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A B S T R A C T

Galling is a critical limitation in high-temperature forming of corrosion resistant and light-weight alloys such as 
austenitic stainless steel, aluminum, and titanium, as conventional lubricants rapidly degrade. This study in
vestigates the anti-galling potential of a Ni-based self-lubricating alloy containing Ag and MoS₂, applied by laser 
metal deposition. The coating performance was benchmarked against conventional hot work tool steel using a 
load-scanning tribometer at room temperature and 150–300 ◦C against AA6082 aluminum alloy, AISI 316L 
austenitic stainless steel, and Ti6Al4V titanium alloys.

The investigated Ni-based coating containing Ag and MoS2 although not being able to completely eliminate 
use of solid lubricant in mid-temperature range, it provided markedly improved tribological behavior compared 
to reference tool steel. Against AA6082 and AISI 316L, friction was reduced by up to 50%, galling initiation loads 
increased by about 30%, and adhered counter-body material was suppressed by up to 60%. At elevated tem
peratures (150–300 ◦C), synergistic in-situ formation of Ag₂S, Cr₂S₃/Cr3S4, and Cr₂O₃ tribo-compounds on the 
contact surface effectively delayed work-material adhesion and transfer layer build-up. For Ti6Al4V, galling 
could not be completely avoided, but it was mitigated via thinner and more discontinuous transfer layers when 
using the Ni-based laser metal deposited coating, particularly at 300 ◦C. Multicycle tests confirmed extended 
stability of low-friction regimes and reduced accumulation of adhered material.

These findings highlight that Ni-Ag-MoS₂ coatings deposited by laser metal deposition provide significant 
improvements in galling resistance and friction control, offering a promising route to extend tool life and reduce 
reliance on external lubricants in hot forming of corrosion resistant and light-weight structural alloys.

1. Introduction

A major challenge in high-temperature forming is transfer and 
adhesion of counterbody material to the tool surface, known as galling 
[1,2]. This is especially problematic in the case of high-strength, light
weight and corrosion resistant alloys (i.e. stainless steel, aluminum and 
titanium alloys) which are very prone to galling. Adhesive wear and 
galling can be effectively prevented by the use of lubricants. They do not 
only reduce tool wear but also provide low and stable friction, thus 
resulting in better surface quality of produced parts. However, the use of 
forming oils and greases in forming applications involves possible 
environmental and health hazards, additional cleaning steps and 
increased costs related to their recycling and disposal [3]. Some of those 
issues can be avoided by using vegetable-based lubricants, which 

however show reduced performance in demanding forming applications 
with a high degree of plastic deformation. Oils and greases, especially 
vegetable-based have another significant limitation. They cannot be 
used in high-temperature forming applications as they quickly thermally 
degrade at elevated temperatures [4]. For high-temperature forming 
applications solid lubricants like graphite, MoS2 and hexagonal boron 
nitride (hBN) are commonly applied [5,6]. They provide low and stable 
friction and prevent galling, but need constant re-application and 
deposition, cause environment, process and equipment contamination, 
as well as require demanding cleaning of the equipment and parts [6,7]. 
Last but not least, they can also result in air-born dust particles that pose 
potential health hazards to operators.

Another approach for improving tool wear and galling resistance is 
the application of hard-coatings. Different types of coatings have been 
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developed, tested and applied in forming processes. The most common 
are hard PVD Ti- and Cr-based coatings [4]. However, they require high- 
performance tool-steel substrate material with excellent load-carrying 
capacity and very smooth surface. Their thickness is limited to few mi
crons and is very hard to be uniformly deposited on complex shapes, as 
typically found in forming tools. However, their main limitation is 
related to relatively high friction and galling tendency against soft 
metals [8,9]. To overcome problem of high friction and adhesion hard 
ceramic coatings can be combined with top diamond like carbon (DLC) 
coatings or by adding vanadium (i.e. CrVN, TiVCN, AlCrVN, …), which 
forms lubricious oxides or Magneli phases at elevated temperatures 
[10]. However, while DLC coatings may degrade and start losing their 
wear resistance and properties at temperatures above 150 ◦C [8], V- 
containing coatings need much higher temperatures, above 600 ◦C to 
form lubricious oxides and provide self-lubricating properties [10,11]. 
V-based compounds may also pose health risks due to their toxicity [12].

