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Abstract: Wear-driven tool failure is one of the main hurdles in the industry. This issue can be addressed through 

surface coating with ceramic-reinforced metal matrix composites. However, the maximum ceramic content is 

limited by cracking. In this work, the tribological behaviour of the functionally graded WC-ceramic-particle- 

reinforced Stellite 6 coatings is studied. To that end, the wear resistance at room temperature and 400 °C is 

investigated. Moreover, the tribological analysis is supported by crack sensitivity and hardness evaluation, 

which is of utmost importance in the processing of composite materials with ceramic-particle-reinforcement. 

Results indicate that functionally graded materials can be employed to increase the maximum admissible WC 

content, hence improving the tribological behaviour, most notably at high temperatures. Additionally, a shift 

from abrasive to oxidative wear is observed in high-temperature wear testing. 
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1  Introduction 

It is well known that the pace of the automotive 

industry is strongly set by governmental restrictions 

concerning environmental issues. In terms of emissions, 

the European Commission set a 95 g CO2/km target 

level for 2021, while 15% and 37.5% reduction goals 

were established for 2025 and 2030, respectively [1]. 

Vehicle manufacturers agree that lightening is a 

critical factor for attaining energy-efficient cars, 

regardless of the propulsion technology [2]. The most 

promising solution for minimising CO2 emissions, 

whilst increasing the safety and improving the crash 

performance of vehicles, relies on the implementation 

of modern advanced high-strength steels (AHSS) as 

they enable the reduction of the weight of automotive 

components [3]. Unfortunately, these materials present 

low room temperature formability and high spring 

back [4]. Therefore, temperature-assisted processes, 

i.e., hot stamping or press hardening, are necessary 

to form AHSS components [5].  

In hot stamping processes, the tool damage caused 

by wear and friction during the high-temperature 

forming process is a hindrance in terms of 

productivity and tool lifetime [4], and stems from the 

unavoidable contact between the tool and the processed 

blanks [6]. Unfortunately, conventional lubricants 

cannot be employed to counter these phenomena, as 

the temperature range of the manufacturing process is 

far outside the working range of most lubricants [7]. 

Friction problems in hot forming tools can be 

overcome by surface treatments and deposition of 

advanced coatings [8, 9]. At this point, the localised 

heat input and the rapid solidification of materials  
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inherent to laser processing, place laser-directed energy 

deposition (L-DED) in an advantageous position 

compared to traditional coating technologies [10]. 

Indeed, L-DED yields minimum substrate affection 

and low distortion, but high integrity coatings [11]. 

Consequently, demanding geometrical tolerances can 

be met, while providing a good bond between substrate 

and coating. Furthermore, the typically complex 

surfaces of tooling are not restrictive for L-DED 

owing to its freeform ability. 

In surface engineering, metallic and non-metallic 

materials are often used to improve the wear 

resistance of steel substrates. Alloying with elements 

such as niobium, vanadium, or tungsten, has been 

demonstrated to extend the lifetime of H13 tool  

steel [12]. The deposition of complex alloys such  

as FeCrMoVC onto tool steel substrates has been 

investigated too [13]. Moreover, wear-resistant high 

entropy alloy (HEA) coatings have been tested in real 

process conditions and promising results have been 

obtained [14]. On the other hand, Co-base wear- 

resistant alloys, such as Stellite 6, possess high wear 

resistance not only at room temperature but also 

when subject to high temperatures [15, 16]. The 

solid-solution of carbide-forming elements and the 

precipitation hardening are responsible for the improved 

mechanical properties of such alloys [17]. In addition, 

the good tribological performance at high temperatures 

is due to the formation of an oxide layer, which   

acts as a lubricant and mitigates friction [18]. Finally, 

surface engineers often resort to ceramics and ceramic 

hard metal coatings to further increase the resistance 

to wear due to their high hardness [6]. In this regard, 

laser processing technologies enable a localised 

dispersion of ceramic particles [4] or the deposition 

of ceramic particle-reinforced metal matrix composite 

(MMC) coatings [19]. 

