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Abstract
A large share of the world’s total energy consumption is used to overcome friction. Therefore, low friction wear-resistant 
materials are needed. Solid lubricants are solid-phase materials that can reduce friction at different temperatures between two 
surfaces sliding against each other without the need for a grease or liquid oil medium. In this study, Cold Metal Transfer Wire 
Arc Additive Manufacturing (CMT-WAAM) was used to deposit solid lubricant (WS2, MoS2, CaF2) doped hypoeutectic Stel-
lite alloy. Fabricated deposits possessed crack- and pore-free microstructures consisting of γ-Co and M7C3 carbide eutectics 
embedded with chromium sulfides and microhardness values of ~ 530 HV1. They were also tested in self-mated unidirectional 
sliding wear tests in dry conditions at room temperature (RT) and at 300 °C in an air atmosphere. The results showed that 
the dynamic coefficient of friction (COF) decreased ~ 27% at RT and ~ 21% at 300 °C without losing the wear properties. 
During sliding wear tests severe strain hardening occurred and γ-Co was found to transform to ε-Co. The developed deposits 
can be used as hard facings or 3D printed components in applications that require good sliding wear properties at different 
temperatures such as metal forming tools, power transmission components, valves, and internal parts of combustion engines.
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1  Introduction

Approximately 20% of the world’s energy consumption 
is used to overcome friction in transportation, various 
machinery, and other equipment [1]. By utilizing advanced 
materials and lubrication techniques, energy losses due 
to tribology-related issues could be reduced by 40% [1]. 
Solid lubricants are a group of materials with self-lubri-
cating capability. They are roughly classified according to 
the operating temperature at which they exhibit the low-
est friction. Low temperature (< 500 °C) solid lubricants 
include, for instance, molybdenum and tungsten disulfides 
(MoS2, WS2), silver (Ag), and graphite, whereas hexagonal 
boron nitride (BN) and calcium difluoride (CaF2) consti-
tute the high temperature (HT) (> 500 °C) solid lubricants. 
Their effect is based on low shear strength and/or high c/a 
ratio if hexagonal in the crystal structure. Solid lubricant-
doped advanced materials are used in applications where 

conventional lubricants such as oil and grease do not work 
due to too high operating temperature, volatilization, sealing 
problems, production of harmful paste, solidification, and 
requirements of purity [2–4].

Solid lubricants can be impregnated in various load-car-
rying metal alloy matrices to decrease friction. The most 
used method is laser powder cladding a.k.a. laser metal 
deposition because it is easy to mix different powders. Their 
embedding as original chemical compounds is, however, dif-
ficult because most of them oxidize readily and decompose 
below the melting temperatures of potential matrix metals. 
For instance, MoS2 (Tm = 1185 °C, ρ = 5.1 g/cm3) particles 
(< 10 µm) clad with nickel dissociated in pre-placed laser 
cladding leading to various sulfides with matrix materi-
als, which, nevertheless, possessed low friction [5]. Wolfe 
et al. [6] managed, however, to embed fine < 1 µm WS2 
(Tm = 1250 °C, ρ = 7.5 g/cm3) particles together with Cr3C2 
into Inconel 625 matrix by injecting them to the trailing edge 
of the melt pool, thus avoiding the direct interaction with 
the laser beam. Instead of direct injection of solid lubricant 
particles, Yakovlev et al. [7] fabricated MoS2 layers by laser 
cladding the first molybdenum layer, which was later sub-
mitted to a heated chamber filled with sulfur vapor. Courant 
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et  al. [8] succeeded in leaving graphite (Tm = 3675  °C, 
ρ = 2.2 g/cm3) inclusions in the Ti matrix by pre-placed 
pulsed laser cladding technique due to low heat input and 
high solidification rates. A significant amount of TiC, how-
ever, formed as well. Ag (Tm = 960 °C, ρ = 10.5 g/cm3) was 
tried as solid lubricant together with CaF2/BaF2 in multi-
material alloy consisting of 20 vol.% Ni20Cr – 50 vol.% 
Cr3C2 – 15 vol.% Ag – 15 vol.% CaF2/BaF2 [9, 10]. Owing 
to its immiscibility to the NiCr matrix, Ag was segregated to 
the surface of the coating during solidification. Torres et al. 
[11] managed to prevent such an escape of Ag from the melt 
pool by encapsulating the silver with the addition of MoS2 
and WS2. CaF2 (Tm = 1418 °C, ρ = 3.2 g/cm3) seemed to be 
stable since it remained in the final microstructure [9, 10]. 
Similar observations were made by Wang et al. [12], who 
embedded CaF2 in Al2O3 matrix on Al2O3 base material. In 
addition to enhancing sliding contacts, CaF2 is an efficient 
flux and purifier extensively used to increase the fluidity of 
melt and eliminate gas and impurities [13]. Shehata et al. 
[14] and Molian and Hualun [15] applied hexagonal BN 
(Tm = 3000 °C, ρ = 2.3 g/cm3) to tool steel and Ti, respec-
tively. In both cases, the majority of BN decomposed and 
formed new hard phases with matrix elements, which led to 
better wear resistance.

