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Abstract: Stellite 6 is a Co-based alloy with excellent wear and corrosion resistance, resulting in
it frequently being used as a hard-facing material. The main defect that occurs in the hard-facing
process is the peeling of the hard-facing layer, which is caused by thermal stress due to differences
in thermal expansion coefficients. This peeling phenomenon can be prevented by using a material
with an intermediate coefficient of thermal expansion as a buffer layer. Component surfaces are
strengthened through a technique called hard-facing, which increases the components’ resistance to
wear. In order to increase the wear and corrosion resistance of metal components, a high-hardness
substance is usually coated onto their surface. Grinding is carried out to smooth the surface after the
material is welded onto the base component. Small pieces, also referred to as “scrap”, are frequently
produced during this surface machining procedure. In the hard-facing process, scrap containing a
mixture of base material and Stellite 6 is generated during material processing. If this scrap can be
used as a buffer layer, the cost of raw materials can be reduced through the recycling of resources,
and the overall energy consumption for recycling can be reduced because the process of separating
Stellite 6 from the scrap is eliminated. In this study, the physical properties of Stellite 6 with Fe added
were explored to determine whether the scrap produced could be used as a buffer layer. When iron
was added to the mixture, the amount of carbide decreased, in addition to the wear resistance and
hardness decreasing. Regarding the thermal expansion coefficient, the thermal expansion coefficient
of Stellite 6 was found to be 15.879 um/m-°C at 300 °C, and that of Stellite 6 with 40% Fe added was
found to be 14.313 um /m-°C at 300 °C. The thermal expansion coefficient of carbon steel is reported
to be 12.8 um /m-°C at 300 °C; thus, Stellite 6 with 40% Fe can be used as a buffer layer for Stellite 6
and carbon steel because of its suitable thermal expansion coefficient.

Keywords: Stellite 6; hard-facing; buffer layer

1. Introduction

Stellite 6 is a Co-based alloy containing Cr, W, and C and has excellent high-temperature
strength, wear resistance, and corrosion resistance. These alloys are widely utilized in
numerous industries, such as oil and gas, machinery, wood, cutting, automotive, paper, and
food processing. Chromium, being the major alloying element of Stellite 6, provides better
corrosion resistance properties, and the formation of carbides contributes to increasing
strength. In addition, it also acts as a strengthening element through the formation of a
solid solution. The presences of tungsten (W) and molybdenum (Mo) provide high strength
through precipitation hardening, resulting in the formation of (Mo and W) carbides possess-
ing adequate ductility and high density [1]. In particular, Stellite 6 has excellent wear and
corrosion resistance due to its physical and chemical properties and is used as a hard-facing
material for various materials [2-5].

One of the defects that occurs in the hard-facing process is delamination. This means
that the base material and the hardened layer separate and fall away [6]. The primary cause
of the surface peeling phenomenon is variations in the coefficient of thermal expansion. The
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surface peeling phenomenon involves the separation of the coated area that has been hard-
faced to prevent wear and corrosion. This indicates that the corrosion-resistant layer has
been removed, which means that new hard-facing will need to be applied. Should this issue
continue, it may result in both resource waste and inefficiencies in the processes involved.
Creating a buffer layer is one technique to stop this from happening. The buffer layer is
mainly made of a material with a thermal expansion coefficient intermediate between the
base material and the hardened layer material [3].

For face-hardened steel using Stellite 6, Inconel is used as a buffer layer material
to prevent delamination [7]. In general, after hard-facing processing using Stellite 6, a
process to size the product is essential, and at this time, scrap mixed with Stellite 6 and the
base material is generated. If these scraps are used as buffer layer materials, the cost of
purchasing such materials can be reduced through resource recycling, and the total energy
consumed in the process can also be reduced.

In order to use the produced scrap as a buffer layer, it is necessary to understand
how the physical properties change when mixing the base material Fe and Stellite 6. In
particular, it is imperative to confirm the coefficient of thermal expansion. The buffer layer
should be checked to ensure that it can accommodate the deformation.

