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ATMOSPHERIC PLASMA SPRAYING (APS) AND ALLOYING
AS METHODS TO MODIFY PROPERTIES OF THE SSS

SURFACE LAYERS

Use of the powder metallurgy (PM) in production of various components has been growing in the automotive

industry, including production of sintered stainless steels (SSSs). This study aims to improve the functional properties
of SS8Ss by formation of the Cr3C2-NiCr coating by APS method. The next stage involved alloying of the surface of
SSSs using the gas tungsten arc welding (GTAW). Analysis of microstructures was carried out using microscopy

(metallographic microscope and scanning electron microscope). Furthermore, the study presents XRD (X-ray powder

diffraction) examinations, mechanical properties and surface roughness measurements. The presented modification

improved properties of the surface layers examined in the study and enabled a reduction in the wall thickness of the
detail, which is important factor in the automotive and transport industry.
Keywords: (SSS) steel, Cr3C2-NiCr coating, APS, GTAW, surface layer alloying

1 Introduction

Due to the wear observed during use, the surface of
the solid body has been a subject of the frequent tests. This
surface can be repeatedly modified in physical and chemical
terms, which results in obtaining the desired functional
properties that are better than the properties of the
native material [1-3]. The surface layer alone plays mostly
a technical role. It has to show very high requirements for
increased durability of consumable machine parts and tools
designed and intended for operation in the conditions of
friction and fatigue. Appropriate surface modification has
a significant impact on functional properties (e.g. significant
extension of the durability of tools, machine parts and
devices, especially in terms of tribological properties) and
the final use of objects and finished products [4-6]. Duplex
steels are increasingly used in the automotive industry for
catalyst housing components, turbochargers and rotors
[7]. They are also susceptible to automation of production
processes [8].

The coating application and surface treatments have
been among the methods that are the most commonly used
to improve the surface properties of SSSs. The creation of
the coating increases, among others, the surface resistance
to oxidation or abrasion. The mechanical properties of the
coating, e.g. interfacial adhesion and fracture behaviours,
can be criteria when choosing a coating for a given
application [7-11]. Creation of the transition metal carbides
based coatings is a very interesting and well-known
modification. Transition metal carbides are characterized
by a very high melting point, hardness and strength at
high temperatures. Furthermore, they show improved
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properties related to electrical and thermal conductivity,
which ensures that they are widely used in metallurgy. Due
to their high strength at high temperatures compared to
other carbides, chromium carbides are the most often used
in surface modification [12-15].

Chromium carbides can occur in three polymorphic
structures: cubic (Cr,C)), hexagonal (Cr,C,) and
orthorhombic (Cr,C,). Considering the appropriate adhesion
to the substrate and the best mechanical properties (e.g.
higher hardness, wear resistance and strength, high melting
point, high elastic modulus, great chemical corrosion
resistance), chromium carbide (Cr,C,) is the most frequently
chosen for the surface modification through deposition
of coatings. Nowadays, chromium carbide coatings have
been known to improve resistance to high-temperature
oxidation (up to 750°C) and prevent the coating properties
from deterioration, which is related to formation of the
Cr,0,layer on its surface [16-17]. Thermal spraying of Cr,C,-
NiCr is successfully used for protecting and modification of
the surface in the aerospace, automobile or energy sectors.
Among the methods used to obtain the Cr,C,-NiCr coatings
are such methods like electron beam physical vapour
deposition (EB-PVD), atmospheric plasma spraying (APS)
and high-velocity oxy-fuel (HVOF) [18-21].

Atmospheric plasma spraying (APS) continues to
attract much interest and is successfully used to deposit
chromium carbide coatings. As is known, the deposition of
powders as dense and homogeneous coatings is possible
using the thermal spraying using the APS method. In this
process, the powder of Cr,C,-NiCr is introduced into the
plasma jet and heated to a molten state. Then, the heated
material is propelled towards a native material. The result
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Figure 1 The purpose of research

Table 1 Elements contained in powders studied (% wt.)

Powder grade Cr Ni Mo Si Mn C S Fe
AISI 316L 16.80 12.00 2.00 0.90 0.10 0.022 0.005 Balance
AIST 409L 11.86 0.14 0.02 0.82 0.14 0.020 0.010 Balance

Table 2 Proportion of individual powders used to make the series of samples (% wt.)