The enhanced tribological performance of WC- 

reinforced MMCs has been extensively reported in the 

literature. Nurminen et al. investigated the abrasion 

resistance of different matrix and reinforcement 

materials [20]. They concluded that spherical WC 

reinforcement resulted in the best tribological 

performance. Bartkowski and Kinal found that the 

wear resistance of the Stellite 6 Co-base alloy increases 

when embedding WC ceramic particles [21]. They 

concluded that when the volumetric fraction of WC 

is too high or the hardness of the matrix is too low,  

a more intensive wear mechanism of the coatings   

is promoted. Nonetheless, in general terms, an 

enhancement of the surface properties of the base 

material was attained. Later, when applying the 

developed coating to a real industrial case study in 

the field of agriculture, they obtained a 25% increase 

in the durability of tooling [22]. Also, Ni-base and 

Co-base matrixes are of particular interest when 

high-temperature wear performance is targeted [23]. 

Hence, more recent works have focused on characterising 

the high-temperature tribological behaviour of these 

coatings. Erfanmanesh et al. investigated the high- 

temperature performance of WC-Co and Ni/WC-Co 

coatings in terms of wear [24]. They obtained a 

substantial improvement in the wear resistance   

and they concluded that soft abrasive and adhesive  

wear were dominant. Wang et al. also focused on 

high-temperature wear testing and confirmed the 

good behaviour of Stellite 6/WC coatings [25]. In 

addition, an improvement in the wear resistance  

of the coatings following the WC content was 

demonstrated. However, coatings with >20 wt% of 

WC showed a significant drop in terms of thermal 

fatigue. Lastly, Karmakar et al. investigated the high- 

temperature abrasive wear of AISI H13 tool steel 

coated with Stellite 6 and Stellite 6/WC [26]. Composite 

coatings showed a higher abrasion resistance in the 

range of temperatures up to 650 °C, as compared to 

the base material. The improvement was more evident 

the higher the temperature of the wear test. 

In terms of L-DED of MMCs, the production of 

good quality coatings is still a challenge. For instance, 

material incompatibility is an issue to tackle [27]. 

Defects related to metallurgical integrity (pores or 

cracking) are frequently encountered [28]. As a 

response, multiple methods have been proposed to 

eliminate cracking, namely, substrate preheating, the 

addition of rare earth oxides, or the elimination of 

the sharp transition between substrates and coatings 

through functionally graded materials (FGM) [19]. 

The FGM strategy is particularly interesting for the 

L-DED technology [27]. In fact, the composition of  



524 Friction 12(3): 522–538 (2024) 

 | https://mc03.manuscriptcentral.com/friction 

 

the feedstock in the production of multi-material 

structures can be easily controlled. In the case     

of MMCs, a layer-wise variation of the volumetric 

fraction of the reinforcement is readily attainable. 

Typically, functionally graded materials exhibit 

lower residual stresses, which are the main cause   

of cracking in MMCs. Hence, the FGM strategy can 

be implemented to improve the integrity of MMC 

coatings produced by L-DED. In fact, Xu et al. 

reported that the crack sensitivity of MMC consisting 

of Stellite 6 and WC was significantly reduced when 

introducing functionally graded transitions as compared 

to sharp material transitions [29]. In addition, they 

studied the room-temperature wear resistance of 

mono-compositional and functionally graded MMCs 

and got similar results. Nonetheless, to the authors’ 

knowledge, the high-temperature wear performance 

of functionally graded MMC coatings as compared 

to mono-compositional MMC coatings has not been 

studied so far. 

Motivated by the research gap identified in the 

literature, in the present work, the high-temperature 

wear performance of functionally graded MMCs is 

investigated. Indeed, the FGM strategy can be used 

to increase the admissible WC% in MMC coatings, 

with subsequent performance improvement. The 

enhancement of the wear properties of the coated 

and uncoated samples at both room and high 

temperatures is assessed. Furthermore, the performance 

of functionally graded and mono-compositional 

coatings is compared. Lastly, the most relevant 

wear mechanisms for each scenario and material 

are identified. The main contributions of the present 

research work are as follows. 