The problem and possibility of recycling scrap produced after hard-facing with Stellite
were not well explained in earlier studies. Therefore, the purpose of this study is to explore
the possibility of recycling such waste material. In particular, we seek to determine if
resource recycling is practical in cases where the scrap contains a given quantity of base
material and to examine its properties. In this study, when Fe was mixed and dissolved in
Stellite 6, the physical properties of Stellite 6 were evaluated according to the concentration
of Fe, and whether it could be used as a buffer layer material was also evaluated.

2. Materials and Methods

Selecting the appropriate buffer layer requires consideration of the thermal expansion
coefficient. We anticipated that the base material and buffer layer’s thermal expansion
coefficients would coincide if their ratios were similar. However, because of the significant
difference between the thermal expansion coefficients of Fe and Stellite, we concluded
that a greater than 50% increase in the fraction of Fe in the base material was necessary to
equal Fe’s coefficient. Studies were therefore conducted with Fe added at 20% intervals.
Fe concentrations of 20 weight percent (Sample A), 40 weight percent (Sample B), and
60 weight percent (Sample C) were created in order to examine the effects of Fe on the
physical properties of Stellite 6 to ensure that the sample ingots were ready. To prepare
ingots of samples, Stellite 6 with the chemical composition shown in Table 1 and pure Fe
(99.99%) were used. The Stellite welding rods used in this experiment were sourced from
UTP Schweiss Material (Bremerhaven, Germany). These welding rods were manufactured
by the aforementioned company and are presumed to have been produced through a
continuous casting process. Ingots of samples were manufactured via vacuum induction
melting (VIM). The samples were preheated with the power of 4 kw for 5 min, and then,
the power was set to 14 kw and maintained until the temperature reached 1400 °C before
we increased the power to 16 kw. The average dissolution time was about 20 min, and the
maximum temperature was 1600 °C. The samples were melted in an argon atmosphere of
10~* torr, with an alumina crucible of 105 mm in diameter and 180 mm in height. We used
a graphite mold with a volume of 483.84 cm? and a size of 54 mm in width, 56 mm in length,
and 160 mm in height. The size of the sample ingot was 50 mm in width, 50 mm in length,
and 50 mm in height. Using the samples produced in this way, specimens were prepared
for SEM observation, XRD analysis, wear tests, and compression tests. The ingredients of
the ingots were confirmed through inductively coupled plasma spectrometry (ICP) analysis,
with the results shown in Table 2.
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Table 1. Chemical composition of Stellite 6.
Samole Name Element and Content (wt%)
P Co Cr w C
Stellite 6 66.95 27.12 4.63 1.29
Table 2. Chemical compositions of samples observed by ICP.
Element and Content (wt%)
Sample Name Co Cr W C Fe
Stellite 6 63.68 27.42 6.65 1.43 0.82
Sample A 52.03 20.81 543 1.02 20.71
Sample B 38.47 16.16 3.23 0.78 41.36
Sample C 26.84 10.61 222 0.54 59.79

The microstructure of the alloys was observed using a scanning electron microscope
(SEM) (Quanta FEG 250, FEI, Lausanne, Switzerland). For microstructure analysis, the
samples were polished with silicon carbide (SIC) paper from P 800 to P 4000 and were
then polished using diamond suspensions with powder sizes of 3 um and 1 pm and Nap
polishing cloths; then, active oxide polishing suspensions and Chem polishing cloths
were used for polishing. The samples were observed through a back-scattered electron
detector (BSED) image (SEM, Tamiang Layang, Indonesia)and energy-dispersive X-ray
spectrometer (EDS) (Oxford Instruments, Abingdon, UK) mapping under the conditions of
the voltage being 15.00 kV, the emission current being 213 pA, the chamber pressure being
4.29 x 10~° mbar, and the gun pressure being 1.38 x 10~ mbar.