In recent years self-lubricating laser metal deposited coatings or 
laser-claddings capable of operating at temperatures well above 300 ◦C 
are subject of growing interest and research within the field of hot 
forming [13–15]. Laser-claddings can be effectively used for the single- 
pass deposition of thick wear protective coatings on cheap and easily 
available simple substrate materials. These coatings also show good 
quality and density, excellent metallurgical bonding to the substrate, as 
well as refurbishing capability [16]. Ni-based alloys have been found as 
the most suitable base materials for laser-claddings in high-temperature 
applications [17]. Self-lubricating properties in a broad temperature 
range are further achieved through addition of solid materials with low 
shear strength and toughness. These can include different soft metals 
like coper, silver and gold, metal oxides (i.e. CaO, NiO) and transition 
metal dichalcogenides (i.e. MoS2, WS2, …) [6]. However, each lubri
cation phase has a different activation and operation temperature range, 
which requires combination of different phases for good self-lubricating 
performance. Combination of silver and MoS2 has been subject of many 
investigations and found as a good combination for high-temperature 
applications [14,18,19]. Silver is an effective solid lubricant at high 
temperatures with high thermal conductivity. Its lubrication capability 
is based upon its low shear strength and diffusion to sliding surface at 
high temperatures [5,6,20]. On the other hand, MoS2 lubrication is 
based on its layered microstructure with the layers aligning in the di
rection of motion and providing low friction up to temperature of 400 ◦C 
[5,6]. The combination of Ag and MoS2 can also lead to the in-situ 
formation of lubricious silver molybdates, such as Ag2MoO4 and 
Ag2Mo2O7 at temperatures between 500 and 600 ◦C [21,22].

Although several Ni-based self-lubricating claddings have been the 
subject of interest and research in recent years, those investigations are 
mainly focused on phases characterization, identification of lubrication 
mechanisms and performance at temperatures above 400 ◦C, mostly 
relying on simple pin-on-disc sliding tests [17–22]. The aim of the pre
sent investigation is to evaluate friction reducing potential of a Ni-based 
laser metal deposited coating incorporating Ag-MoS2 solid lubricant at 
intermediate temperatures (150–300 ◦C), and focusing on galling 
resistance under representative forming conditions against alloys that 
are particularly prone to adhesive wear and galling.

2. Experimental

2.1. Materials and coatings

Ni-based coating used in this investigation, already extensively 
examined by H. Torres et al. [22] was deposited via laser metal depo
sition using a high-power direct diode laser system (HighLight D8000) 
operating at a wavelength of 975 nm. A commercial Ni-based self-flux
ing alloy (NiCrSiB, Castolin Eutectic) was used as the temperature 
resistant matrix powder, with a particle size of 50–150 μm and a nom
inal composition (wt%): 0.2% C, 4.0% Cr, 2.5% Si, 1.0% B, <2.0% Fe, 
1.0% Al, balance Ni. The additions of boron and silicon effectively lower 

the alloy's melting point, enhancing processability and promoting 
deposition of dense, defect-free coatings [23]. To enhance tribological 
performance under elevated-temperature conditions, 5 wt% silver 
(Goodfellow, ≤45 μm) and 10 wt% molybdenum disulfide (Tribotecc 
GmbH, 5–75 μm) were added as solid lubricant precursors. This specific 
combination was previously identified by H. Torres and authors [22] as 
optimal in terms of microstructure, solid lubricants distribution across 
the coating, hot hardness, and high-temperature oxidation resistance.

The powder blend was homogenized by mechanical mixing with 
ethanol as a temporary binder. The resulting slurry was uniformly 
spread onto sandblasted AISI 304 (1.4301) stainless steel plates with a 
hardness of 150 HV. AISI 304 was selected as a substrate material due to 
its good oxidation resistance, low cost, and ease of machining. The 
coated plates were then dried in an oven at 100 ◦C for 1 h to remove 
residual ethanol. Laser metal deposition was performed under a single- 
pass/single-layer configuration under a protective argon atmosphere to 
prevent coating re-melting and oxidation. A rectangular laser beam of 
24 × 3 mm2 was used, combined with a laser scan speed of 10 mm/s, 
power density of approx. 85 W/mm2 and energy input of 10 J/mm3. 
After laser metal deposition, the coated plates with a coating thickness of 
about 5 mm were machined longitudinally into Ø 10 mm × 100 mm 
cylinders, with a cladded surface covering approximately one-third of 
the cylinder's cross-section (Fig. 1). This sector was used as the sliding 
contact zone in tribological testing. Final surface preparation included 
grinding and polishing of the cylinders to a surface roughness Ra ≈ 0.15 
μm.