1) The crack sensitivity of multilayer MMC coatings 

deposited with different strategies (i.e., FGM and 

mono-composition) is assessed.  

2) The wear resistance of L-DED coatings is 

evaluated both at room temperature and 400 °C. 

Coatings with different top layer compositions and 

manufactured with graded and not graded strategies 

are studied. All results are compared to the uncoated 

reference specimens. 

3) The microstructural evolution of the matrix 

when varying the composition of the feedstock is 

studied. Moreover, the hardness of the matrix and 

the surface hardness of the produced specimens are 

investigated. 

2 Materials and methods 

2.1 Materials 

In this research, AISI H13 tool steel was selected   

as the substrate material. The dimensions of the 

substrate billets are 45 mm × 35 mm × 8 mm. This 

material is frequently employed in the die and 

mould industry for high-temperature process tooling. 

The surface coatings applied to the AISI H13 consist 

of a Co-base matrix, similar to Stellite® 6, and a WC 

reinforcement. Commercial L-DED powders are 

employed for coating production, namely, MetcoClad 

6 and MetcoClad 52001 (Oerlikon Metco). The 

granulometry of both powders is in the range of 45  

to 106 μm. The composition of the substrate material 

and the L-DED feedstock is shown in Table 1. 

2.2 Test specimen preparation: L-DED process and 

heat treatment of reference specimens 

The coating specimens were produced by means of  

a TruLaser Cell 3000 L-DED machine. The laser 

source is a 3 kW Yb:YAG disk laser, with a 1,030 nm 

wavelength. The laser spot diameter at the focal 

plane was set at 1.75 mm. To enable an adequate 

process parameter selection, different sets of parameters 

with varying power, feed rate, and mass flow rate 

were tested before choosing the optimal ones. To that 

end, single-clad experiments were carried out. The 

processing conditions tested are shown in Table 2.  

Table 1 Composition of the materials employed wt% [30–32]. 

Material Co Cr W Fe Ni Si C Mo Mn P S V 

MetcoClad 6 Bal. 28.0 4.0 3.0 3.0 1.5 1.0 1.0 0.0 0.0 0.0 0.0 

MetcoClad 52001 0.0 0.0 Bal. 0.19 0.0 0.0 4.03 0.0 0.0 0.0 0.0 0.0 

AISI H13 0.0 5.13 0.0 Bal. 0.0 1.03 0.39 1.43 0.4 0.03 0.03 1.0 
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Table 2 Single-clad experimental tests to select optimal process 
parameters. 

Test Power 
(W) 

Feed rate 
(mm/min) 

Mass flow rate 
(g/min) 

1 700 400 2.97 

2 600 400 2.97 

3 800 400 2.97 

4 700 450 3.34 

5 700 350 2.60 

 

Once the best process parameters were selected, 

different overlapping conditions were tested, namely 

30% and 40%. 

Most promising results were obtained for the 

first set of parameters and 30% overlap. Indeed, such 

processing conditions resulted in defect-free clads 

soundly bonded to the substrate. In Fig. 1, the selected 

single-clad, single-layer, and multi-layer tests are 

shown. 

The L-DED parameters were kept constant for all 

experiments, at 700 W laser power and 400 mm/min 

feed rate. In addition, the volumetric rate of the 

feedstock was fixed at 0.35 cm3/min, which results in 

a constant clad geometry (0.38 mm height and 1.84 mm 

width). Thus, the mass flows of the matrix and the 

reinforcement material were calculated for each layer 

according to the target composition and the density 

of the material. The powder is fed through a GTV PF 

2/2 disk feeder, which comprises two independent 

hoppers. In this manner, the powder flow of each 

one of the hoppers can be tuned independently and, 

therefore, the composition of the powder mixture is 

controlled precisely. The powder flows provided by  

 

Fig. 1 Single-clad, single-layer, and multi-layer samples produced 
with the optimal processing conditions. 

each hopper are combined in a mixing chamber 

and fed to the melt pool through a discrete coaxial 

nozzle. Argon at a rate of 12 L/min and helium at a 

rate of 4 L/m were used as shielding and carrier gases, 

respectively. As far as the deposition strategy is 

concerned, a zig path (one-way deposition strategy) 

was followed in each layer, alternating the X and Y 

deposition directions layer upon layer. 