The objective of this study was to fabricate low-friction 
Stellite deposits with a cost-effective CMT-WAAM process 
using tailor-made solid lubricant doped cored wires and test 
their friction and wear performance at room temperature 
(RT) and 300 °C in air atmosphere.

2 � Materials and methods

2.1 � Materials

The fabrication of the self-lubricating deposits was per-
formed using a robot-guided CMT arc welding process due 
to its relatively low heat input. The filler material was a tai-
lor-made Stellite 12 cored wire 1.6 mm in diameter doped 
with a 7.5 wt.% 40WS2-40MoS2-20CaF2 designated as 
Th12G Lub in this study. Reference deposits were fabricated 
from a commercial Stellite 12 cored wire (Thalit 12G, Coro-
dur Verschleiss-Shutz GmbH, Thale, Germany) 1.2 mm in 
diameter and tailor-made Thalit 12G Mod 1.6 mm in diam-
eter where the size of W and Cr particles were diminished in 
the filler inside the cored wire. Angular Cr and W particles 
inside the tailor-made wires were up to 140 and 80 µm in 
Th12G Mod and 230 and 120 µm in Th12G Lub in sizes as 
displayed in Table 1. Representative fillers inside the wires 
are displayed in Fig. 1a and b. In an earlier study, Cr parti-
cles up to 250 and W particles up to 120 µm in size remained 
unmelted in the CMT process [16]. For that reason, their size 
was diminished in tailor-made Th12G Mod cored wire. In 

general, Stellite 12 is a carbide-type hypoeutectic Co-based 
hard-facing alloy with moderate hardness provided by car-
bon and carbide formers. This alloy is claimed to have excel-
lent resistance to abrasion, erosion, cavitation, and severe 
sliding wear, and it can be used in applications reaching up 
to 700 °C [17]. Th12G’s chemical composition is presented 
in Table 2. Besides the elements reported in the analysis 
certificate, the filler inside the wire contained some Al, F, 
Na, Ca, and K particles, which are effective arc stabilizers 
and deoxidizers [18]. Its melting range is 1225–1280 °C. 
The sheath thickness of the cored wire was 0.17 mm, and the 
type of joint was lapped as displayed in Fig. 2. The sheath 
and internal areas of the Th12G Lub wire were 0.762 and 
1.205 mm2 leaving a lot of space for filler powders inside 
the wire. Linear masses of the Th12G Mod and Th12G Lub 
wires were 0.136 and 0.138 g/cm (for comparison, a solid 
G4Si1 D1.2 mm is 0.085 g/cm) allowing flawless recipro-
cating wire motion in the CMT process. The substrate was 
an S355 construction steel with a thickness of 20 mm. Its 
chemical composition is presented in Table 2.

2.2 � Deposition

Deposition experiments were conducted with a Fronius 
CMT Advanced 4000R single wire welding equipment 
(Fronius International GmbH, Wels, Austria) mounted to 
an ABB IRB 4600–40/2.55 robot with an ABB IRBPA-750 
turntable (ABB, Västerås, Sweden). After extensive depo-
sition experiments to produce low-diluted fusion-bonded 
single-layer deposits without pores and cracks, the optimized 
deposition parameters are presented in Table 3.