Series of samples

Powder grade

AISI 316 LL AISI 409L
1 80% 20%
2 50% 50%
3 20% 80%
Table 3 Sinters forming parameters
Parameters Description/values
Compact uniaxially
Lubricant 1% Acrawax C
Pressing pressure 720 MPa
Sintering temperature 1250°C
Sintering time 30 minutes
Cooling rate 0.5°C/s

is a coating formed from adhering powder particles. The
metallurgical properties do not change after the deposition
of the coating (no regular heating). Plasma spray coatings
are extremely interesting in terms of their capability of
giving specific properties (e.g. porosity, roughness)[22-27].
The welding techniques that are based on concentrated
thermal energy are increasingly used to modify the
surface of the SSSs. One of the most widespread and
interesting methods in surface processing with alloys are

laser technologies. As laser technologies are expensive,
alternative technologies are increasingly being sought.
The GTAW method offers a great alternative here, and
it is very commonly used to modify surface layers,
including the SSSs surfaces described here. The GTAW
method is easy to use and is characterized by a low cost
equipment. Furthermore, use of the GTAW method allows
the functional properties of the surface to be modified
[28-32].
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Table 4 APS process parameters

Parameters Ranges
Voltage (U) 50 (V)
Current intensity (1) 45 (A)
Spray distance 120 (mm)
Primary plasma gas Ar ~ 45 (V/min)
Secondary plasma gas H, ~ 12 (V/min)
Table 5 X-ray diffractometer parameters
Parameters Ranges
Angle range (20) 10-120°
Tube voltage (U) 40 (kV)
Tube current (1) 40 (mA)
Step-scan mode 0.1°
Step size 0.1°
Pulse integration time (t,) 10 (s)

The authors of the present study proposed to improve
functional properties, mainly hardness and wear resistance.
Several modifications were made and the purpose of the
research is shown in Figure 1.

2 Experimental

Preparation of the multiphase sinters, used for
examinations, was described in detail in the paper [33].
Table 1 shows the contents of individual elements in the
powders used to obtain sinters. The nominal particle size of
both powders is 130-150 pm.

Three different sinters were used in examinations,
formed by mixing the two powders in different proportions
(i.e. austenite and ferrite). Three series of samples were
obtained (see Table 2).

Table 3 presents parameters affecting the production
of sintered samples. To reduce oxidation of the batch and
to protect it from a decline in chromium concentration, the
process was performed in the reduction atmosphere using
100% hydrogen.

The next stage of examinations consisted of
modification of the surface layer by deposition of a coating
using the plasma spraying (APS method). To improve
the functional properties of the analysed steels, it was
decided to deposit a chromium carbide coating. To prepare
a suitable powder mixture for the coating, the chromium
carbide was mixed mechanically, at a ratio of 75% wt.
Cr,C, and 25% wt. NiCr. Table 4 presents parameters of the
coating spraying process. A 60 pm coating was obtained as
a result of the modifications.

Gas tungsten arc welding (GTAW) has been used for
surface layer treatment, used for the coatings of sintered
stainless steels. Alloying of sintered stainless steels was
performed at a constant surface scanning rate of 340 mm/
min and welding at a current intensity of 30 A and 40 A and
voltage parameters. Argon was used in the process as
a shielding gas. Its flow rate was set at ~ 14 I/min.

The stereo microscope Olympus SZ61 has been used
for the macroscopic evaluation of sintered stainless steels
after application of Cr,C,-NiCr powder and after the
surface alloying process. Analysis of the microstructure
was performed using microscopy (i.e. an Olympus GX41
metallographic microscope and a JSM-6610LV scanning
electron microscope Jeol). Analysis of the chemical
composition was carried out using a Jeol JSM-6610LV
scanning electron microscope. The microhardness
measurements for the SSSs were carried out using the
Vickers method under a load of 980.7 mN.

The X-ray Seifert 3003 T-T diffractometer, with a cobalt
lamp A, = 0.17902 nm, was used for identification of the
phase composition of the alloyed surface of specimens. All
the measurement parameters are presented in Table 5.

A Hommel T1000 contact profilometer was used to
evaluate roughness parameters (R, R, R ) on the surface
of samples. Three measurements were made, with each
measurement consisting of the contact of a stylus with the
analysed surface, using a differential measuring system.