The dimensions of the deposited coatings are 

roughly 10 mm×25 mm×2 mm. Four different coating 

designs were tested and each specimen was constituted 

by four layers (Fig. 2), whose composition varies 

according to Table 3. In total, four specimens were 

produced for each coating design, one for metallurgical 

and matrix hardness characterisation and three for 

wear testing and surface hardness measurements.  

In addition, uncoated AISI H13 samples were also 

prepared for wear testing and surface hardness 

measurement. To that end, three AISI H13 specimens 

were ground and heat-treated, by quenching and 

tempering in accordance with Fig. 3. 

2.3 Inspection of the metallurgical integrity and  

microstructural analysis of the samples 

The Nikon Optiphot-100 optical microscope was 

employed for microstructural analysis purposes. To  

 

Fig. 2 Layer disposition in mono-compositional and FGM 
specimens. 

 
Fig. 3 Q+T heat treatment of the reference uncoated AISI H13 
specimens. 
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that end, two cross-sectional samples were extracted 

from the first specimen of each coating design by 

means of wire-Electro Discharge Machining (w-EDM). 

The samples were subsequently mounted, ground, and 

polished following the appropriate metallographic 

procedure. Lastly, the microstructure was revealed by 

electrolytic etching with 10% oxalic acid solution at 

10 V and 1 A for 1‒3 s. 

In addition, the surface integrity of the three 

remaining specimens was inspected by means of  

the Leica Z6 AP0 optical microscope right before 

tribological characterisation. With the aim of developing 

processing maps for the production of MMC coatings 

based on the criterion of surface integrity, the surface 

cracking of the manufactured samples was quantified 

with regard to three parameters, i.e., the number of 

cracked samples (out of 3), the number of cracks,  

and the average width of the cracks. The resolution 

of the equipment employed for this inspection was 

351 LP/mm, that is, about 3 μm. Lastly, with the intent 

of increasing the reliability of these measurements, 

the width of cracks was measured ten times per 

sample. The ultimate objective of these processing 

maps is to determine the maximum admissible WC 

content in MMC coatings, depending on the L-DED 

strategy employed in their production. 

2.4 Characterisation of the hardness of the matrix  

and the surface hardness of the coating 

As far as the mechanical characterisation is concerned, 

both the hardness of the matrix and the hardness  

of the coating were measured. For the first one, the 

cross-sectional samples were employed, as indicated 

in Fig. 4. The Future-Tech FM-800 microhardness 

tester was employed for the matrix characterisation. 

Indentations with 300 gf and 12 s dwell time following 

the scheme in Fig. 4 were carried out. In each line, 

13 indentations were done with a 500 μm distance 

between centres. 

 

Fig. 4 Position of the indentations for the microhardness 
characterisation. Measurements at different distances from the 
surface are indicated by the red lines. 

On the contrary, the hardness of the coating was 

measured at the surface of the samples using a 

Computest SC Ernst macrohardness tester before 

step 6 of Fig. 5. This tester follows the Rockwell C 

principle and five indentations were done for each 

coating design. 

2.5 Tribological characterisation of the coatings 

The specimen preparation procedure for tribological 

testing is shown in Fig. 5. A pocket in the substrate 

material was milled and then coated following the 

parameters specified in Section 2.2. The flatness of 

the sample was ensured by means of w-EDM of the 

coated surface and backside grinding. Then, the top 

surface of the coatings to be studied was manually 

polished with a SiC abrasive paper until a surface 

roughness of Ra 0.70±0.07 μm, Rz 5.00±0.70 μm,  

was reached, note that the initial Ra and Rz were 

3.18±0.25 μm and 19.94±1.60 μm, respectively. This 

was done before the tribological characterisation. 

Lastly, the parameters of the tribological testing were 

selected to ensure an adequate representation of real 

hot stamping conditions.  