2.3 � Characterization

Surfaces of as-welded CMT-WAAMed deposits were exam-
ined with an Alicona InfiniteFocus G5 optical 3D meas-
urement sensor (Alicona Imaging GmbH, Graz, Austria). 
Profiled areas were 20 × 20 mm2. Both optical and scanning 
electron microscopy (OM and SEM) were used in inspecting 
the sample cross-sections prepared from the deposits. The 
optical microscope used was a Leica DM 2500 M (Leica 
Microsystems GmbH, Wetzlar, Germany), and the SEM 
was a JEOL JSM-IT500 (Jeol Ltd., Tokyo, Japan) with the 
energy dispersive X-ray spectroscopy (EDS). Hardness 
measurements were conducted using a Matsuzawa MMT-XT 

Table 1   Maximum particle sizes of filler inside the cored wire

Cored wire Type Cr W

Th12G Ø1.2 mm Commercial 250 µm 120 µm
Th12G Mod Ø1.6 mm Tailor-made 140 µm 80 µm
Th12G Lub Ø1.6 mm Tailor-made 230 µm 120 µm
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(Matsuzawa Co Ltd, Akita, Japan) Vickers microhardness 
tester. To reveal crystal structures and phases present in 
deposits, an X-ray diffractometer, Panalytical Empyrean 
Multipurpose Diffractometer (Malvern Panalytical Ltd, 
Malvern, UK), was employed using the CoKα radiation at 

the voltage of 45 kV and the current of 40 mA. The scan-
ning angle 2θ covered a range of 30–90 degrees. Volume 
fraction quantifications were made with ImageJ software. 
Analyzed areas were ~ 2000 × 1300 µm2 for unmelted parti-
cles and ~ 100 × 130 µm2 for sulfides.

Fig. 1   Backscattered SEM images of the powders inside the tailor-made a Th12G Mod and b Th12G Lub cored wires

Table 2   Chemical compositions 
of St12 cored wires and S355 
substrate in wt.%

1 Analysis certificate, 2Nominal composition

Material Type C Mn Si Fe Cr W Ni Co P S

Th12G Ø1.2mm1 Commercial 1.4 1.0 1.5  < 2.5 29.5 8.5  < 3.0 Bal
Th12G Mod Ø1.6 mm Tailor-made Diminished W and Cr granulometry
Th12G Lub Ø1.6 mm Tailor-made Doped with 7.5 wt.% (40WS2-40MoS2-20CaF2)
S3552 Substrate 0.2 1.6 0.6 Bal

Fig. 2   Optical microscope image of cross-section of Th12G Lub 
cored wire 1.6 mm in diameter

Table 3   Optimized CMT-WAAM parameters for St12 cored wires on 
S355 steel

Parameter Th12G Th12G Mod Th12G Lub

Voltage (Vave) 14.7 V 13.5 V 12.6 V
Current (Aave) 169 A 180 A 186 A
Arc power 

(Wave)
2484 W 2423 W 2328 W

Travel speed 
(TS)

3 mm/s 10 mm/s 10 mm/s

Wire feed rate 
(WFR)

6.5 m/min 3.4 m/min 3.5 m/min

Process gas Ar + 2CO2 Ar + 2CO2 + 30He Ar + 2CO2 + 30He
Process gas 

flow
15 l/min 15 l/min 15 l/min

Weaving width 16 mm 4 mm 4 mm
Inter-track 

advance
10 mm 3.5 mm 3.5 mm

Preheat None 250 °C 250 °C
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2.4 � Tribology

Self-mated unidirectional sliding wear tests for the param-
eter-optimized specimens were run to determine their wear 
behavior under different temperatures and to define the 
dynamic coefficients of friction (COF). Wear tests were 
conducted with a pin-on-disc device CETR UMT-2 (Center 
for Tribology, Campbell, USA). For the wear tests, multi-
ple discs were deposited with the selected alloys, machined 
to specific dimensions, and test surfaces ground to a Ra of 
0.3–0.4 µm. The disc size was 70 mm in diameter and 10 mm 
in thickness. The pins were removed from the deposits by 
wire cutting. The diameter of the rounded pin was 6.35 mm. 
The radius at the tip of the pin was R20. Figure 3 shows the 
schematic presentation of the test. Before each test, the wear 
surfaces of both the disc and the pin were cleaned with etha-
nol. The weighing was done with a TEOPAL scale (accuracy 
0.001 g). The test pieces were weighed five times before and 
after the tests, and the average was calculated.