The scratch resistance test (Revetest XPress Plus with
Rockwell indenter) was used to evaluate the coefficient
of friction. Measurements consisted of the mechanically
induced damage to the surface obtained by scratching.
A constant load of 10N, scratch length of 5mm and the
scratch velocity of 5 mm/min were used. The main purpose
of the scratch test was to determine the relationship
between the direction of the scratch and the surface
orientation depending on the penetration depth and to
evaluate the coefficient of friction.

3 Results and discussion

The Cr,C,-NiCr powder used for spraying and
deposition of the coating is shown in Figure 2.

Figure 3 presents the microstructure of the surface of
the coating (before the alloying process) recorded using
scanning electron microscopy.
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SElI  20kV WD10mm  $S4 x250 100um

Figure 2 Grains of the Cr,C,-NiCr powder

SElI  20kV WD10mm SS44 x750 20um

Figure 3 SEM image of the coating deposited
on SSS after APS

~58.200pm

SEI  20kV

Figure 4 SEM image of the coating after APS

WD11mm SS44 x1,000 10pm

The cross-section of the Cr,C,-NiCr coating obtained
using the scanning electron microscope is presented in
Figure 4. Thickness of the obtained Cr,C,-NiCr coating was
also marked (cca. 60 pm).

The resulting Cr,C,-NiCr coating is characterized by
structural elements that are typical for this deposition
method (APS). This coating exhibits a porous lamellar
structure with visible cracks and particles that have not
melted.

After the surface treatment,
examinations were performed to assess the effect of
alloying on quality of the steel surface. The main criteria

the macroscopic

Figure 5 Images of the surface of the SSSs after alloying
at 30 A for samples: a) 1, b) 2, ¢) 3

of evaluation were the continuity of the band, similar
width and a relatively smooth surface that did not contain
any craters. Figure 5 presents images of the surface after
alloying of the SSSs at current intensity 30 A obtained using
an Olympus SZ61 microscope.

The metallographic sections were prepared by etching
with a mixture of nitric acid and hydrochloric acid (i.e.
aqua regia). Figure 6 shows an image of the microstructure
obtained for sample 1 after the surface alloying at 40
A using the metallographic microscope Olympus GX41.

The microstructure analysis confirmed the presence
of a homogeneous cellular-dendritic structure resulting
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Figure 7 Image showing the alloyed zone (sample 2 after alloying 40 A)

Table 6 EDX-analysis after alloying at a current intensity of 30 A (AZ-alloying zone, HAZ- heat affected zone, NM-native

material)
Series of Weight (%)
samples Element A HAZ M
Cr 48.27 22.22 17.26
Ni 6.97 8.33 11.87
Mo 147 241 2.27
! Fe 29.05 53.34 67.78
Si 0.38 0.58 0.83
C 13.49 13.12 -
Cr 32.09 20.45 14.86
Ni 8.00 7.55 5.43
Mo 1.22 0.69 0.95
2 Fe 46.29 65.79 77.24
Si 0.52 0.79 1.52
C 11.89 4.72 -
Cr 74.94 28.52 15.26
Ni 6.43 748 5.82
Mo - 0.46 1.38
’ Fe 8.66 55.70 76.87
Si - 0.64 0.69
C 9.96 719 -

from the alloying process. The crystalline columns,
arranged along the heat exchange direction, were
observed. Contact of a layer after the alloying with the
core material led to formation of a transient zone, in
which nucleation and an increase in the primary structure
crystals were observed.

Figure 7 presents an example of a microstructure
that was obtained by the surface alloying for the SSSs.
Observations were made using a scanning electron
microscope.

Table 6 presents the chemical composition for the
surface layers in the SSSs after alloying at a current

COMMUNICATIONS 4/2020

VOLUME 22



ATMOSPHERIC PLASMA SPRAYING (APS) AND ALLOYING AS METHODS TO MODIFY PROPERTIES...

