population growth, economic expansion, and fast-paced
advancements in the transportation and industrial sectors,
Indonesia's energy consumption has been steadily rising
over time [1].

PT. XX is dedicated to enhancing and expanding high-
quality Fuel Oil products and services to consumers. The
company is also committed to strengthening its marketing
(B2B)
operations both domestically and internationally, while

initiatives, focusing on business-to-business
consistently providing high-quality products and services.

To sustain its oil processing business, PT. XX operates
several oil refineries throughout Indonesia, including
Refinery Unit (RU) I in Pangkalan Brandan, RU II in
Dumai, RU III in Plaju, RU IV in Cilacap, RU V in
Balikpapan, RU VI in Balongan, and RU VII in Kasim [2].

The primary objective of these oil refineries is the
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procurement and distribution of Fuel Oil to support national
development.

In producing its products, PT. XX—particularly RU II
Dumai—utilizes a Steam Turbine Shaft 940-PT 2 A/B in its
Fuel Oil processing system. However, during operations,
this turbine has experienced dimensional damages and
excessive clearance, which has hindered its optimal
performance. If any turbine component of the turbine fails,
the power facility will perish [3]. This has the potential to
cause economic losses if the disruption lasts for an extended
period [3].

To restore the Steam Turbine Shaft 940-PT 2 A/B to
its proper functioning condition, it is essential to repair the
shaft while considering its wear and corrosion resistance. A
suitable process for addressing these issues is the thermal
spray coating method known as High-Velocity Oxygen-Fuel
(HVOF) [4]. High-velocity oxy-fuel (HVOF) coating is a
thermal spray thermal spray coating process that is
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used to repair or restore the surface of a component
(properties or geometry). This surface engineering
technique allows for better equipment life extension by
increasing resistance to erosion and wear and protection
against corrosion [S]. High-velocity oxygen fuel, or HVOF,
spraying, plasma spraying, and flame spraying are examples
of thermal spray coating. To drive a powdered feedstock
onto the substrate's surface, this technique combines fuel gas
and oxygen to generate a high-velocity flame [6-8]. In many
applications, HVOF spraying is a very adaptable and
powerful method of protecting and improving the
performance of a wide range of surfaces. In one recent study,
Singh et al. [7] used HVOF spraying to create a CuNi-Cr
coating. They found that the coating formed a strong
connection and improved the coating's resilience to slurry
erosion. Additionally, Bansal et al. [9] used HVOF to build a
WC-based coating and saw encouraging outcomes.
Meanwhile, coating using the HVOF method and tungsten
carbide coating material are the most effective choices for
providing friction resistance [10]

2. MATERIALS AND EXPERIMENTAL
PROCEDURES

Based on the datasheet obtained from PT. XX, the
substrate material used is AISI 4140. The chemical
composition of the turbine shaft material is shown in Table
1. In contrast, the operating temperature of the 940-PT 2 A/
B steam turbine is usually 371°C to 398°C (max). The
coating process of the Steam Turbine Shaft 940-PT 2 A/B
follows the API 687 standard so that during the application
in the turbine shaft surface coating process, the substrate
temperature is maintained below 180°C (350°F) [11]. This
condition is maintained to ensure no bending, distortion, or
other physical damage during the coating application.

HVOF is a Thermal Spray Coating (TSC) process that
takes place under high pressure and combustion
temperature conditions. This HVOF process involves
heating the powdered feedstock material to form a melt or
semi-melt, then feeding it through a spray gun, and then
spraying it with a pressurized gas flow on the substrate
surface to form a new layer surface structure [5]. The HVOF
gun schematic is shown in Figure 1. At the same time, the
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HVOF process parameters follow the API 687 thermal
spraying process parameters shown in Table 2.

Table 1 Chemical composition of AISI 4140

Element Content (%)

Cr 0.80-1.10

Mn 0.75-1.0
C 0.380-0.430
Si 0.15-0.30

Mo 0.15-0.25
P 0.035

Fe Balance

Table 2 Thermal spraying process parameters [11].

HVOF
Fuel Various Gases
Particle Velocity (FPS) 1,800-2,600
% Porosity <2
Finished Thickness (mils) 7-25
?Zid(itsrsngth* Per Standard ASTM 12,000
giid(ls)tsri;ngth** Per Modified ASTM 16,000
Hardness™*—RC 72
Substrate Temperature °F (during 350

application)

*ASTM C 633-79 test is limited to about 12,000 psi as

epoxy fails; modified test uses brazing.

**Modified ollard test.

***Maximum hardness measured by diamond pyramid

method and converted to RC.