The wear tests were performed in dry conditions at RT 
and 300 °C in an air atmosphere using the normal load of 
100N, which gave the maximum Hertzian contact pressure 
of 907 MPa, a sliding speed of 2400 mm/min, and a testing 
time of six hours. Repeatability and the accuracy of this 
test can be evaluated with a coefficient of variation (COV). 
With the used specimen geometry and the test parameters, 
COVs for mass loss and COF were 14.2% and 12.5% at RT 
and 6.9% and 5.5% at 300 °C. According to Ref. [20], a 
COV of 20% or less for mass loss is a sign of appropriately 
conducted tests. The worn track on the disc, the worn sur-
face of the pin, and collected wear debris were examined 
with SEM and Alicona InfineFocus G5 optical measure-
ment system. Electron back-scattered diffraction (EBSD) 
was used to detect phases in the deformed subsurface of 
the cross-section of the wear-tested pin. EBSD specimens 
were polished using a 0.02 µm colloidal silica suspension. 
The data acquisition for EBSD was done using a Zeiss Ultra 

Plus field emission scanning electron microscope (FESEM) 
equipped with a Symmetry® EBSD detector (Oxford Instru-
ments). The data was acquired with the step size of 0.1 µm 
over a 70 µm × 45 µm area using an acceleration voltage of 
20 kV. The collected data was analyzed using Channel 5 
EBSD software.

3 � Results and discussion

Figure 4a-d shows the surface morphologies of the as-
welded CMT-WAAMed deposits. The surface of as-welded 
Th12G Mod is rather smooth and clean without heavy 
oxidation as depicted in Figs. 4a and c. The surface of as-
welded Th12G Lub is slightly darker and more uneven than 
Th12G Mod characterized by dark slag islands as shown 
in Figs. 4b and d. Bright circular spots are regions from 
where the slag has peeled off. According to EDS analyses, 
theslag consisted mainly of Ca, Si, Al, and O suggesting 
that CaF2 was intended to be used as HT solid lubricant 
segregated out of the melt pool. This result contradicts the 
results presented in Refs. [21, 22], where CaF2 was found 
in the Stellite coatings fabricated by the PTA and pulsed 
Nd:YAG laser cladding methods. PTA and pulsed Nd:YAG 
laser cladding processes may have induced higher solidifica-
tion rates than CMT welding with a preheat of 250 °C used 
in this study leaving less time for calcium to float away from 
the melt pool. Generally, such a segregation takes place in 
welding when there is a low solubility of element A in ele-
ment B leading to two immiscible liquid phases. According 
to the Co-Ca binary alloy phase diagram, cobalt solutes at 
least 10 wt. % of calcium, which disproves the immiscibil-
ity theory [23]. Therefore, the calcium may have formed an 
insoluble compound with Si, Al, and O that floated away 
from the melt pool. Or it just floated and escaped from the 
melt pool because CaF2 (ρ = 3.2 g/cm3) has a much lower 
density than Stellite 12 (ρ = 8.5 g/cm3). The formation of 
slag from the melt pool was made visible by photographing 
with a high-speed video camera (Photron FASTCAM SA5, 
Photron Ltd, Tokyo, Japan) simultaneously illuminating the 
melt pool with a laser beam (Cavilux, Cavitar Ltd, Tampere, 
Finland). The sequence of images taken from the video foot-
age is shown in Fig. 5 revealing also the melt pool length, 
which is estimated to be ~ 17 mm. 

3.1 � Microstructure

The low-magnification SEM images of the cross-sections 
of Stellite deposits manufactured with process parameters 
given in Table 3 are illustrated in Figs. 6a and b. Th12G 
was characterized already in Ref. [16]. In machined condi-
tions, the thicknesses of the deposits are 1.8 mm for Th12G 

Fig. 3   Schematic presentation of a pin-on-disc test setup (edited from 
the Ref. [19])
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Mod and 1.3 mm for Th12G Lub. The deposits are free from 
cracks and pores. Relatively large bright and dark particles 
seen on the deposit cross-sections are unmelted powder par-
ticles inside the cored wire. The bright particles in Figs. 6a 
and b are 100 wt. % tungsten and the dark particles are 100 
wt. % chromium and 100 wt.% chromium carbides.