The coating exhibited a room-temperature hardness of 385 HV and 
retained 360–330 HV at temperatures between 150 ◦C and 300 ◦C. It has 
typical dendritic microstructure with aggregates of up to 50 μm in size 
spread across the entire thickness of the coating, which is consistent with 
already published results [22]. The microstructure and chemical 
composition of the deposited Ni–5Ag–10MoS₂ coating have been 
extensively characterized, presented and discussed in detail in Refs. [14, 
22], including XRD and EBSD measurements. Therefore, only repre
sentative OM and SEM images of the as-deposited microstructure are 
shown in Fig. 2. Matrix composition as measured by spot EDS away from 
the aggregates was (in wt%) 89.7 ± 1.1% Ni, 3.9 ± 0.2% Cr, 3.1 ± 0.3% 
Si, 1.6 ± 0.4% Fe, 1.7 ± 0.2% Al. The main crystallographic phases for 
the load carrying matrix material are Ni-borides (Ni2B and Ni3B) and Ni- 
based solid solution. On the other hand, aggregates are composed of 
bright, globular inclusions (spot A, Fig. 2b) surrounded by dark phase 
(spot B, Fig. 2b). The bright phase is composed predominantly of 
elemental silver and encapsulated within chromium- and sulfur-rich 
dark phase. Dark phase mainly consists of a mixture of chromium sul
fides (CrS and Cr3S4) arising from the thermal decomposition of MoS2 
during laser metal deposition [14,24] and occasional small fractions of 
MoS2, possibly being re-formed during sample cooling. Additionally, 
presence of nickel sulfides such as NiS2 and Mo-carbides (spot C, 
Fig. 2b), also originating from MoS2 decomposition, has also been 
identified and observed within the matrix [14]. It must be noted that 
both silver and the aforementioned chromium sulfides have been 
described in the available literature as effective high temperature lu
bricants [25].

For benchmarking, a high-performance ESR hot work tool steel QRO 
90 Supreme from Uddeholm (HWTS-QRO) was used as the reference 
material. Its nominal chemical composition is (in wt%): 0.38% C, 0.3% 
Si, 0.75% Mn, 2.6% Cr, 2.25% Mo, 0.9% V, balance Fe. The steel was 
heat treated according to the supplier's recommended procedure 
(quenching and double tempering), yielding a microstructure of 
tempered martensite with a dense distribution of small, finely dispersed 
alloying carbides of MC and M2C type (Fig. 3), and final hardness of 540 
HV. After heat treatment cylindrical specimens were ground and pol
ished to an average surface roughness (Ra) of 0.15 μm.

Three commonly used alloys, each known to exhibit high galling 
susceptibility during high-temperature forming, were chosen as counter- 
body materials. These included AISI 316L stainless steel (SS) in solution- 
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annealed condition (hardness 270 HV), wrought AA6082 Al-Mg-Si 
aluminum alloy in T6 temper condition (solution heat treatment and 
artificial aging, hardness 115 HV) commonly used in highly stressed 
applications and the most common titanium alloy Ti6Al4V in annealed 
condition (hardness 300 HV). All counter-body materials were 
machined into Ø10 mm × 100 mm cylinders, followed by surfaces 
grinding and polishing to achieve a uniform surface roughness (Ra) of 
0.2–0.3 μm.

2.2. Galling tests and characterization

To simulate tribological conditions representative of hot metal 
forming processes with high degree of plastic deformation such as 

forging, wire drawing, and extrusion, testing was conducted using a 
high-temperature load-scanning tribometer (Fig. 4). Load-scanner em
ploys a cross-cylinder contact geometry, in which the normal load pro
gressively increases along the sliding path. This configuration enables 
each contact point to experience a unique load without prior loading 
history, thus generating a continuous profile of the coefficient of friction 
(COF) as a function of load. Such an approach facilitates the identifi
cation of critical loads associated with galling initiation and transfer 
layer build-up. A significant advantage of the load-scanner setup lies in 
its single-pass configuration, which ensures a continuous sliding contact 
with fresh sample surface. This makes it more representative of real 
forming conditions compared to conventional reciprocating sliding or 
pin-on-disc tribometers [26].

Fig. 1. Preparation of test cylinders with a laser metal deposited Ni–5Ag–10MoS₂ coating.

Fig. 2. Typical microstructure of Ni-5Ag-10MoS2 coating; (a) OM and (b) SEM with EDS mapping (cf. [22]).

Fig. 3. Microstructure of reference hot work tool steel (HWTS-QRO).

Fig. 4. Load-scanner configuration.
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Tribological testing was carried out at room (RT) as well as elevated 
temperatures of 150 ◦C (SS) and 300 ◦C (Al, Ti), selected based on the 
typical temperatures used for warm and hot forming of the tested alloys, 
respectively. The lower moving specimen, representing the workpiece 
material, was heated by resistance heaters installed in the lower spec
imen holder and was sliding against upper stationary cylinder repre
senting the tool/laser deposited coating. The sliding speed was fixed at 
0.01 m/s, and the applied load was linearly increased along the 85 mm 
stroke length. For room temperature tests load was increased from 200 N 
to 1400 N and for elevated temperatures from 50 N to 450 N, in both 
cases resulting in significant plastic deformation of the counter-body 
cylinder. Different loads were selected for room and elevated tempera
ture tests in order to initiate galling but prevent severe material transfer 
and transfer layer build-up, which could limit proper comparison and 
contact surface analysis. Although the testing was aimed at investigating 
the potential of Ni-based self-lubricating coatings for dry hot forming 
conditions, preliminary tests indicated the necessity for an additional 
solid lubricant to ensure stable operation. Therefore, a commercial 
graphite-based high temperature lubricant, commercially denoted as 
Bonderite© L-GP Aquadag (Henkel) was mixed with water and used as a 
baseline. The lubricant was prepared in a 15:85 vol. ratio with demin
eralized water, spread four times over the contact surface of the QRO 90 
or laser cladded samples preheated to 130 ◦C, and left to dry prior to 
testing. Resulting solid lubricant layer thickness was ~15 μm.