The crystal structure and lattice constant of the alloy were derived by analyzing X-ray
diffraction (XRD) patterns using Cu K« radiation with the aid of an X-ray diffractometer
(Empyrean, Malvern Panalytical, Almelo, The Netherlands). A Soller slit of 0.04°, a diver-
sion slit of 1/8°, an anti-scattering slit of 1/4°, and a mask of 10 mm were used, and the ¢
spinning stage was used to increase the measuring area. To reduce the measuring time, a
detector with 255 channels (PIXcel3D) was used, with XRD analysis of samples with a 20
range from 30° to 90° measured with a step size of 0.026° and a time per step of 300°/s. To
reduce the effect of texture, a wobbled scan with a step size of 5° and a range of 10° was
used. XRD patterns were analyzed using the software HighScore from Malvern Panalytical.

A pin-on-disk sliding friction test of the alloy was performed by a multifunctional
wear tester (RB102-PD, R&B, Daejeon, Republic of Korea) under dry sliding conditions at
room temperature. The specimens were in the form of a cylindrical pin with a diameter of
4 mm and a height of 20 mm. A vertical pressure of 50 N was applied using a disk made of
SKD11 steel. The rotating speed of the specimen was 764 RPM, and the rotating diameter
was 28 mm. The test time for each specimen was set to approximately 20 min, and the
total sliding length was approximately 13,441 m. Five tests were carried out for each alloy
to confirm the wear loss results. The amount of wear was measured based on the weight
of the sample before and after the test. Since hardness is one of the factors that indirectly
measures a material’s ability to resist wear, hardness testing was also conducted. A Vickers
hardness tester was used, and five tests were conducted on each alloy specimen; from
this, the average value was used. Using a load of 1 kgf, we conducted an indentation test
using the Vickers Micro Hardness Tester (Aoli Shenzhen Technology Limited, Shenzhen,
China), Mitutoyo Corporation’s HM-220 (Mitutoyo, Aurora, IL, USA). The time was set
to standard.

A compression experiment was performed at room temperature to investigate defor-
mation behavior using a universal testing machine (5982B10532, INSTRON, Kaohsiung
City, China). The size of the sample specimen was measured using a cylindrical specimen
with a diameter of 4 mm and a height of 6 mm. The compression speed of the experiment
was 0.06 mm/s, which is 1/100 of the specimen length, and the stopping condition was a
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reduction of 50% of the load rate applied to the specimen. The experiment was conducted
a total of three times.