«uCr «iisNj =)o =ii=C
40
\ 2
-]
S
35 ;
\ e
]
30 E
-
=
£
=
— 25
S
z
2020
<
= \
15
10
5
0 & T T T i : A
0 20 40 60 80 100 120 140 160 180
Distance from the surface [pum]
Figure 8 Linear chemical composition analysis for sample 2 after alloying
al current intensity 30 A
——Cr3C2-NiCr coating ~ ——Surface after alloying 40 A
[m]
i
O o - ferite © 7 - austenite
A CiC, 0O Nicr
:;;
£ A
£
§
2

35 45 55 65 75 85 95

2 theta, °

Figure 9 Diffractograms of sample 3 with Cr,C,-NiCr coating after alloying (40 A)

intensity of 30 A using the GTAW method. The main purpose
of this analysis was to compare the presence of selected
elements in the areas studied after the surface treatment.
Analysis allowed for determination of the migrating alloying
elements and thus observation of diffusion occurring in
the alloying process. Furthermore, homogeneity of the
chemical composition was determined in the obtained
surface layers. Analysis of changes in the content of
elements showed migration of the diffusing elements (i.e.
chromium, nickel). Diffusion occurred between the ferritic
and austenitic phases. An intermediate zone was formed as
a result of nickel dispersion in austenite. All the samples
used in the study showed different contents of the alloying
elements.

Figure 8 shows results of the linear analysis of the
chemical composition for sample 2 after the GTAW alloying
at a current intensity of 30 A. Linear chemical analysis was
carried out so that it was possible to present distribution
of selected elements vs. distance from the surface, taking

into account the modified alloy zone, heat-affected zone and
native material. Diffusion of chromium to ferrite and nickel
to austenite was confirmed. Consequently, formation of the
phase transformations on the boundary of the analysed
areas was observed.

The X-ray phase analysis was performed to identify the
phase composition on the alloyed surface layer. Figure 9
presents identification of the phase composition for sample
3 with a Cr,C,-NiCr coating and after the alloying process
(40A). The phase analysis for individual specimens revealed
the presence of austenitic and ferritic phases, which was
proportional to the contents of the powders used.

Phases, obtained during the phase composition analysis
of the SSSs, are shown in Table 7. The peak intensities
obtained on the diffractogram depend on the content of
individual phases in the SSSs.

To analyse the geometric structure, profilometric tests
were carried out and the profiles, yielding roughness
parameters of steel surface layers, were obtained. Table
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Table 7 Results of the phase composition analysis

Phases Cell Cell parameters
crC orthorhombic a=0.55nm,b=114 nm,oc = (.28 nm,
372 a=p=y=90
. . a=b=c=0.45nm,
NiCr cubic a=p=y=90°
- . a=b=c=0.28nm,
a. - ferritic cubic a=p=y=90°
. . a=b=c=0.35nm,
Y - austenite cubic a=p=y=90°

Table 8 Roughness parameters of the analysed samples

Roughness parameter [pm]

Series of samples Current intensity (A) R R

Cr,C,-NiCr coating 4.79 £ 0.45 27.35+3.35 32.28 + 0.48

) 30 3.73 £ 0.01 22.94 + 051 31.98 £ 0.31

40 3.51+0.28 20.93 + 0.09 30.29 + 0.47

30 3.95 +0.19 22.24 £0.71 31.12 £ 0.62

? 40 3.73 £0.18 22.45 + 0.38 33.06 + 0.80

30 3.78 £ 0.29 21.60 = 0.70 2892 +0.34

’ 40 3.40 £ 0.37 24.88 + 0.06 36.06 + 0.55

Table 9 Hardness measurements of specimens (AZ - alloying zone, HAZ - heat affected zone, NM - native material)

Hardness (HV 0.1)
Series of samples Current intensity (A)
HAZ NM
30 283.67 £ 0.98 231.00 + 0.10
1 128.67 + 0.62
40 347.00 + 0.05 226.33 + 0.33
30 388.00 + 0.30 272.00 + 0.33
2 138.00 + 0.82
40 443.00 + 0.28 277.00 £ 0.31
30 686.50 + 0.50 453.00 £ 0.01
3 142.00 + 0.00
40 602.00 £ 0.02 354.00 + 0.12
Cr,C,-NiCr coating 1065.67 + 0.71

8 illustrates the roughness parameters for the Cr,C,-NiCr
coating and surface of the SSSs after alloying. The following
parameters were selected for analysis: R, R and R .