The process parameters during sheet metal 

forming can be quite broad. After analysing several 

component simulations, Cillaurren et al. observed 

that the contact pressure on flat areas ranges between 

3‒15 MPa on average, while it rises to 20‒100 MPa for 

curved areas, with maximum values up to 200 MPa.  

Table 3 Layer composition of L-DED specimens (MC6 and MC52001 stand for MetcoClad 6 and MetcoClad 52001, respectively). 

Layer Stellite 6 Mono 5% WC Mono 5% WC FGM 10% WC FGM 

1 100% MC6 95% MC6 5% MC52001 100% MC6 100% MC6 

2 100% MC6 95% MC6 5% MC52001 97.5% MC6 2.5% MC52001 95% MC6 + 5% MC52001 

3 100% MC6 95% MC6 5% MC52001 95% MC6 5% MC52001 90% MC6 + 10% MC52001 

4 100% MC6 95% MC6 5% MC52001 95% MC6 + 5% MC52001 90% MC6 + 10% MC52001 
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Similarly, the sliding velocities of the inner areas 

ranged between 20‒25 mm/s on average, whilst the 

outer areas raised to 50 mm/s, with maximum values 

reaching up to 200 mm/s [33]. When considering 

temperature ranges, it is important to pay attention 

to the maximum temperature that hot-forming tools 

typically withstand. Hoffman and Steinbeiss observed 

a cyclic evolution of tool temperature in hot stamping 

processes and reached a stable cycle emerging after 

about 10 cycles. For the case they presented, the 

maximum temperature reached was around 375 °C 

[34]. Considering that the temperature of the tooling 

strongly depends on the cooling system design [35], 

for this study, a temperature of 400 °C has been 

chosen to represent the severe end of the spectrum 

of hot stamping processes. In order to obtain a 

comparative range of wear resistance and friction 

behaviour of the newly developed functionally graded 

Stellite 6/WC metal matrix composite coatings, an 

accelerated test under standardised ball-on-flat 

linear reciprocating sliding configuration [36] against 

a reference ceramic counterpart was performed. 

Tribological test parameter selection was also supported 

by Wang et al. [25], where Stellite-6/WC coatings 

produced by laser cladding were tested for the 

tooling industry. Tests were carried out on the Bruker 

UMT tribometer, using a 6 mm Ø Si3N4 ball as   

the counterpart with a normal load of 8 N, which 

corresponded to 900 MPa average Hertzian contact 

pressure. Using a 2.5 mm stroke and a reciprocating 

frequency of 20 Hz, tests were conducted at an 

average of 100 mm/s linear speed until completing  

18,000 cycles (15 min), both at room temperature 

(RT) and 400 °C. The room temperature experiments 

were performed under 22±1 °C temperature and 

48%±4% relative humidity. The pin and the plate 

were ultrasonically cleaned in acetone for 10 min 

followed by air-drying before each test. Three 

replicates per condition were carried out for good 

statistical representation 

The coefficient of friction was computed through 

the energy dissipation method under the ASTM G203 

standard [37]. Note that average friction coefficient 

values were computed considering the last 75%   

of the friction curve to account solely for the steady 

state friction behaviour, after the running in. 

Equation (1) shows the formulation of the energy 

coefficient of friction (ECoF), being 
d

E  the dissipated 

energy over a cycle, *  the slip amplitude, and P the 

contact load [38]. 




 d

*4
E

E

P
                (1) 

A non-contact 3D optical profiler (Sensofar S-Neox, 

white light interferometry technique) was used with 

an objective of 20xDI (optical resolution = 0.41 μm, 

vertical resolution 1 nm) in order to measure the 

wear scars. Wear scar volume was computed on the 

areal measurements [39] and 2D profiles were also 

extracted to characterise the wear scar width and 

depth in SensoMap Premium 7 software. Lastly, worn 

surfaces were analysed by scanning electron microscopy 

(SEM) and energy dispersive spectrometry (EDX). 

