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Abstract

In the present work coating materials that can be welded to the EN 1.6220 low
alloy steel disc of a butterfly valve and are also compatible with the seal mate-
rial, i.e., 17-4 PH steel, are studied. 312 duplex stainless steel, 316 austenitic
stainless steel and Stellite 6 are identified as potential coating materials for
the disc based on Cobweb analysis and are welded to the disc using MAG
welding (312 and 316 steel coatings) and powder plasma arc welding (Stel-
lite 6). Microstructural analyses and Vickers hardness measurements of the
weld joints are performed. The surface roughness and wear behaviour of the
coatings are also studied. Nanoscale wear phenomena and consequent phase
transformations are studied using Molecular dynamics simulations. The re-
sults show that 312 and 316 stainless steels are suitable coating materials for
the disc.

Keywords: Coatings, steel, welds, microstructure, wear, molecular
dynamics simulations, hardness, nano-tribology, surface roughness and
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1. Introduction

Valves are used to regulate fluid flow in a wide variety of district heating
networks, power plants and in different flow control, heating, and cooling
solutions. Butterfly valves are rotary valves that are used as both shut-off
and control valves and are often used in the larger diameter pipelines. The
acting closure member of the butterfly valve used in a district water heating
system is a metallic disc [1]. The metallic disc operates against a U-shaped
metallic seal (Fig. 1a), which acts as a forming spring that stretches to form
itself around the sealing surface of the disc when the valve is closed and
recovers its original shape when the valve is opened [2].

Figure 1: (a) Seal in contact with the disc. PA and PB are the pressures acting on the disc
in opposite directions [2]. (b) Geometry of the disc where the coating area is marked in
red. Samples for metallurgical and material property testing were taken from the dotted
regions.

The discs of the butterfly valves can be made of cast stainless steel or
nickel-based alloys. However, the recent rapid changes in the pricing and
availability of these materials caused the valve manufacturing industries to
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explore alternative materials and innovative solutions without compromising
on the functionality and quality. Therefore, it is essential to find an optimal
and cost-effective coating material that can be welded (Fig. 1b) to the disc
material, i.e., low alloy steel (1.6620). The disc coating material should also
act as a pair to the seal, i.e., 17-4 PH steel coated with hard-chromium.

Welding of dissimilar metallic materials can be challenging, mainly due
to the compositional gradients and microstructural incompatibility between
the base metals as well as differences in physical properties of the materials,
e.g., melting temperature, density, thermal conductivity, thermal expansion
coefficient [3–5]. In the case of a coated surface, porosity of the coating or
base material, poor adhesion between the materials on the boundary can
initiate fatigue failure. Other possible causes for initiation of failure are the
impurities in the coating and base material, which act as stress concentration
regions [6]. Therefore, the microstructure at the interface between the welded
coating material and the disc material should be studied to ensure that the
welded joint is free from any defects.

Tribology of the disc-seal contact is a key factor when considering the
leak tightness, opening torque, fatigue life and wear of the seal surface of
the disc [2]. As the seal slides on the seal surface of the disc the contact
is vulnerable to abrasive wear since the hard chromium coating of the seal
is harder than the disc’s sealing surface. The surface hardness of materials
plays an important role in withstanding abrasive wear [7]. Therefore, the
hardness of the joints should be measured.

Metal to metal seal tightness is heavily dependent on the surface rough-
ness and waviness of the contact surfaces [8, 9]. Better surface roughness
leads to better leak tightness [9]. Usually, a machined rougher surface is in
contact with a smoother seal surface. The machined contact surface is in
fact a spiral groove with peaks and valleys [8]. As surface roughness affects
the leak tightness of the contact, the surface roughness of the disc coating
before and after wear against the metallic seal should be studied.

The molecular dynamics (MD) method is a theoretical approach to study
nanoscale phenomena based on Newton’s equations of motion to calculate
the interaction between atoms and to record atomic movements [10]. MD
method has been used to study phase transformations and metallurgical phe-
nomena in different metallic materials [11–13]. Based on the theory, Li et
al. [14] studied the wear phenomena and the stress-induced atomic structure
variation and dislocation in high entropy alloy coating on Cu substrate. Yang
et al., [15] used the MD method in the investigation of the phase transfor-
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mation under different depths of nano abrasion on a coating surface. MD
method can be used to study the nanoscale wear phenomena in the coating
materials of the disc.