According to image analysis, unmelted W content in the 
Th12G Mod was 1.4 ± 0.3 vol.% averaging 47 ± 11 µm in 
diameter, and in the Th12G Lub, 0.7 ± 0.1 vol.% averaging 
53 ± 13 µm in diameter. The amount of unmelted tungsten 
particles is lower in Th12G Lub than in Th12G Mod because 

Fig. 4   Surface morphologies of as-welded CMT-WAAMed Stellite deposits a, c) Th12G Mod and b, d) Th12G Lub obtained by digital camera 
(a, b) and optical surface profiler (c, d)

Fig. 5   Sequence of images taken from video footage of Th12G Lub showing the floating slag on the melt pool during different phases of the 
CMT cycle. Diameter of the wire is 1.6 mm
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Th12G Lub includes less Co-based Stellite than Th12G Mod 
due to solid lubricant addition. Average sizes of the tungsten 
particles show the benefit of decreased filler granulometry 
inside the cored wire. The amount of unmelted chromium 
and chromium carbide particles was far less than W particles 
because of their lower melting point (Cr: Tm 1907 °C, Cr3C2: 
Tm ~ 1800 °C, W: Tm 3422 °C). The measured unmelted 
particle contents and sizes tabulated in Table 4 are lower 
than the ones detected earlier from the Th12G [16] showing 
the positive effect of redesigning the wires with diminished 
powder granulometry. However, the most ideal situation 
would be one where no unmelted particles would remain in 
the structure. The particle size of fillers should be further 
reduced.

The representative high-magnification SEM images 
of the cross-sections of Stellite deposits are illustrated in 
Figs. 7a–d. Both deposits exhibit a well-known structure 
of hypoeutectic Stellite, which consists of interdendritic 
regions of a lamellar mixture of the solid solution and eutec-
tic carbides, and the Co-rich dendrites. This was confirmed 
by taking EDS elemental maps from the deposit to see how 
the elements solidify and segregate as displayed in Fig. 8. 

The chromium is higher in the interdendritic zone, whereas 
the cobalt content is higher in the dendrites. Although car-
bon is a problematic element for EDS and its quantity can-
not be accurately measured, the results indicated that the 
carbon tends to be located in the interdendritic zone; the 
carbon peaks are higher there than in the dendritic zones 
indicating the formation of carbides with chromium and 
tungsten. According to image analysis, interdendritic regions 
occupy ~ 39 vol.% of the deposit in Th12G Mod and ~ 44 
vol.% in Th12G Lub, which are in good agreement with 
Refs. [16, 24]. The bright areas in the interdendritic regions 
shown in Fig. 7b and d are rich in tungsten. Some tiny black 
dots seen in the interdendritic regions are aluminum oxides 
with traces of Ca, K, F, and Na. The most striking feature 
between Th12G Mod and Th12G Lub is the number of black 
areas in the interdendritic regions. Large amounts of black 
regions in Th12G Lub are sulfides. According to image anal-
ysis, the volume fraction of sulfides in the solid lubricant-
doped deposit is 2.5%. EDS elemental maps suggest them 
to be chromium sulfides. This is in good agreement with 
Torres et al., who identified chromium sulfides to be Cr3S4 
[11]. Assuming the sulfides to be Cr3S4 (ρ = 4.30 g/cm3) 
or Cr2S3 (ρ = 3.77 g/cm3), sulfidecontent in the deposit is 
1.1–1.3 wt.%, which is much less than the original solid 
lubricant content in the Th12G Lub wire.

The chemical compositions throughout the deposits 
were obtained with EDS area analyses. The analyzed areas 
were ~ 40 µm in diameter and they were taken at 200 µm 
intervals as shown in Fig. 9. The average iron concentra-
tions were 4.8 ± 0.3 wt.% in the Th12G Mod and 6.5 ± 0.5 
wt.% in the Th12G Lub, which indicates very low chemical 

Fig. 6   Low magnification secondary electron SEM images of cross-sections of CMT-WAAMed Stellite deposits a Th12G Mod and b Th12G 
Lub

Table 4   Average sizes and volume fractions of unmelted W particles 
in the CMT-WAAMed deposits

Deposit Wire type W (µm) W (vol.%)

Th12G Commercial 70 1.7
Th12G Mod Tailor-made 47 1.4
Th12G Lub Tailor-made 53 0.7
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Fig. 7   High magnification back-scattered electron (BSE) SEM images of cross-sections of CMT-WAAMed Stellite deposits a, b Th12G Mod 
and c, d Th12G Lub

Fig. 8   EDS elemental maps taken from the cross-section of CMT-WAAMed Th12G Lub deposit
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dilution. Intermixed irons are also homogeneously distrib-
uted across the cross-section, which indicates good corro-
sion performance. The amount of tungsten (~ 5.7 wt.% for 
Th12G Mod, ~ 8.8 wt.% for Th12G Lub) and chromium 

(~ 26.7 wt.% for Th12G Mod, ~ 26.6 wt.% for Th12G Lub) 
in the matrix are higher than reported earlier for Th12G [16] 
showing that higher amount of W and Cr is now melting and 
dissolving in the matrix due to decreased filler granulometry 
inside the wire and addition of WS2.