3. Results and Discussion
3.1. XRD Phase Analysis

XRD analysis was performed to identify the phases in each sample. As shown in
Figure 1, Stellite 6 consisted of a solid solution phase with a face-centered cubic (FCC) crystal
structure, an MyCs phase, and an M,C phase, as reported previously [8]. The respective
phase fractions were confirmed to be 58.5%, 38.2%, and 3.3%. The phase fractions were
calculated by Rietveld refinement with FCC, M;Cz, and M,C phases. They usually occur
after M,C formation or after cementite formation if there has not been any intermediate
M2X precipitation [9]. As a result of the XRD analysis, the M;C3 phase was determined
to have an orthorhombic structure, and the space group was determined to be Pnma. The
lattice parameters were a = 4.5 A,b=7A, and c = 12.1 A. Carbon atoms existed in two
different Wyckoff positions: C1 (8d) and C2 (4c). Metal atoms existed in five different
Wyckoff positions: Cr1 (8d), Cr2 (4c), Cr3 (4c), Cr4 (4c), and Cr5 (8d). This result was based
on the confirmation of the reference code ICSD 87129 in the XRD HighScore. The space
group of the M,C carbide was P63/mmc, and the lattice parameters were a = 3 A, b=3A,
and c = 4.7 A [10]. This result is based on the ICSD 167899 reference code. In the results of
ICSD 5380, the lattice parameters for FCC were a = 3.6 A, b=36A,and c=3.6A. It was
confirmed that when the iron content in Stellite 6 increased to 20 wt%, the fractions of MyCj
and M,C decreased to 31% and 0.5%, respectively. When the composition of Fe increased
to 40 wt%, the XRD peak of the carbide disappeared. When the Fe weight ratio became
60 wt%, the XRD peak of the BCC phase appeared. According to the atomic radius table,
the atomic radius of Fe is 140 pm, which is larger than the atomic radius of Co (135 pm);
thus, as the content of Fe increases, the lattice parameter should increase [11]. The XRD
experiment results revealed that the lattice parameters of the FCC phase in Stellite 6, Sample
A, Sample B, and Sample C were 3.565 A, 3589 A,3.592 A, and 3.598 A, respectively. It can
be observed that as the Fe concentration increased, the FCC lattice parameter progressively
increased. The crystal structure of BCC was cubic, and the lattice parameters were a = 2.9 A,
b =29 A, and c = 2.9 A. This information is based on reference code ICSD 180971. As
shown in the XRD results, as the iron content increased and the carbide fraction decreased,
the effect of precipitation hardening was lost, so elongation was expected to increase, and
yield stress was expected to decrease.
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Figure 1. XRD phase analysis results of Stellite 6 according to the amount of Fe added.
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3.2. BESD and EDS Observation

After XRD analysis, BSED analysis was performed to observe the microstructure.
As shown in Figure 2, Stellite 6 was composed of three phases, consistent with the XRD
analysis results. According to the XRD results, in Stellite 6, the FCC phase accounted for the
largest fraction, followed by carbides. Carbides mainly existed as MyC3, while the others
existed as MC. Therefore, the area of medium brightness, which occupied most of the area
in the BSED image, was confirmed to be the FCC phase. To conduct an accurate analysis
of carbides, EDS mapping was performed. According to the EDS mapping results shown
in Figure 3, the darkest part of the BSED image was confirmed to be carbide composed of
Cr and C, and the brightest part of the BSED image was confirmed to be carbide mainly
composed of W [4,12-16].

Figure 2. BSED image of Stellite according to the amount of Fe added: (a) Stellite 6 image, (b) Sample
A image, (c) Sample B image, (d) and Sample C image.

Figure 3. EDS mapping image of Stellite 6: (a) SEM image, (b) Cr mapping result, (c) Co mapping
result, (d) C mapping result, (e) and W mapping result.
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As shown in the results of the BSED analysis, the amount of carbide gradually de-
creased as the Fe content in the Stellite 6 raw material increased. In Sample C, the carbide
phase disappeared, and a new phase was formed. From the XRD results, it can be seen
that the body-centered cubic (BCC) phase appeared when the Fe content reached 60%. In
general, if the difference in the constituent element ratio is not large, the FCC phase has a
higher density than the BCC phase, so, in theory, it should appear brighter in the BSED
image. According to the EDS mapping results of Sample C shown in Figure 4, the difference
in components of the two phases was confirmed to be minimal, and the bright part due to
the density difference can be seen to be the FCC phase [17].

Figure 4. EDS mapping image of sample C. (a) Sem image, (b) Cr mapping result, (c) Co mapping
result, (d) C mapping result, (e) W mapping result, and (f) Fe mapping result.