Three parallel tests were carried out for each material combination 
and testing conditions, each one performed on a separate cylinder to 
account for any potential inhomogeneity of the laser deposition process. 
Single- and multi-cycle tests for up to 24 cycles were included in the 
investigation. The results were assessed by evaluating the coefficient of 
friction (COF) vs. load response, critical loads for galling initiation and 
transfer layer build-up, the volume of adhered counter-body material 
(Alicona G4 InfiniteFocus microscope), and detailed wear track char
acterization using SEM, EDS, and XPS. SEM/EDS analysis was performed 
by ZEISS Crossbeam 550 FIB-SEM Gemini II microscope and XPS by XPS 
Microprobe Versa Probe III (PHI).

3. Results and discussion

3.1. Preliminary dry tests

Preliminary high temperature dry sliding tests against AA6082 alloy 
(@300 ◦C) were aimed at identifying self-lubricating potential of Ni- 
5Ag-10MoS2 laser coatings and possibility of additional solid lubricant 
elimination. Results are shown in Fig. 5. In the case of reference hot 
work tool steel (HWTS-QRO) galling has been initiated at the very 
beginning of the test, as indicated by high coefficient of friction of over 

0.7. Similar conditions with the coefficient of friction being at the level 
of 0.65 are maintained up to the load of about 180 N. Between 200 N and 
300 N we have a period of transfer layer formation and removal with 
very unstable friction, followed by gradual increase in friction due to 
transfer layer build-up. On the other hand, for Ni-5Ag-10MoS2 coating 
initial coefficient of friction was below 0.3, but quickly galling has been 
initiated and increased coefficient of friction to about 0.45. This level 
has been maintained to about 150 N load, where more severe galling 
with transfer layer build-up caused jump in friction and its steady in
crease with load. Although for dry sliding conditions the investigated 
laser-deposited coatings incorporating Ag and MoS2 provide about 30% 
lower friction as compared to reference HWTS-QRO, it is limited to low 
loads, below 200 N, but still being too high (> 0.4) with severe galling 
taking place at high loads, as shown in Fig. 5. This clearly indicates, that 
dry high-temperature forming between 150 ◦C and 300 ◦C is not feasible 
with 5Ag-10MoS2 type of Ni-based coatings. Therefore, all further tests 
were performed combining application of water diluted graphite-based 
solid lubricant on the contact surface (15 μm; 15%) and looking at the 
potential improvement in friction control and galling reduction pro
vided by the Ni-5Ag-10MoS2 laser metal deposited coating.

Application of solid lubricant effectively reduces friction at elevated 
temperatures with its concentration and layer thickness playing an 
important role. For the concentration of 15% and layer thickness of 15 
μm average coefficient of friction has been reduced to about 0.25, with 
the fluctuation of ±0.05 within the investigated load range (50–450 N). 
However, as shown in Fig. 6, reducing solid lubricant layer thickness 
below 5 μm resulted in the appearance of pronounced friction spikes (μ 
≥ 0.4) and unstable friction, especially at low loads (< 200N), indicating 
solid lubricant film breakdown and galling initiation. Furthermore, 
reducing solid lubricant concentration from 15% to 7% further elimi
nated its friction and galling reducing potential, increasing coefficient of 
friction to about 0.5 and making it very unstable. Drop in friction at high 
loads is related to very high degree of Al-cylinder plastic deformation 
and reduced contact pressure.

3.2. Sliding against AA6082 alloy

Results for single sliding stroke galling test against AA6082 alloy 
performed at room and elevated temperature of 300 ◦C are shown in 
Figs. 7 and 8, respectively. Results are presented in the form of repre
sentative friction vs. load behavior (Figs. 7a and 8a), average coefficient 
of friction in low, medium and high loading regime (Figs. 7b), critical 
loads for galling initiation and transfer layer build-up (Figs. 7c), and 
volume of adhered AA6082 alloy material at low, medium and high 
loads (Figs. 7d and 8b). Identification of critical loads for galling initi
ation and transfer layer build-up (inserts in Fig. 7c) was based on the 
coefficient of friction instability (appearance of the first friction spikes) 

Fig. 5. Representative friction vs. load response for dry sliding galling tests 
against AA6082 alloy at 300 ◦C (white arrows indicate sliding direction).

Fig. 6. Effect of solid lubricant concentration and layer thickness on friction 
behavior at 300 ◦C (Ni- coating - AA6082 sliding contact).
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and wear track analyses (location of work material adhesion along the 
wear track), and is described in detail in Ref. [26].