Considering the first stage of modification, i.e.
deposition of the Cr,C,-NiCr coating, the roughness
parameter on the surface of sinters was measured (R, =
4.79 pm). Application of the GTAW method for the alloying
surface treatment led to improvement in roughness. The
parameters obtained (e.g. R, R and R ) are lower than
before the modifications. Along with an increase in the
current intensity, the sintered surface was smoothed (lower
values of R ). This is associated with the linear energy of the
arc applied to the steel surface during the alloying.

Mechanical properties were evaluated based on
hardness measurements by the Vickers method. Table
9 presents hardness of the Cr,C,NiCr coating, alloying
zone, heat-affected zone and native material obtained
after alloying at different current intensities. Three
measurements were performed, and their means are shown
in the table below.

The proposed modification with the Cr,C,-NiCr
coating and GTAW alloying led to homogenization of
the microstructure, as confirmed by the hardness tests.
Contents of individual phases had a direct effect on the
mechanical properties of sinters. Formation of the Cr,C,-
NiCr coating dramatically improves the strength properties
of the SSSs. Furthermore, analysis of hardness revealed
that the GTAW method led to improvement in mechanical
properties of the samples.

The scratch test under the constant load was conducted
to determine the coefficient of friction (COF) and wear
resistance. Table 10 shows the friction coefficients for the
SSSs, as obtained during the scratch test. Figure 10 shows
a diagram of the normal load and friction for sample 1 after
alloying (at 40 A) obtained after the scratch test.

Resistance to friction depends on many factors. Scratch
tests confirmed that the applied surface treatment reduces
the coefficient of friction of sintered steels (SSS) modified
with chromium carbide. This coefficient depends on the
current-voltage parameters used during the remelting.
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Table 10 Coefficients of friction for the analysed samples (AZ - alloying zone, NM - native material)

Series of samples Current intensity (A)

Coefficient of friction

AZ NM
30 0.18

1 0.14
40 0.14
30 0.15

2 0.13
40 0.12
30 0.17

3 0.15
40 0.14

Cr,C,-NiCr coating 0.30

1.5E4{ 1.5E4| 2

1.2E411.2E41 1.

90009000 1.,

600046000 0.

30003000 0.

.OmN| .0mN| 0.0.
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®m Normal force ™ Frictional force ™ Friction coefficient

L |
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m Penetration depth m Resiudual depth

Figure 10 The effect of alloying (40A) on coefficient of friction for sample 1

Based on results, it can be concluded that the greater the
resistance to abrasive wear, the lower the coefficient of
friction. The method of surface modification, discussed
in the present study, allowed for improvement of the
mechanical properties of the samples studied.

4 Conclusions

Sintered stainless steels are mainly used in the
automotive industry, which is open to new material
solutions to meet the growing needs and expectations of
customers, e.g. in reducing mass of details, especially in
electric cars [34]. This is followed by proposals of material
engineers aimed to continuously modify and improve
the materials used. Modification of the surface layer of
the SSSs, proposed in this paper, represents a proposal
to apply the two-stage surface treatment (spraying and
remelting) to improve the functional properties of the parts.

The authors of the paper proposed the modification of the
surface of the sintered two-phase steels (AISI 316L and
AISI 409L) by introducing Cr,C, carbide into the surface
layer of steel. The most important problem was to choose
melting parameters to ensure the change in the physical and
chemical properties of the steel surface. Results presented
in this study are part of advanced research conducted by
the authors [6, 12, 26, 31, 33].

Alloying the surfaces of sintered stainless steels
yielded a gradual change in the chemical composition of the
surface layer vs. distance from the surface of the modified
materials. The depth of the modified zone was on average
100 pm for samples remelted at 30A and 130 pm for those
remelted at 40A. The change in the chemical composition
and internal stresses that occur in the remelted material
resulted in improved strength properties expressed in
hardness (a twofold increase in hardness of the modified
layer was obtained compared to the unmodified material).
Use of the concentrated energy source (GTAW method)
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and appropriate choice of melting parameters resulted in
reduction in the specific surface area of steel compared
to the Cr,C, coating. This result is very important from
the standpoint of abrasive wear resistance and corrosion
resistance of these materials. An increase in abrasive

by the analysis of the coefficient of friction (during the
scratch test). As the current-voltage parameters, used in
the remelting process, increased, the coefficient of friction
decreased compared to the coefficient of friction of the
carbide coating, which can be associated with a change in

wear resistance of the modified steels was confirmed chemical composition and hardness of the modified layer.
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