In the present work systematic material selection study using Cobweb
analysis was first performed to select the potential coating materials for the
disc. The selected materials were then welded to the EN 1.6220 steel discs.
The microstructural features of the weld joints were analysed for fusion and
adhesion defects using light optical microscope. Vickers hardness of the weld
joints was studied. The surface roughness and wear behaviour of the coating
after contact with the seal were studied using surface roughness tester and
scanning electron microscope, respectively. Nanoscale wear phenomena and
the subsequent phase transformations are studied using MD simulations.

2. Materials and methods

The disc’s geometry is elliptic conical, which means that width of the
disc is larger than its height. The angle of the sealing surface also changes
throughout the circumference of the disc. Due to these dimensional features
the contact pressure between the seal and disc varies across the disc’s contact
surface. Disc material is EN 1.6220, which is a cast low alloy steel. The seal
is a circular ring, machined from forged high strength martensitic steel (17-4
PH / EN 1.4542) and its surface is hard chromium plated with hardness
around 750–1050 (HV5).

Systematic material selection study was performed by considering the ma-
terial properties related to functional and manufacturing aspects as well as
cost effectiveness. Functional and manufacturing aspects included adhesion,
thermal expansion, possibility to achieve a coating of at least 2 mm thick-
ness, pressure-temperature combinations, non-magnetic material, acceptable
strength, corrosion resistance, weldability, machinability as well as availabil-
ity of the material. A total of 7 metallic materials were initially shortlisted,
e.g., Austenitic and duplex stainless steels, Inconel, Stellite, Monel. Cob-
web analysis was performed and finally 3 coating materials, viz., Autrod
312 duplex stainless steel, Autrod 316 austenitic stainless steel and Stellite
6 (Cobalt-chromium alloy), were shortlisted [2].

2.1. Experiments

Discs were coated with the three shortlisted materials (Table A.1 in Ap-
pendix A). Pulsed arc MAG welding using Yaskawa robotic cell was per-
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formed to coat the discs with Autrod 312 and Autrod 316 Lsi. The coating
was done with three tangential runs. Welding process parameters are shown
in Fig. A.1 in Appendix A. Powder plasma arc welding process was used to
coat the disc with Stellite 6 with several axial weld beads. Welding process
parameters are shown in Fig. A.2 in Appendix A. Preheating at 623 K and
post-welding annealing at 893 K was carried out on the discs coated with
Stellite 6. Preheating the coated surface is not necessary but is performed to
achieve cleaner adhesion and reduce the risk of crack growth. Post weld heat
treatment is often used to reduce risk of cracking and increase the strength
[16].

The final coating thickness achieved was 5 mm before machining. All the
coated discs were then machined with Niigata HN80 machining centres and
a minimum of 2 mm thickness of coating was achieved. After the coating
and machining, samples were cut from the discs for microscopic analyses,
hardness and surface roughness measurements. The samples were taken from
the sides of the disc (Dotted regions in Fig. 1b) where the contact pressures
and stresses towards the coating are the highest.

The surface roughness measurements were conducted with Mitutoyo SJ-
210 surface roughness tester. The stylus tip radius was 2 µm . The measured
values are an average result of three separate measurements. The measure-
ments were conducted on both the unworn and worn surface areas on 5.0 or
7.5 mm distance. The hardness measurements were conducted with Qness
Q30 A+ - hardness tester. Vickers HV5 hardness testing method was used.

Light optical microscopy was performed using Nikon Epishot. The elec-
tron microscope images were taken using a Hitachi S-3500N scanning electron
microscope (SEM). Same specimens were used in the surface roughness anal-
ysis and in SEM analysis. The specimens were cleaned with an ultrasound
washer before the analysis. Autrod 312 was polished using 3 µm diamond
suspension whereas Autrod 316 and Stellite 6 coatings were polished using
0.25 µm colloidal silica. All the coatings were etched using Kalling’s No. 2
whereas Nital 3% was used for the base material.