EDS measurements were also taken from the surfaces of 
ground discs and pins before subjecting them to wear tests. 
Fe contents were around 4–6 wt.% as shown in Fig. 10 indi-
cating negligible dilution.

The secondary dendrite arm spacings (λ2) were meas-
ured from the middle of the deposits in height. They were 
3–4 µm in both Th12G Mod and Th12G Lub, which are in 
the same range as previously measured from the Th12G [16] 
and slightly higher than measured from laser-clad deposit 
[25], indicating high solidification and cooling rates. The 
solidification rates can be estimated via equation [26]:

𝜆
2
= 32.8 × Ṫ

−
1

3

Fig. 9   EDS composition profile through the depth of a) Th12G Mod and b) Th12G Lub deposits together with average chemical compositions in 
wt.%. Standard deviations are given in parentheses

Fig. 10   EDS area analyses taken from the surfaces of discs and pins

Fig. 11   XRD patterns of a Th12G Mod and b Th12G Lub
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The solidification rate is 600–1400 °C/s. Similar grain 
sizes and solidification rates can be explained via similar 
specific energies (E = J/mm2) and welding temperatures. 
They were 43 J/mm2 for Th12G at RT, 35 J/mm2 for Th12G 
Mod at 250 °C, and 33 J/mm2 for Th12G Lub at 250 °C. 
Finer grain structure is known to be beneficial providing 
higher matrix hardness via grain boundary strengthening as 
was shown in Ref. [27]. The rate of strain hardening is also 
known to increase as the microstructure becomes refined 
[28].

The deposits were also analyzed with XRD to identify 
the phase compositions. The representative XRD curves 
taken from the surfaces of the machined wear specimens 
are illustrated in Fig. 11. The peaks that could be identified 
were cubic γ-Co (fcc) solid solution, orthorhombic or hex-
agonal M7C3 carbide (M = Cr, Co, Fe, W), and cubic tung-
sten. According to Hou et al. [29], M7C3 carbides found 
from PTA-clad St12 are hexagonal as proved by the TEM 
studies. It is noteworthy that no ε-Co (hcp) was observed 
on the surfaces of the machined wear specimens despite 
relatively strong work hardening as will be shown below. 
Chromium sulfides could not be identified either because 
the largest (100% intensity) peaks overlap with the largest 
peak of γ-Co (111). After dissociation of WS2 and MoS2 in 
the melt pool, chromium sulfides present a higher stability, 
i.e. a lower Gibbs free energy of formation particularly at 
higher temperatures (> 750 °C) than, for instance, MoS2 
[30, 31]. Therefore, the reactions MoS2 + Cr → Mo + CrS 
and WS2 + Cr → W + CrS are more likely to occur, which 
explains the findings earlier in this study and Refs [11, 32].

3.2 � Microhardness

Microhardness measurements were performed to study the 
mechanical properties of the clads. Microhardness profiles 

are presented in Fig. 12a. The average microhardness values 
of the clads are 490 HV1 for Th12G, 525 HV1 for Th12G 
Mod, and 530 HV1 for Th12G Lub. They are like hardness 
values reported for PTA-clad St12 in Ref. [24] and higher 
than 429 HV reported for PTA-clad St12 with a dilution of 
8.5% [29]. Somewhat higher microhardness values of modi-
fied Th12G Mod and Th12G Lub compared with original 
Th12G can be attributed to the lower amount of unmelted W 
and Cr particles and higher amount of W in Th12G Lub due 
to solid lubricant addition. The hardness increase is based on 
tungsten’s and chromium’s effect on carbide formation and 
solid solution strengthening. W and Cr are also important 
elements in diminishing the stacking fault energy (SFE) and 
promoting the work hardening and related γ-Co (fcc) → ε-Co 
(hcp) phase transformation, which may enhance the wear 
resistance by increasing the matrix’s ability to work harden. 
Surface hardness values measured from the surfaces of 
machined discs showed, however, that there are no issues in 
the ability to work harden when compared to Th12Mod and 
Th12GLub (Fig. 12b). Owing to machining-induced work 
hardening, hardness increases were 18% for Th12G, 13% for 
Th12GMod, and 13% for Th12GLub. The microhardness of 
the unmelted W and Cr3C2 in Th12Mod were 453 HV0.05 and 
2020 HV0.05, respectively. Th12GLub also contained some 
unmelted Cr. Microhardness values were 463 HV0.05 for W, 
2134 HV0.05 for Cr3C2, and 219 HV0.05 for Cr. Values for 
tungsten and chromium are lower and for chromium carbide 
significantly higher than the surrounding cobalt matrices 
(~ 525-530HV1).