3.3. Abrasion Test

Abrasion testing is an experiment that shows the resistance of a material in the process
of repeated friction with other materials. This test indicates the durability of a material
for hard-facing. In general, the amount of carbide content in Stellite 6 has an effect on its
wear resistance and hardness [17-20]. The average wear volume for each sample, derived
from five wear tests, is shown in Figure 5a. As shown in Figure 5, Stellite 6, which had
the highest carbide content, had the highest wear resistance, and Sample C, which did not
contain carbides, had the lowest wear resistance. There was a relationship between wear
resistance and hardness, and hardness was measured to confirm this. Stellite 6 contained
three phases, the FCC phase, the M;C3 phase, and the M,C phase, and each phase had
different hardness characteristics [21,22]. The indenter tip was in the form of a conical
diamond, with a vertex angle of 120° and a tip radius of 0.2 mm. Therefore, the results
indicated the average hardness of the sample because the tip was larger than carbides, so
the area touched by the indenter was included along with the carbide phase dispersed
in the solid solution. Since the hardness of carbides was higher than that of matrix solid
solutions, hardness was determined by the volume fraction of the carbide phases. As a
result, it was confirmed that the Stellite 6 sample, in which carbides were distributed the



Metals 2024, 14, 244

7 of 11

most, had the highest hardness value [22-28]. Additionally, the relationship between wear
resistance and hardness can be confirmed by the equation below:
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Figure 5. (a) Graph of changes in wear amount according to Fe content and (b) changes in hardness
value according to Fe content.

The above formulation references Archard’s law in the study of friction and wear
phenomena. The equation defines wear volume (Q) in relation to the material-specific wear
coefficient (K), applied load (W), sliding distance (L), and material hardness (H). It can be
seen that the wear volume Q of the specimen is inversely proportional to the hardness (H).
However, the experimental calculation results did not match well. It is believed that this
affects the wear resistance in addition to the hardness value. When using Archard’s law
to calculate the proportional constant, the K-values for each sample, the obtained values
aligned with Table 3. These results signified extremely small and negligible values. A lower
K-value within a proportional relationship indicates a relatively weak association between
hardness (H) and wear volume (Q). Essentially, it implies that hardness does not directly
influence wear. Other factors, apart from hardness, like applied load and sliding distance,
may have a more significant impact on the relationship between hardness and wear. These
findings allowed us to verify that hardness was not the only factor influencing the wear
experiment results.

Table 3. Coefficients calculated using real experimental measurements and Archard’s law.

Sample Name Element and Content (wt%)

Q@ WN) L@ H (HV) K (52
Stellite 6 0.3159 + 0.086 50 13,441  451.2 +£8.32 6.71 x 107°
Sample A 0.4418 £ 0.111 50 13,441 338.9 +4.42 5.88 x 107°
Sample B 0.5024 + 0.0359 50 13,441 272.68 + 7.66 9.39 x 1075
Sample C 0.542 4+ 0.0335 50 13,441 218.84 £9.57 8.03 x 107°

3.4. Compression Test

Compression tests were performed on each sample to determine its potential for use
as a hard-facing layer or buffering layer. Figure 6 shows the results of the compression
experiment. Figure 7 is a graph that represents the yield stress. This means that plastic
deformation occurred at the strain. According to the results of the compression tests, as
shown in Figure 7, as the amount of Fe added increased, the yield stress decreased. It
can be observed that the initial portions of specimens B and C closely resembled each
other. As anticipated, the reduction in the quantity of carbides led to the elimination of
precipitation hardening effects, resulting in a decrease in hardness values [29]. We were
able to understand how the addition of Fe to Stellite 6 changed the material’s strength and
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deformation characteristics according to the results of the compression tests. This assisted
in determining any material faults and gave information about the structural stability of
each sample.

4000

Stellite 6
Sample A
Sample B

Sample C /
3000 /

Compressive stress [MPa]

Zd

I ! I ! I ' I ' I ' I ' I '
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Compressionstrain (Extension)

Figure 6. Graph depicting the stress—strain curves from the compression tests.