2.2. Molecular dynamics (MD) simulations

MD simulations are performed to study the phase transformations in
three different coating materials (Autrod 312, Autrod 316 Lsi and Stellite 6)
under a certain wear depth to investigate the relation between the surface
hardness variation and stress-induced phase transformation. A MD model
that includes the abrasion sphere on the surface of the coating material,
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which consists of room temperature phases is developed to study the mi-
crostructures and provide a detailed explanation of phase transformations
that occur during wear of the coated butterfly valve disc.

The wear simulations are based on the coating materials, i.e., Stellite
6 (Co69.1Cr28Ni 1.5F e1.1Mn 0.3), Autrod 316 Lsi (F e65Cr18.5Ni 12Mn 1.8Mo2.7)
and Autrod 312 (F e58.85Cr30Ni 9Mn 2C0.15), with a virtual spherical wear tool
(d = 5 nm). The spherical tool, with a size of r = 2.5 nm, acts as the con-
tacting surface against the coating material with a size of 9 × 7.5 × 6 nm3

along the X, Y, and Z directions. The models are simulated with three differ-
ent wear depths of 0.6 nm, 1 nm and 1.5 nm. Before the wear simulations,
the coating materials are heated above their melting temperatures and then
cooled down to room temperature (300 K ). The spherical tool is set to
rub along the X direction of the models which have periodic boundary on
Y direction and non-periodic boundaries along X and Z directions at room
temperature (Fig. 2).

X

Z

Y

Ni

Cr

Fe

Co

Mn

Figure 2: Schematic of the virtual spherical tool movement on the coating material surface
in wear simulations.

The initial phase of Autrod 316 Lsi and Autrod 312 models is body-
centred cubic (a=2.866 Å), whereas for the Stellite model it is hexagonal
phase (a = 2.47 Å, c = 4.02 Å). This model is performed in the LAMMPS
software [17, 18] with the initial model heated up and held at 1700 K for 1 ns
and then cooled to 300 K and held at that temperature for 1 ns, before per-
forming the wear simulations. Hybrid potentials have been commonly used
in complex systems [19, 20] and are applied in this simulation including modi-
fied embedded-atom method (MEAM) potential, spectral neighbour analysis
potential (SNAP) and Lennard-Jones (LJ) potentials, which are developed
by Liyanage et al. [21], Choi et al. [22], Li et al. [23], Aslam et al. [24].
Lee and Baskes [25] introduced MEAM with a modified background electron
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density equation (Eq. 1) with the added screen function Sij evaluated at the
distances of atoms i , j , and Rij as:

E =
X

i

"

Fi (ρ̄ i ) +
1

2

X

j ̸=i

Sij ϕ ij (Rij )

#

(1)

where, ρ i is the background electron density, Fi is embedded energy, and ε ij
(Rij ) is the pair interaction between atoms i and j with a range Rij which is
a value computed from the total energy and the embedding function. The LJ
potentials used for the element pairs are shown in Table 1, with LJ interaction
parameters obtained from the Lorentz-Berthelot mixing rules [26]:

ε ij =
q

(ε i ε j ) (2)

and

σ ij =
σ i + σ j

2 6
√
2

(3)

where i and j refer to different elements, ε ij and σ ij are energy and distance
constants, respectively.

Table 1: LJ potential data for pairs C - Cr, C - Co and C - Ni.

Distance constant / Å Energy constant / eV

C - Cr 2.7564 0.0012900

C - Co 2.9667 0.0007448

C - Ni 2.9778 0.0017210

3. Results and discussion

3.1. Experiments

3.1.1. Microstructural analyses

The microsections of most of the samples coated with Autrod 312 steel
showed good fusion between the disc material and the coating. Some areas
with lack of fusion (Fig. 3) between the bulk and the coating were visible
in one of the samples. Some inclusions were also seen next to both the
incomplete fusion spots. This sample is located at the start point of the
weld, which explains the lack of fusion in the microsection. Some small

7



pores were seen in all the microsections in the heat affected zone (HAZ)
region, next to the fusion line. The size of the HAZ region is measured to be
around 1.7 mm to 3.2 mm in different samples coated with 312 steel. The
microstructure of the coating is austenitic (light)-ferritic (dark) (Fig. 3c)
with no clear majority of either phase, which is a typical microstructure of
duplex steels [27].