3.3 � Wear tests

The self-mated sliding wear test results for CMT-WAAMed 
St12 deposits expressed as mass losses are shown in 
Figs. 13a and b. The total mass loss increased by 900–1500% 

Fig. 12   Microhardness values of CMT-WAAMed Stellite deposits measured from a cross-sections and b machined surface of discs
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Fig. 13   Sliding wear test results for the self-mated CMT-WAAMed Stellite deposits at a RT and b 300 °C

Table 5   Average microhardness 
values HV0.3 and STDEV (in 
parentheses) measured from the 
non-tested and tested surfaces 
(average of four measurements)

Non-tested RT Increase (%) 300 °C Increase (%)

Th12G disc 657 (9) 765 (47) 16 853 (46) 30
Th12G Mod disc 635 (25) 807 (13) 27 823 (69) 30
Th12G Lub disc 623 (19) 704 (10) 13 777 (18) 25

Fig. 14   High magnification phase color EBSD image of cross-section of tested Th12G Mod pin at RT. Red regions are γ-Co (fcc) and blue 
regions ε-Co (hcp)



Progress in Additive Manufacturing	

when the temperature was elevated from RT to 300 °C. Wear 
resistance loss is attributed to the thermal softening of the 
deposits. Thermal softening was the highest in Th12G which 
included the largest amount of unmelted tungsten and chro-
mium, which are important carbide formers and solid solu-
tion strengtheners. It was also noted that the surface hard-
ness of the disc increased more at 300 °C compared to RT 
due to strain hardening (Table 5). Hardness growths in the 
discs at 300 °C and RT were 25–30% and 13–27%, respec-
tively. With the available data, it cannot be said did the dif-
ferent amounts of unmelted tungsten and chromium affect 
the strain-hardening ability. In theory, tungsten and chro-
mium when dissolved in the solid solution should favor allo-
tropic γ-Co (fcc) to ε-Co (hcp) transformation and, therefore, 
promote strain hardening. Such a crystallographic transfor-
mation was, indeed, detected from the cross-section of the 
tested pin by the EBSD analysis. Blue regions near the tested 
surface are ε-Co (hcp) as illustrated in Fig. 14. The depth 
of the deformed zone is ~ 20 µm. Since the ε-Co possesses 
fewer slip systems than γ-Co, the dislocation movement in 
the ε-Co is impeded, which resists the plastic deformation 
and enhances the wear resistance [33]. On the other hand, if 
{0001} basal planes in ε-Co orientparallel to the surface of 
the wear track, friction decreases due to low shear strength 
[34]. The most important finding in the results is, however, 
that the addition of solid lubricants did not reduce the wear 
resistance of the deposits at either test temperature. 

The dynamic COF values as a function of test time are 
presented in Figs. 15a and b. The COFs at 300 °C are sig-
nificantly lower than the COFs at RT. The average COFs for 
non-lubricant deposits are 0.63–0.66 at RT and 0.38–0.40 at 
300 °C. Therefore, there is a 37–42% decrease in friction due 
to increased temperature. In solid lubricant-doped deposits, 

the effect of temperature increase is not so severe. There is 
only a 34% decrease in friction due to increased temperature. 
The effect of temperature on friction can be attributed to the 
(1) oxidation of specimen surfaces and (2) decreased shear 
strength of the deposits due to thermal softening. 

The effect of solid lubricant at RT is evident. The average 
COF dropped 25–29% due to solid lubricant additions. The 
effect at elevated temperature was not so severe. The aver-
age COF dropped 18–23% at 300 °C due to solid lubricant 
additions. This will be explained by the closer examination 
of wear scars in the coming sections.