Note: Metallizing and plasma spray coatings are shown shaded
for information only and are not recommended.
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Fig. 1. The Schematic of the HVOF spray gun is adapted from the article by Khan et al. 2019 [12]
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The raw material considered for use as a thermal spray
coating material is tungsten carbide (WC) powder.
Tungsten carbide is a binary compound consisting of equal
numbers of tungsten and carbon atoms [13]. Tungsten
carbide has a stiffness about twice that of steel, as it has a
Young's modulus ranging from about 530 to 700 GPa. The
substance's melting point is about 2800°C, and it has a
density of 15.63 g/cm3. Tungsten carbide powder is highly
sought after for various structural applications due to its
extremely high melting point, hardness, and electrical
conductivity. Therefore, tungsten carbide can be used in
wear-resistant coatings and abrasive materials [13].

The thickness measurement of the coating was carried
out using a Digital Point Micrometer IP65 with a digital step
of 0.001 mm and an accuracy of 0.002 mm. At the same
time, the hardness value of the coating is known to consider
the resistance to scratches and wear. This hardness
measurement was carried out using a Vickers Hardness
Tester (W-5310, Sheffield-UK). The measurement was
carried out with five repetitions for each coating, and the
average reported. To prevent coating
delamination, the cutting operation was started from the
surface of the coating and not from the substrate.

3. RESULTS AND DISCUSSION

Based on the established procedures of PT. XX, before
coating the turbine shaft using HVOF with tungsten carbide
coating, Nondestructive testing (NDT) must be carried out
on the shaft surface. The NDT test used is the Liquid
Penetrant Test, which aims to find defects on the exposed
surface of the solid component.

To facilitate understanding of the Steam Turbine Shaft
940-PT 2 A/B, the shaft is marked with two parts: the Drive
End (DE) and the Non-Drive End (NDE). Drive End (DE)
and Non-Drive End (NDE) refer to the location/position of

value was

the drive (Drive) so that DE is the position closest to the
drive while NDE is at the end of the furthest position from
the drive, as shown in Figure 2.

Based on the evaluation of the shaft carried out
through Nondestructive testing, small cracks were found in
the DE section, while no cracks were found in the NDE
section. The next step is to feed the shaft diameter
(undercutting) to eliminate cracks while considering the
thickness of the HVOF layer. To determine the target
thickness of the tungsten carbide layer on the DE and NDE
bearing journal area shafts, the average diameter data is
reduced by the actual diameter data after the final diameter
feed (undercutting) is carried out to restore the shaft
diameter.

Based on the calculations carried out, the target value
of the tungsten carbide layer thickness on both sides of the
DE and NDE shafts ranges from: (0.495 mm ~ 0.497 mm).
This value still meets the coating standards in API 687 with a
range of values (0.178 mm ~ 0.635 mm), then tungsten
carbide coating with the HVOF technique can be carried
out. The appearance of the installed turbine shaft and the
results of the tungsten carbide coating with the HVOF
technique on the DE and NDE shaft sides are shown in
Figure 3.

Coating hardness is important for applications that
consider wear resistance. Hardness testing with the Rockwell
method is used to determine the hardness of the material
coating. Hardness testing is carried out on both sides of the
DE and NDE shafts before and after coating. This aims to
determine the increase in hardness value on the surface of
the shaft material coating. The results of measuring the
average hardness value on the DE shaft side before the
coating was obtained at 20 + 2.83 HRC, and after coating,
was obtained at 49 + 5.66 HRC. At the same time, the
average hardness value on the NDE shaft side before the
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Fig. 2. Nondestructive testing on the DE and NDE shaft sections
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Fig. 3. Turbine shaft following coating

Table 3 Test results for hardness both before and after coating

Position SHAFT DE SHAFT NDE SHAFT DE SHAFT NDE
TESTING Before coating Before coating After coating After coating
HARDNESS (HRC) 18~22 18~22 47.5~50.7 46.6~52.8
, TUNGSTEN CAR- TUNGSTEN CAR-
COATING MAT’L AISI 4140 AISI 4140 BIDE BIDE
THICKNESS (ym / NO NO 388~396 286~290

After observation based on the test result table (Table
3) where the maximum hardness value on both sides of the
DE and NDE shafts did not reach the maximum target
required by API 687, then the hardness value required by
API 687 is 72 HRC [11], which is the standard used by PT.
XX. Considering the importance of the 940-PT 2 A/B Steam
Turbine Shaft, it is attempted to keep it operating and the
coated shaft can be used. Therefore, other alternatives are
sought by considering other components that are in contact
with or directly related to the shaft. If observed, the
component that comes into contact with the steam turbine
shaft is the bearing.