Figure 3: Microsections of the disc sample coated with Autrod 312 steel. (a) Macroscopic
view of the disc and coating at the top. Arrows show regions with lack of fusion. (b) –
(c) Enlarged views of the regions marked by arrows 1 and 2 in Fig. (a), respectively.

The microsections of one of the samples, located next to the start point
of the weld, coated with Autrod 316 Lsi showed lack of fusion (Fig. 4b).
This sample was located very close to the start point of the weld. The
microstructure of the coating is austenitic (light), with a small amount of
delta ferrite (dark), which could form when welded stainless steel is cooled
with low cooling rate [28, 29]. Other samples of the disc did not show any
areas with incomplete fusion. Some small pores were observed in all the
samples in the regions close to the HAZ, next to the fusion line. The size
of the HAZ region is measured to be around 1.2 mm to 1.8 mm in different
samples coated with 316 steel.

Both Autrod 312 and Autrod 316 Lsi coatings showed some lack of fusion

8



areas in the regions where welding process initiated. Due to the geometry of
the triple eccentric structure of the disc, the highest contact stresses occur
at the sides of the disc (90◦ angle from the stem line). Therefore, it is
recommended that starting point of the welding process should not be located
on the sides of the disc, but instead on the stem line where the contact
pressures are lower [2].

Figure 4: Microsections of the disc samples coated with Autrod 316 steel (a and b) and
stellite 6 (c and d).

The disc coated with Stellite 6 did not show any regions of incomplete
fusion (Figs. 4c and d). The size of the HAZ region in all the Stellite 6
coated samples is measured to be less than 0.3 mm. The lighter cobalt rich
matrix and darker eutectic structure is clearly visible in the microstructure
of the coating. Annealing did not show any effect on the microstructure of
Stellite 6, in agreement with Li et al. [30].

3.1.2. Hardness measurements

The HV5 hardness values of the surface and regions near the fusion line
and HAZ of the samples coated with the three coating materials are measured
and some of the plots are shown in Fig. 5. The red dots in Fig. 5 indicate the
hardness measurement points in the HAZ region. The measurement points
in Figs. 5a, 5b and 5c are equally spaced at 0.33 mm, 0.3 mm and 0.3 mm,

9



respectively. The absolute variation, V ar(abs)n = HV 5nmax − HV 5nmin , and

percentage variation, V ar(%)n = V ar (abs)n
HV 5nmax

, in the hardness measurements are
shown in Table 2. The surface hardness variation is smallest in the samples
with Autrod 312 coating. The variation in hardness of 316 Lsi and Stellite
6 coatings is also small, however, with the exception of one sample of each
material that caused the high level of variation. No unambiguous root cause
for this anomaly can be identified since the microsection images showed no
defects.

Figure 5: Hardness measurements on disc samples coated with (a) Autrod 312 steel, (b)
Autrod 316 Lsi steel, and (c) Stellite 6. Coating material on left side and disc material on
the right side of the plots.

The hardness in the surface regions of the samples from different locations
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on the discs coated with Autrod 312 Lsi (248–262) and Autrod 316 Lsi (176–
183) did not show significant variations, which indicates that the welding
process was in good control and the speed of the welding torch was stable.
The variation in hardness levels near the fusion lines of samples from different
locations on the discs coated with 312 steel (248–270) and 316 steel (250–
278) is small. However, one disc sample coated with 316 steel showed a
very high hardness of 437, which is excluded from the estimations in Table
2. No unambiguous root cause for this anomaly was identified since the
microsection images showed no defects. The specimens close to the start
point of the weld did not show any abnormalities in the hardness profile
(Fig. 5).