100

Compressive stress [MPa]

Stellite6 Sample A Sample B Sample C

Figure 7. Yield strength changes according to the compression experiment.
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3.5. Coefficient of Thermal Expansion

TMA was performed to determine whether the thermal expansion coefficient of the
sample was suitable as a buffer layer material. The way a material expands or contracts in
response to temperature variations is represented by its coefficient of thermal expansion. It
is a measurement of the thermal expansion qualities of a material and is frequently used to
explain variations in physical attributes, such as area, volume, or length. This coefficient
makes it easier to comprehend how an object’s structure is impacted by thermal expansion
or contraction. For example, it aids in understanding how partial deformations in an object
occur due to thermal expansion or predicts changes in length due to temperature variations
in materials. Figure 8 is the result of deriving the coefficient of thermal expansion (CTE).
Each CTE at 300 °C is presented in the Figure 8. The method for calculating the value of

the CTE is as follows [30,31].
1AL

“TIAT

where L is the length of the sample, AL is the amount of change in the length of the sample,
and AT is the temperature change. The sample with the highest CTE value was Stellite 6,
which means that it expands significantly when heat is applied. According to the above
results, it was confirmed that the yield strength increased, and the hardness decreased
as the amount of Fe added increased. The basic material used in this experiment, Fe,
had a coefficient of thermal expansion (CTE) of 12.8 um/m-°C, which is closest to that of
carbon steel [32]. We calculated the thermal expansion coefficient using the previously
given equation. As shown in Figure 8, the CTE values of Stellite 6 and Sample A were
15.87 um/m-°C and 15.316 um/m-°C. They cannot be used as a buffer layer due to the large
difference compared to the CTE of carbon steel. Sample C was too low at 12.76 um/m-°C,
making it difficult to use as a buffer layer. The buffer layer in hard-facing mainly acts as
wear and corrosion protection. It is therefore essential to choose an appropriate material for
this purpose. It should possess hardness and thermal expansion coefficients equivalent to
the base material. The chosen buffer layer preserves stability in relation to the foundation
material. Therefore, Sample B, with an intermediate value, was considered suitable as a
material for the buffer layer.

40
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30
N
§
A —
[§] .
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=
3]
<
o 204
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g a:14.313m/m°C
A a:12.76m/m°C
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Figure 8. Results of the thermal mechanical analysis (TMA) for measuring and calculating the
coefficient of thermal expansion (CTE).



Metals 2024, 14, 244 10 of 11

4. Summary and Conclusions

In order to ascertain the ideal Fe concentration for the buffer layer in hard-facing
procedures, this study examined Stellite 6 with additional Fe. Several phases were found
during the XRD experiment carried out in this study, including the FCC, M;C3, M»C, and
BCC phases. Phase presence was influenced by changes in Fe composition, most notably
by the introduction of a BCC phase at 60 wt% Fe and the elimination of carbides at 40 wt%,
and 20 wt% Fe.

Three phases were validated by BSED and EDS observations, which showed that
Stellite 6’s carbides decreased as its Fe level increased. The absence of carbide in Sample
C suggested the emergence of a new phase. Tests on wear and hardness revealed a
relationship between carbide content and hardness/wear resistance. Nevertheless, there
was a discrepancy between the experimental and computational results, indicating that
wear resistance is influenced by more than just hardness.

Because there were fewer carbides in Sample C, the yield stress was lower, and
the precipitate hardening removal increased the alloy ductility. Experiments using the
coefficient of thermal expansion (CTE) showed that different samples had different CTE
values. Sample A was unfit for the buffer layer, due to its excessive CTE. It was also not
ideal that Sample C had a relatively low CTE. Sample B showed an intermediate CTE,
indicating that it could be a suitable material for a buffer layer that sits between Sample C
and Stellite 6’s extremes. The material that successfully joined the base material and the
cured layer was identified in this study as having an interim CTE.

The study’s findings verify that a buffer layer in Stellite hard-facing can contain
roughly 40% of the base material. We also came to the conclusion that leftover scrap
from Stellite hard-facing that contains less than 40% Fe can be recycled and utilized
again as a buffer layer. These findings are expected to have a major influence on future
resource-recycling activities and offer important insights into scrap recycling in hard-
facing operations.
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