In the case of room temperature tests first signs of unstable friction 
indicating galling initiation for HWTS-QRO were observed at load of 
about 440 N and transfer layer of AA6082 alloy build-up with very 
unstable friction at about 880 N. Ni-5Ag-10MoS2 coating provided much 
more stable friction and less dependent on load, about 20% lower co
efficient of friction as compared to HWTS-QRO, especially at high loads 
and more than 50% better galling resistance, as shown in Fig. 7. On the 

other hand, for both tool materials (HWTS-QRO and Ni-5Ag-10MoS2) 
similar level of AA6082 alloy adhesion on the sliding wear track was 
detected, without very specific load dependency (Fig. 7d). Also at high 
temperature tests (300 ◦C) Ni-5Ag-10MoS2 coating provided lower 
friction (~30%) and better galling resistance, with higher critical loads 
for galling initiation and up to 50% reduced volume of adhered AA6082 
alloy, as shown in Fig. 8.

When performing multicycle galling tests (25 cycles for room tem
perature conditions and 15 cycles for high temperature conditions), 

Fig. 7. Results of room temperature galling tests against AA6082 alloy; (a) CoF as a function of load, (b) average CoF in low, medium and high load range, (c) critical 
loads for galling initiation and transfer layer build-up, and (d) amount of adhered AA6082 alloy (volume per μm2).

Fig. 8. Results of 300 ◦C galling tests against AA6082 alloy; (a) CoF as a function of load and (b) amount of adhered AA6082 alloy.
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beneficial effect of Ni-5Ag-10MoS2 coating is displayed in the form of 
more stable friction maintained in wider load range and for higher 
number of cycles, as shown by 3D friction maps displayed in Fig. 9. In 
the case of room temperature multicycle tests against AA6082 alloy, Ni- 
5Ag-10MoS2 coating provided low and stable friction throughout the 
whole investigated load range (200− 1100N) for 10–15 cycles. On the 
other hand, for HWTS-QRO, with higher friction and galling tendency, 
unstable friction behavior took place already after 2–3 cycles (Fig. 9a 
and b). At elevated temperature of 300 ◦C difference in friction behavior 
between HWTS-QRO and Ni-5Ag-10MoS2 coating is very minor and 
limited to high loads (Fig. 9c and d), but as for single stroke test coating 
provided considerably higher galling resistance in terms of adhered 
AA6082 alloy, as shown in Fig. 10b.

3.3. Sliding against AISI 316L stainless steel

Also in the case of galling tests against AISI 316L (1.4404) stainless 
steel, Ni-5Ag-10MoS2 coating provides improved tribological perfor
mance. However, better anti-galling performance is mainly related to 
room temperature conditions. In contrast to Al-alloy, austenitic stainless 
steel undergoes strain-induced martensitic transformation during plastic 
deformation [27] thus showing more pronounced hardness increase and 
putting higher stress on the solid lubricant film during testing. Conse
quently, higher and more unstable friction with reduced critical galling 
loads are observed for HWTS-QRO against AISI 316L stainless steel, as 
shown in Fig. 11a, b and c. Reduced volume of adhered material 
(Fig. 11d) can also be related to higher work-hardening effect in stain
less steels and thus reduced galling tendency as compared to Al-alloys. 
However, with rapid solid lubricant film break-down self-lubricating 
performance of Ni-5Ag-10MoS2 coating against AISI 316L stainless steel 
becomes more pronounced. As shown in Fig. 11, at room temperature 
Ni-5Ag-10MoS2 coating gave much more stable and over 50% lower 
coefficient of friction than HWTS-QRO tool steel, about 30% higher 

critical loads for galling initiation and transfer layer build-up, and 
50–60% reduction in volume of adhered AISI 316L stainless steel on the 
contact surface. On the other hand, for elevated temperature galling 
tests performed at 150 ◦C (warm stainless steel forming) both materials 
showed low coefficient of friction (~0.1) with similar friction behavior, 
and no difference in critical loads. This can be related to increased lu
bricity of MoS2 solid lubricant film at 150 ◦C [6], thus masking positive 
effect of Ni-5Ag-10MoS2 coating. Anyway, Ni-5Ag-MoS2 coating still 
provided 20–30% better galling resistance in terms of volume of adhered 
workpiece material, which intensifies with applied load, as shown in 
Fig. 12.

Under multicycle testing mode differences between HWTS-QRO and 
Ni-5Ag-10MoS2 are more pronounced, as displayed in Fig. 13. In the 
case of room temperature tests with HWTS-QRO coefficient of friction 
increased to values well over 0.5 in just 2 cycles for the whole load range 
investigated (low to high). Ni-5Ag-10MoS2 coating on the other hand, 
provided long-term low and stable friction in the low load regime, while 
in medium and high load regime low friction can be maintained for 
5–10 cycles (Fig. 13b), which also resulted in substantially reduced 
volume of adhered material (Fig. 14a). When switching to high tem
perature testing (150 ◦C), difference between HWTS-QRO and Ni-5Ag- 
10MoS2 is harder to distinguish, with both showing similar friction 
behavior in low load range. However, Ni-5Ag-10MoS2 coating still 
resulted in about 20% lower and slower increasing friction at medium 
and high loads, and reduced AISI 316L stainless steel adhesion, as shown 
in Fig. 14a and b.