Table 2: Absolute (Var(abs)) and percentage (Var(%)) variation in hardness measurements
of surface (HV5s) and fusion line (HV5f l ) of discs coated with Autrod 312 (312), Autrod
316 Lsi (316) and Stellite 6. *Sample that showed very high hardness is excluded from
these estimations.

312 316 Stellite 6
Var(abs) HV5s 14 7 96
Var(%) HV5s 5.3 3.8 19.6
Var(abs) HV5f l 22 28* 76
Var(%) HV5f l 8.1 10.1* 15.9

The variation in hardness on fusion lines of the specimen coated with
Stellite 6 is notable (403-479) as well as the variation in hardness on the
surface (393-489). The hardness profile of Stellite 6 differs from the other
two coating materials as the hardness on the fusion line is at the same level
compared to the rest of the hardness points along the Stellite 6 coating.

3.1.3. Surface roughness and wear phenomenon

Table 3 shows the average surface roughness (Ra) and mean surface rough-
ness depth (Rz) measurements on discs coated with the three different mate-
rials. The absolute variation, V ar(abs)n = Rnmax − Rnmin , and percentage

variation, V ar(%)n = V ar (abs)n
Rn max

, in Ra and Rz were calculated. The range
(maximum and minimum values) and variation (abs and %) of Ra show that
Autrod 312 has the best unworn surface quality after machining, which in-
dicates that the machining process had been performed well. The range of
Ra and Rz of unworn and worn samples show that the surface roughness
decreased after wear of discs coated with Autrod 312 and 316. This would

11



mean that the asperities of the surface have been flattened due to the contact
between the disc with the seal. However, this phenomenon was not observed
in the samples coated with Stellite 6. As Stellite 6 is hard, it did not wear
during the disc operation and hence the surface roughness did not decrease.

Table 3: Maximum (max), minimum (min), absolute change (Abs) and percentage (%)
change of surface roughness (Ra and Rz) measurements (in µm ) of unworn and worn
surfaces of steel disc coated with different materials.

Ra and Rz 312 steel 316 steel Stellite 6
Unworn Worn Unworn Worn Unworn Worn

Ra (min) 0.62 0.38 0.79 0.48 0.75 0.86
Ra (max) 0.67 0.5 0.91 0.6 0.92 1.04
Ra (Abs) 0.05 0.12 0.12 0.12 0.17 0.18
Ra (%) 7.46 24 13.19 20 18.5 17.3
Rz (min) 3.93 2.51 5.38 3.53 5.36 5.92
Rz (max) 4.83 3.71 5.69 3.94 6.06 6.86
Rz (Abs) 0.9 1.2 0.31 0.41 0.7 0.94
Rz (%) 18.6 32.3 5.45 10.4 11.55 13.7

Fig. 6a shows the disc coated with 312 steel and the worn surface (arrow)
after its contact with the seal. Figs. 6b–d show the microstructure of the un-
worn and worn surfaces of the disc coating. Fig. 6c shows the microstructure
resulted due to machining process, where each wave peak was estimated to
be approximately 80 µ m wide. Fig. 6d shows that the seal has caused plastic
deformation to the coating surface and wedged its way through the asperities
of the coating leaving a significantly flatter surface compared to the unworn
surface. Fig. 6b shows a 700x magnification of the worn surface where the
seal has caused perpendicular grooves on the coating. These grooves being
perpendicular to the original machining asperities could act as a leak pas-
sage in a fully closed contact position. The valleys of the original machined
surface are also visible in Fig. 6b, but the high asperities have deformed and
flattened due to the contact with the seal. When the machined disc coating
surface with peaks and valleys makes a contact with a completely flat and
smooth seal surface only the peaks of the disc coating surface will touch the
flat seal. As the harder seal exerts a large force on the much softer disc,
the peaks of the disc will form into flattened regions [31]. These flattened
asperities will act as bonds that will form the leak tight contact between the
two parts.
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Figure 6: Macroscopic and microscopic views of the wear behaviour of disc coated with
Autrod 312 due to contact with the seal. (a) Macroscopic view and microstructure of (b)
worn surface at 700x magnification, (c) unworn surface after machining at 100x magnifi-
cation, (d) worn surface at 100x magnification.