Based on the datasheet obtained from PT. XX journal
bearing, as shown in Figure 5, is the normal dimension of the
journal bearing used. The hardness value of the bearing
made of babbitt material ranges between 23 to 29 HB.
Meanwhile, according to Leszczynska-Madej, B., & Madej,
M for the mechanical properties of bearings made of babbitt
on steam turbine sliding bearings, the hardness value is 29
HB [14] where this value is much lower than the hardness
value of the coated turbine shaft. The operational alternative
is to sacrifice bearings so that steam turbine operations can
work while considering reducing the maintenance costs of
the turbine shaft, which are pretty large.
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Fig. 4. Hardness values of shaft material before and after
coating

By considering the typical dimensions of the DE and
NDE bearing journals, it is essential to determine the shaft's
clearance outside diameter (OD) of the shaft to the inner
diameter (ID). The results of the calculation of the actual
clearance between the shaft and the bearing on the DE side
obtained a value of 0.211 mm, while the actual clearance
between the shaft and the bearing on the NDE side obtained
a value of 0.180 mm. Meanwhile, based on the datasheet
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Fig. 5. The Steam Turbine Shaft 940-PT 2 A/B bearing journal's typical dimensions

received from PT. XX, where the clearance for journal
bearings, commonly called the clearance of the bearing
journal, has a value 0f 0.127 ~ 0.178 mm. So, from the results
above, there is an over-clearance, which can cause other
failures on the shaft. After cross-checking and discussing
with the turbine operator, this slackness gives an unbalanced
effect on the shaft and causes abnormal vibrations.

Particle Velocity
(FPS)

_—"a HVOE

Substrate temperature

% Porosity

Substrate history of
thermal spray coating

applications
Fig. 6. Fishbone diagram of the steam turbine shaft 940-PT
2 A/B failure evaluation

Based on the data obtained, a comprehensive
evaluation of the causes of thermal spray coating failure
using high-velocity oxy-fuel (HVOF) on the Steam Turbine
Shaft 940-PT 2 A/B was carried out by referring to the
thermal spray coating process parameters based on API 687
used by PT. XX and then poured into a fishbone diagram to
determine the root of the problem that occurred. The same
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thing was done by Nur Rohman et al. in analyzing the failure
of the condenser tube in a steam power plant [15].

Based on the evaluation results, a matrix was created
for several causes that could fail to achieve coating results on
the steam turbine shaft, as shown in Table 4.

Table 4. Causes of Thermal Spray Coating Failure Problems
on Turbine Shaft

NO. Cause of Problem Confirmation Step  Results
No particle velocity
Particle Velocity measurements were
1 . Cause
(FPS) performed during
the coating process
No measurements
2 % Porosity Cause
were taken
No substrate tem-
erature measure-
Substrate temper- P
3 ments were per- Cause
ature .
formed during the
coating process
Tungsten carbide
Substrate history ~ coating on shafts
of thermal spra using the HVOF
4 . bray 8 . Suspicion
coating applica-  technique has previ-
tions ously been carried

out
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The failure matrix of the coating results on the steam
turbine shaft above indicates that there are at least three
potential causes of issues that could prevent the hardness
value from being achieved during the coating process:
measuring and testing the porosity of the coating results, not
measuring and following the API 867 standard when
measuring particle velocity (FPS), and not controlling the
substrate temperature during the coating process by the API
867 standard. Meanwhile, Palanisamy et al. [16] said in their
research that there is a correlation between porosity and
microhardness in the HVOF layer. In another study,
Kawakita et al. [17] said that porosity depends on the
thickness of the layer and the structure of the layer structure.
This is the same as what was conveyed by Houdkova et al.
[18] where if the material is exposed to high temperatures
during use, the coating will experience modifications to its
microstructure, which causes possible changes in related
properties.

4. CONCLUSION

Based on the evaluation of the failure of Thermal Spray
Coating using High-Velocity Oxy-Fuel (HVOF) on the 940-
PT 2 A/B steam turbine shaft, several conclusions can be
drawn; namely, the hardness value of the shaft coating
results were not achieved in the measurement and testing of
Particle Velocity (FPS), coating porosity and substrate
temperature during the coating process not
documented. The implementation of the coating should
follow the procedures or standards that are used as
references. In addition, over-clearance is a consideration in
the inspection during installation so as not to cause an
unbalanced effect that leads to abnormal vibrations.
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