3.4. Sliding against Ti6Al4V alloy

In the case of Ti6Al4V alloy application of Ni-5Ag-10MoS2 coating 
resulted in similar or even slightly higher coefficient of friction, as 
compared to HWTS-QRO (Fig. 15a and b). Ti6Al4V alloy is known as the 
material being notoriously susceptible to galling [28], thus showing the 

Fig. 9. 3D friction maps for (a and b) room and (c and d) elevated temperature multicycle galling test against AA6082 alloy.
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highest friction among the alloys tested and immediate galling initiation 
with a thick transfer layer build-up. However, despite rapid and intense 
galling of the Ti6Al4V alloy on both tool materials (see Section 3.5), Ni- 
5Ag-10MoS2 coating still indicates better galling resistance against Ti- 
alloy, as displayed by more stable friction and reduced thickness/vol
ume of adhered material (Fig. 15c and d). Also under repeated sliding 
cycles both tool materials showed almost identical friction response, 
being determined by immediate formation of thick transfer layer. 
However, Ni-5Ag-10MoS2 is still superior in terms of volume of adhered 

Ti-alloy, as shown in Figs. 16 and 17.

3.5. Wear track analysis

SEM/EDS-mapping analysis of wear track for Ni-5Ag-10MoS2 – 
AA6082 contact at room temperature and mid-load range (800 N) is 
shown in Fig. 18. The graphite-based solid lubricant with its layered 
structure and easy sharing characteristics [29] applied on the contact 
surface of HWTS-QRO or Ni-5Ag-10MoS2 cylinder before the test 

Fig. 10. Volume of adhered AA6082 alloy for multicycle galling tests at (a) room temperature and (b) 300 ◦C.

Fig. 11. Results of room temperature galling tests against AISI 316L stainless steel; (a) CoF as a function of load, (b) average CoF in low, medium and high load 
range, (c) critical loads for galling initiation and transfer layer build-up, and (c) amount of adhered stainless steel.
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provided certain degree of protection against adhesion of AA6082 alloy 
and galling. However, this protection is limited to room temperature and 
low loads (< 400 N) as indicated by increase and instability of the co
efficient of friction (Figs. 7a–b and 8a–b), and wear track analysis. At 
higher loads strength of the MoS2 layer is exceeded leading to its 
removal and localized adhesion of the Al-alloy on the contact surface. 
Although surface topography analysis did not reveal any significant 
difference in roughness increase after the galling test between reference 
tool steel and Ni-5Ag-10MoS2 coating, certain differences were identi
fied by wear track microscopy, as indicated in Fig. 19. In the case of Ni- 
5Ag-10MoS2 coating patches of integrated Ag-MoS2 solid lubricant 
locally prevented Al-alloy adhesion (Fig. 19d), which resulted in more 
stable friction (Fig. 7a), higher critical loads (Fig. 7c) and postponed 

galling with thin (<0.5 μm) and quite evenly distributed areas of Al- 
transfer layer around the Ag-MoS2 patches (Figs. 18, and 19c and d). 
On the other hand, for HWTS-QRO thicker (> 1 μm), more concentrated 
and larger, but unevenly distributed areas of adhered Al-alloy were 
observed, with the difference in size and distribution of adhered Al-alloy 
escalating at elevated temperatures, as shown in Fig. 19.

At room temperature adhesion of Al-alloy is mainly controlled by 
contact pressure and due to large plastic deformation of the Al-cylinder 
taking place already at low loads (< 400 N) similar volume of adhered 
Al-alloy material over the contact surface was detected for a broad load 
range (400–1200 N) and both tool materials investigated, as shown in 
Fig. 7d. However, in the case of HWTS-QRO we have thicker and more 
unevenly distributed areas of adhered Al-alloy, thus resulting in higher 

Fig. 12. Results of 150 ◦C galling tests against AISI 316L stainless steel; (a) CoF as a function of load and (b) amount of adhered stainless steel.

Fig. 13. 3D friction maps for (a and b) room and (c and d) elevated temperature multicycle galling test against AISI 316L stainless steel.
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and more unstable friction (Fig. 7a and b) as well as faster galling 
advancement under repeated sliding (Fig. 9a and b). Increased reactivity 
and plasticity of the Al-alloy at elevated temperatures [30] resulted in 
higher friction, intensified galling and more pronounced differences 
between HWTS-QRO and Ni-5Ag-10MoS2 coating.