The samples coated with 316 Lsi steel also show that the asperities have
deformed significantly after contact with the seal (Figs. 7a–b). Some mi-
croscopic cavities on the unworn machined surface that are still intact after
the contact were observed (Fig. 7b). The unworn surface also showed some
other irregularities among the asperities which could cause deeper groove
formation on the coating surface. The discs coated with Stellite 6 showed
a poor and varying machining quality (Figs. 7c–d) compared to the discs
coated with steels, due to the high hardness that leads to poor machinability
of Stellite 6. The difference between unworn and worn surfaces can only be
seen at a very high magnification (1200x) indicating that the deformation
level due to wear is very small.

3.2. Molecular dynamics simulations

MD simulations show that the external stress causes phase transforma-
tion from γ phase (FCC) to α phase (BCC) in 312 and 316 steel coatings
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Figure 7: Microstructure of (a) unworn surface and (b) worn surface of the disc coated
with Autrod 316 Lsi at 90x magnification. Microstructure of (c) unworn surface and (d)
worn surface of the disc coated with Stellite 6 at 1200x magnification.

(Figs. 8a–f), in agreement with the phase-field simulations of steels [32, 33].
FCC phase is partially recovered after the release of stress. Dislocation and
internal stress emerge on the edge of the simulation domain, which lead to
retained α phase in the subsurface of Autrod 312 (Fig. 8c). The transformed
α phase on the surface can enhance the surface hardness after the wear of the
coating. Moreover, the higher Cr and C contents of Autrod 312 can increase
the surface hardness compared to Autrod 316 Lsi (Fig. 5).

Autrod 316 Lsi can self-harden during stress-induced phase transforma-
tion, i.e., martensite formation in Autrod 316 Lsi can contribute to ductility
reduction and result in lower ability to plastic deformation [34]. The slip
mechanism in Autrod 316 Lsi, as shown in Fig. 8e and f, caused deforma-
tion with no phase transformation, which agrees with the finding by Paredes
et al. [35]. Moreover, the potential phase transformation in the simulation
(Fig. 8e and f) from austenite to martensite can trigger martensite strength
enhancement [35]. It results in a hardened surface after stressed wear applied
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(a) (b) (c)

(f)

(i)(h)

(e)(d)

(g)

FCC

BCC

HCP

Figure 8: Cross section view of a spherical tool wearing the surface of the three coating
materials, Autrod 312 (a, b, c), Autrod 316 Lsi (d, e, f) and Stellite 6 (g, h, i), showing
the state before wear (a, d, g), during wear (b, e, h), and after wear (c, f, i). The phase
transformation caused by the wear stress and the slipped austenite region are indicated
by the yellow and red markers, respectively.

on the coating surface, while the coating can withstand and self-adapt to the
seal contact pressure and can hold the leakage.

MD simulations of Stellite 6 coating surface showed that the γ (FCC)
phase transformed to ε (HCP) phase upon cooling, in agreement with Ref.
[36]. The simulations show that the ε (HCP) phase is the stable phase in
Stellite 6 (Figs. 8g–i), in agreement with Refs. [36–38]. The spherical wear
tool caused atomic heaping on the surface of Stellite 6 (Fig. 8i) instead of
the slipping observed in 312 (Fig. 8c) and Autrod 316 Lsi (Fig. 8f). This
is because of the less number of slip systems and high wear resistance of the
HCP phase [39]. As a result of the stress generated due to the spherical tool’s
movement ε phase transforms to γ phase during and after wear (Figs. 8h–i),
which agrees with experiments [38]. The γ phase is retained in the Stellite 6
surface even after the tool leaves the surface (Fig. 8i). Szala et al. found that
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the stress-induced γ phase effectively keeps chromium carbides in the cobalt
matrix in the Stellite coating surface and results in surface hardening. Due
to the high hardness of Stellite 6 in the state before and after wear, it is not
suitable for adapting to the seal contacting surface in this application due to
the high surface resistance to plastic deformation. Significant plastic defor-
mation of steel coatings and relatively less plastic deformation of Stellite 6
coating, as shown by MD simulations, is in agreement with our experimental
results, where asperities have flattened after wear due to plastic deformation
(Figs. 6 and 7).