3.3.1 � Wear scars

In general, the observation of the worn surfaces showed long 
scratches and smooth wear grooves parallel to the sliding 
direction in all the tested materials as illustrated in Fig. 16. 
The grooves were created by the detached wear debris, 
which changed the tribosystem from a 2-body sliding wear 
to more 3-body abrasion wear. Detached wear debris was 
probably strongly oxidized and strain-hardened neatly cut-
ting away the material by micro-cutting. Higher magnifi-
cation SEM images displayed in Fig. 17 show that there 
is strong oxide formation on the surfaces tested at 300 °C. 
These oxide layers consist probably of CoO, Co3O4, and 
Cr2O3 as identified in Ref. [24]. Oxide formation explains 
the lower effect of solid lubricants on friction at elevated 
temperatures because there was less metal-to-metal contact 
at 300 °C than at RT. Another finding is that there are strong 
signs of plastic deformation and adhered wear debris on the 
surfaces tested at elevated temperatures because of thermal 
softening. Slight oxidation was detected on the surface of 
Th12GMod tested at RT whereas Th12GLub was free from 

Fig. 15   COF values as a function of time for self-mated CMT-WAAMed Stellite deposits at a) RT and b) 300 °C



	 Progress in Additive Manufacturing

oxidation as shown in Figs. 17a and c. The temperature 
between the surfaces caused by the friction was obviously 
lower in the surfaces doped with solid lubricants. Accord-
ing to the operation principle of sulfides, they are supposed 
to spread along the mating surfaces due to sliding contact. 
Such a spreading was not, however, detected with the SEM 
and EDS. 

3.3.2 � Wear debris

Different amounts of wear debris were collected from the 
surfaces of the discs after the sliding wear tests. The amount 
of wear debris was smaller after the tests at RT than at 
300 °C. This is consistent with the mass loss results. As dis-
played in Fig. 18, the wear debris consisted of fine particles 
and larger platelets up to 160 µm in length in all the cases, 
and no striking differences were detected between tested 
materials and temperatures. Such platelets detach from the 

materials when the adhesive forces at the junctions between 
the disc and the pin are stronger than the cohesive strength of 
the Stellite alloy. According to delamination theory, there is 
also fatigue cycling involved in the formation of such plate-
like wear particles, which are typical in severe wear regimes 
[35, 36]. Rotating discs inevitably underwent such fatigue 
cycling.

3.4 � Future work

The results obtained suggest that solid lubricant content 
could be further increased in this alloy because the current 
amount of 7.5 wt.% did not soften the deposit or impair 
the wear resistance. The role of CaF2 could be questioned 
because it floated away from the melt pool and did not 
remain in the structure. Therefore, it could be replaced by 
the sulfides or some other solid lubricants. Eventually, the 
maximum amount of solid lubricants in the cored wire is 

a) b)

c) d)

Fig. 16   Surface profiles of wear scars of the discs a Th12G Mod tested at RT, b Th12G Mod tested at 300 °C, c Th12G Lub tested at RT, and d 
Th12G Lub tested at 300 °C
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limited by the internal powder-carrying volume inside the 
wire.

4 � Conclusions

The objective of this study was, for the first time, to fabricate 
low-friction Co-based Stellite deposits with a cost-efficient 
CMT-WAAM process using a tailor-made solid lubricant 
(MoS2, WS2, CaF2) doped cored wire and examine their tri-
bological performance in self-mated unidirectional sliding 
wear tests at RT and 300 °C. The following conclusions can 
be drawn.

Pore- and crack-free deposits consist of γ-Co and M7C3 
carbide eutectics embedded with 2.5 vol.% of chromium 
sulfides. The deposits possess microhardness values of ~ 530 
HV1.

Dynamic COF decreases ~ 27% at RT and ~ 21% at 300 °C 
without losing the wear properties compared to non-lubri-
cant doped Stellite deposit. The influence of sulfides is 
higher at RT than at elevated temperatures because there 
is more metal-to-metal contact at RT. Large oxide layers 
are developed on the mating wear scars during the tests at 
300 °C.

Fig. 17   BSE SEM micrographs showing the characteristics morphologies of the wear scar of the pins: a Th12G Mod tested at RT, b Th12G 
Mod tested at 300 °C, c Th12G Lub tested at RT, and d Th12G Lub tested at 300 °C
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Significant hardness increase (~ 15–30%) and strain hard-
ening associated with γ-Co (fcc) to ε-Co (hcp) transforma-
tion takes place during the wear tests.

The tribological performance of deposits could be fur-
ther enhanced by increasing the sulfide content above 2.5 
vol.% and decreasing the size of high melting point tungsten 
and chromium particles below 80 µm for the tungsten and 
140 µm for the chromium in the filler inside the cored wire.
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