Better galling resistance of Ni-5Ag-10MoS2 coating at room tem
perature is mainly provided by Cr2S3/Cr3S4 [14], as identified by FIB- 
SEM (Fig. 20) and XPS analysis (Fig. 21) of the wear track where 
adhesion of the Al-alloy was prevented. After surface cleaning XPS 
analysis didn't reveal any MoS2, with the Mo 3d5/2 peak positioned at 

228.1 eV (Fig. 21a), indicating Mo-carbide. Also for Ag only signal for 
metallic Ag, positioned at 368.4 eV was identified (Fig. 21c). Although 
Cr XPS signal (Fig. 21b) was too weak for detailed analysis, overlapping 
of Cr and S EDS signals (Figs. 18 and 20) and the S 2p core sulfide peak at 
162.8 eV [31] (Fig. 21d) confirm MoS2 decomposition during laser 
metal deposition of the coating and formation of Cr3S4 [14]. At elevated 
temperatures Ag located at the contact surface provided additional 
protection against galling by its low shear strength [32] and formation 
of Ag2S. It is formed through interaction of sulfide-rich phases and Ag at 
the sliding interface [33]. No Ag-molybdate could be identified while 

Fig. 14. Volume of adhered AISI 316L stainless steel for multicycle galling tests at (a) room temperature and (b) 150 ◦C.

Fig. 15. Results of (a and c) room and (b and d) elevated temperature (300 ◦C) single-stroke galling tests against Ti6Al4V alloy; (a and b) CoF as a function of load 
and (c and d) amount of adhered Ti6Al4V alloy.
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binding energies of the Ag 3d5/2 and 3d3/2 spin-orbit pair positioned at 
367.7 eV and 373.6 eV (Fig. 21c) and the S 2p3/2 peak at 161.3 eV 
(Fig. 21d) are indicative of Ag2S formation [34]. Furthermore, beside 
Ag2S and Cr2S3/Cr3S4 also Cr2O3 was identified for high temperature 
tests (Cr 2p3/2 peak components at 574.5 eV (sulfide) and 576 eV 
(oxide), Fig. 21b), which can also provide some beneficial high- 
temperature tribological properties [35]. Combination of these low 

friction compounds very effectively postponed Al-alloy adhesion, as 
shown in Fig. 19d. It also reduced bonding strength of the adhered Al- 
patches, which could be more effectively removed under repeated 
sliding and high loads, as indicated by reduced volume of adhered 
material displayed in Fig. 10b.

Very similar situation was observed for tests against AISI 316L 
stainless steel, with incorporated islands of Cr2S3/Cr3S4 effectively 

Fig. 16. 3D friction maps for (a) room and (b) elevated temperature multicycle galling test of Ni-5Ag-10MoS2 coating against Ti6Al4V alloy.

Fig. 17. Volume of adhered Ti6Al4V alloy for multicycle galling tests at (a) room temperature and (b) 300 ◦C.

Fig. 18. (a) SEM wear track micrograph and (b) corresponding EDS maps for Ni-5Ag-10MoS2 – AA6082 contact (room temperature, 800 N); Mo and S sig
nals overlap.
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preventing/postponing stainless steel adhesion and accumulation on the 
coating surface, as shown in Fig. 22. However, as already mentioned, 
more pronounced AISI 316L austenitic stainless steel work-hardening 
behavior reduced the protective effect of applied MoS2 solid lubricant, 
thus intensifying anti-galling performance of Ni-5Ag-10MoS2 coating 

(Fig. 11) as compared to AA6082 alloy (Fig. 7). At elevated temperature 
of 150 ◦C, which was too low for Ag2S formation [36,37], improved 
lubricity of MoS2 combined with reduced shear strength of the stainless 
steel resulted in much smaller and more evenly distributed patches of 
adhered stainless steel, even for HWTS-QRO (Fig. 22c and f). Although 

Fig. 19. Wear track micrographs for high temperature contact (250 N); (a and b; SE image) HWTS-QRO - AA6082, (c-SE and d-BSE image) Ni-5Ag-10MoS2 – 
AA6082 contact.

Fig. 20. FIB-SEM analysis of Ni-5Ag-10MoS2 wear track (room temperature, 800 N).
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Ni-5Ag-10MoS2 coating reduces stainless steel adhesion, smaller and 
more evenly distributed patches of adhered stainless steel control the 
overall friction level, irrespective of the tool material used, as exem
plified by Fig. 12a.