4. Conclusions

Coating materials for the low alloy steel disc that operates against a 17-4
PH steel coated with hard-chromium seal of a butterfly valve are studied.
Autrod 312 duplex stainless steel, Autrod 316 austenitic stainless steel and
Stellite 6 were shortlisted from a range of potential coating materials based
on cobweb analysis. MAG welding is used to coat the discs with Autrod 312
and Autrod 316 Lsi, whereas powder plasma arc welding process was used
to coat the disc with Stellite 6. The Vickers hardness, surface roughness,
microstructure and wear behaviour of the weld joints were studied. The
phase transformations in the coatings due to the wear phenomenon were
studied using molecular dynamics simulations.

Light optical microscopy of the weld joints showed good fusion between
the disc material and all the coating materials in most of the regions. How-
ever, starting points of the MAG welded Autrod 312 and Autrod 316 Lsi
coatings showed some areas with lack of fusion. The HV5 hardness measure-
ments of the surface and fusion line regions of the welds show that Autrod
312 coating gives the smallest variation in hardness.

The surface roughness of unworn specimens showed that Autrod 312 has
the best surface roughness compared to the other two coatings. The surface
roughness decreased after wear of the discs coated with Autrod 312 and 316,
showing that the surface asperities have flattened due to wear. The flattened
asperities will act as bonds that will form the leak-tight contact between the
disc and the seal. This is not observed in Stellite 6 coating as it did not wear
due to its high hardness. The surface roughness of unworn stellite 6 coating
is high and the microstructure shows irregular surface, which is due to its
high hardness that makes machining of Stellite 6 very difficult.
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In the wear simulation, Autrod 312 exhibited a phase transformation
from γ (FCC) to α (BCC) under external stress, resulting in increased sur-
face hardness and wear resistance. Autrod 316 Lsi also showed phase trans-
formation and leads to reduced ductility and decreased plastic deformation
due to martensite formation. Stellite 6 showed low slip mechanism and high
wear resistance, with phase transformation from ε to γ phase during and after
wear. This transformation enhanced its resistance to plastic deformation and
inherent high hardness of Stellite 6. Therefore, Stellite 6 is not suitable for
applications that require adapting with seal-contacting surfaces. The Autrod
312 and Autrod 316L have relatively low hardness to fit the seal-contacting
area, and show self-hardening after the initial wear to adapt to the seal. MD
simulations showed that all the coating materials experience plastic deforma-
tion, mainly the steel coatings, which are in good agreement with the SEM
images in Figs. 6 and 7 that showed flattening of asperities after wear due to
plastic deformation. These simulations also provided insights into the phase
transformations and reasons for changes in material properties due to wear,
which occur during the butterfly valve’s operation.

Based on all the results, it is concluded that 312 stainless steel followed
by 316 stainless steel are the best coating materials for the low alloy steel disc
of the butterfly valve. These results show that the expensive stainless steel
and nickel-based alloy discs can be replaced with the stainless steel-coated
low alloy steel discs that can achieve similar performance as their expensive
counterparts.
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Appendix A.

Table A.1: Alloy compositions (in wt.%) of the disc (EN 1.6220 steel) and coating materials
Autrod 312 (312), Autrod 316 Lsi (316) and Stellite 6 (S6). *Stellite 6 also contains 0.005%
B and 0.01% O. All materials also contain small amounts of P and S (< 0.02%).

C Cr Mn Mo Ni Si Co Fe W Cu
312 0.1 29 1.7 9 0.5 Bal.
316 0.02 18.5 1.8 2.7 12 0.8 Bal. 0.1
S6* 0.1 28 0.3 0.1 1.5 1.2 63.1 1.1 4.6
Disc 0.19 0.15 1.14 0.15 0.41 Bal.

Figure A.1: Welding parameters used for coating the disc with 312 and 316 steels. Pre-
heated to remove moisture.

Figure A.2: Welding parameters used for coating the disc with Stellite 6. *Heating speed
and cooling speed of upto 100 ◦C/h is used.
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