For Ti6Al4V alloy, being very prone to galling, severe adhesion and 
formation of thick transfer layer took place for both tool materials 
already at room temperature and very low loads, as shown in Fig. 23. In 
this case shear strength of the Ti6Al4V transfer layer defines friction 
level, thus leading to very similar friction behavior for reference hot 
work tool steel and Ni-5Ag-10MoS2 coating (Figs. 15a and b). And this is 
true for room and elevated temperature sliding. However, as indicated 
by BEI images (Fig. 23d), in the case of Ni-5Ag-10MoS2 coating layer of 
adhered Ti-alloy is more easily interrupted and displaced at the Ag- 
Cr2S3/Cr3S4 islands, resulting in a thinner transfer layer (Fig. 15c). This 
is further pronounced at elevated temperatures (Fig. 15d) by the for
mation of Ag2S. Under repeated multicycle sliding immediate formation 
of a thick transfer layer during the very first stroke greatly masks 
effectiveness of the lubricating phases, especially at elevated tempera
ture with increased Ti-alloy galling tendency. However, presence of 
lubricious phases in Ni-5Ag-10MoS2 coating still promotes easier 
detachment of transfer layer during repeated sliding and reduced 
redeposition (Fig. 17).

Anti-galling mechanism of Ni-5Ag-10MoS2 coating is illustrated in 
Fig. 24. In the case of tool steel increased loads and plastic deformation 

of the work material lead to rapid MoS2 lubrication film break-down and 
intensive adhesion of work material to the tool surface. Sliding at 
gradually increasing load results in the formation of thick, largely 
interconnected patches of transfer layer (Fig. 24a), which intensifies 
with increased temperature and work material galling tendency (SS → 
Al → Ti). For Ni-5Ag-10MoS2 coating encapsulated solid-lubrication 
compounds with their low shear strength postpone adhesion of work 
material and provide formation of much thinner and largely scattered 
patches of transfer layer. Furthermore, smearing of the lubricious 
compounds over the contact surface and formation of a tribolayer also 
reduces bonding strength of these patches, which are more easily de
tached during sliding (Fig. 24b). In the case of sliding at temperatures of 
up to 150 ◦C improved galling resistance is mainly provided by Cr- 
sulfides (CrS, Cr2S3/Cr3S4) formed during coating deposition. Howev
er, at elevated temperature of 300 ◦C, main anti-galling component is 
silver, accompanied by Cr-sulfides and formation of Ag2S and Cr2O3.

4. Conclusions

The present study demonstrates that Ni-5Ag-10MoS₂ laser metal 
deposited coatings with temperature resistant load-bearing Ni-based 
matrix can provide substantial improvements in galling resistance over 
conventional hot work tool steels, even for room and intermediate 
temperatures. Under both room and elevated temperature sliding 

Fig. 21. XPS spectra from contact surface of Ni-5Ag-10MoS2 coating tested at room (RT) and elevated temperature (ET); (a) Mo 3d, (b) Cr 2p, (c) Ag 3d, (d) S 2p.

B. Podgornik et al.                                                                                                                                                                                                                              Surface & Coatings Technology 525 (2026) 133317 

12 



against AA6082 and AISI 316L alloys, the coatings reduce friction by up 
to 50%, provide about 30% higher critical loads for galling initiation, 
and suppress material adhesion. At room temperature counter-body 
material adhesion is suppressed by the Cr2S3/Cr3S4 compounds 
formed by the MoS2 decomposition during laser metal deposition. 
However, at elevated temperatures anti-galling properties of Cr2S3/ 
Cr3S4 are further enhanced through synergistic effect of in-situ 

formation of lubricious Ag₂S and/or Cr₂O₃ tribo-compounds at the 
interface. While galling against Ti6Al4V remains severe, the Ag-MoS2 
containing Ni-based coatings promote thinner, less continuous transfer 
layers, particularly at 300 ◦C. Multicycle testing further confirms that 
the coatings sustain stable low-friction conditions over extended oper
ation and wider load ranges while reducing adhered material accumu
lation. These findings highlight the potential of Ni-Ag-MoS2-based 

Fig. 22. SEM wear track micrographs for (a, b, d, e) room (800 N) and (c, f) high temperature contact (150 ◦C; 250 N); (a–c) HWTS-QRO – AISI316L and (d–f) Ni- 
5Ag-10MoS2 – AISI316L contact.

Fig. 23. SEM/BSE wear track micrographs for room temperature contact (400 N); (a, b) HWTS-QRO – Ti6Al4V and (c, d) Ni-5Ag-10MoS2 – Ti6Al4V contact.
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coatings as effective anti-galling solutions for high-temperature forming 
of high-strength structural alloys.

Particular Ni-based self-lubricating coating combined with MoS2- 
based solid lubricant was found as the most effective against Al alloys at 
300 ◦C. Al alloys have low work-hardening effect and increased galling 
tendency at elevated temperatures thus fully exploiting combined effect 
of solid lubricant and Cr/Ag lubricious phases formation. Austenitic 
stainless steels, on the other hand experience strain-induced martensitic 
transformation during cold forming which greatly limits effectiveness of 
solid lubricant and facilitates anti galling potential of the coating. 
However, in warm forming at 150 ◦C reduced martensitic trans
formation and absence of Ag2S formation prevent any major perfor
mance improvement. In the case of Ti-alloys anti-galling potential of the 
coating is hindered by the severe galling and immediate formation of 
thick transfer layer, although the coating providing more effective 
removal of the adhered material.
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