 

Fig. 5 Scheme of the sample preparation process followed for reciprocating wear testing. 
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3 Results 

3.1 Cracking sensitivity of MMC coatings produced 

by L-DED 

Surface cracking is a major problem in the L-DED of 

ceramic-reinforced MMCs. Thus, the maximum 

tungsten carbide content of MMC coatings is limited 

by the cracking sensitivity of the material. Figure 6 

shows the surface quality of the specimens prepared 

for tribological characterisation, where the surface 

cracks are denoted by white arrows. All three 

specimens corresponding to monolithic Stellite 6 

coatings present good surface integrity and no cracking 

is observed (Fig. 6(a)). Good quality coatings were 

obtained also when producing functionally graded 

coatings with tungsten carbide content varying from 

0% to 5% WC (Fig. 6(c)). In contrast, two out of the 

three mono-compositional specimens with 5% WC 

experienced surface cracking (Fig. 6(b)). Lastly, severe 

cracking was observed in all specimens manufactured 

following the FGM strategy with a 0% to 10% WC 

content variation (Fig. 6(d)). 

The cracking of MMCs deposited by L-DED has 

been widely studied in Ref. [40]. Cracks in these 

coatings originate from the high residual stresses 

generated during the deposition process. As a 

process based on fusion and rapid solidification of 

materials, parts manufactured by L-DED withstand 

high-temperature gradients; thus, high thermal 

stresses can be produced if no specific care is taken. 

The embrittlement of the matrix due to the processing  

conditions is also a factor that severely affects surface 

integrity. The loss of ductility prevents the metal 

matrix from absorbing the residual stresses of the 

manufacturing process. Additionally, the reinforcement 

particles act as stress concentrators [26], which further 

exacerbate cracking. Hence, the crack sensitivity   

of this material is going to limit the production of 

MMC coatings by L-DED and the development of 

processing maps is useful to better understand their 

processability. 

Based on the analysis of the integrity of the surfaces 

performed, the cracking phenomenon is quantified 

by means of three parameters, namely, the number of 

samples exhibiting cracking (out of the three prepared 

specimens), the number of cracks present in each 

sample, and the width of the cracks. Based on such 

quantification, a processing map has been developed, 

for which the acceptance criterion established is the 

quality assurance based on the surface integrity (Fig. 7). 

It is concluded the maximum admissible WC content 

is 5% with the FGM strategy and the employed process 

parameters, whereas this admissible maximum drops 

below 5% with no cracking mitigation strategy. 

It follows from the obtained results that the FGM 

strategy is a useful tool to prevent cracking. No 

defects were observed when manufacturing coatings 

with a 5% WC content at the top layers with the  

FGM strategy. However, poor results were attained in 

the not-graded coatings with the same top layer 

composition. The elimination of the sharp transition 

alleviates the residual stresses generated during the 

deposition of successive layers. Thus, the progressive  

 

Fig. 6 Surface integrity of produced specimens: (a) Stellite 6 MONO, (b) 5% WC MONO, (c) 5% WC FGM, (d) 10% WC FGM. 
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Fig. 7 Processing map for the L-DED of MMC coatings, based 
on the L-DED strategy and the WC% at the top layer. 

variation of the composition used with the FGM 

strategy reduces the crack sensitivity of ceramic- 

reinforced MMCs. 

3.2 Microstructural characterisation of the MMC  

coatings 

In Fig. 8, the cross-sectional images corresponding to 

WC-reinforced coatings manufactured with different 

strategies are shown, namely, 5% WC MONO, 5% 

WC FGM, and 10% WC FGM. In addition, higher 

magnification images of regions of interest are 

provided. In the FGM specimens, the gradual variation 

of the WC% is clearly evidenced, as no ceramic particles 

are present in the 1st layer, intermediate WC% is found 

in the 2nd layer, and the target WC% is reached in 

the 3rd and 4th layers. Hence, the same volumetric 

fraction of WC particles is found in the top layer of 

specimens corresponding to 5% WC FGM and 5% 

WC MONO, per the design depicted in Table 3. 

On the other hand, the heterogeneous distribution 

of the WC particles is visible in the cross-sectional 

images of Fig. 8, owing to the Murakami agent 

employed to etch the tungsten carbide particles 

selectively. In Fig. 8, the melt pool boundaries and 

limits of the heat-affected region are depicted to better 

identify the clads and layers of the coatings. Even 

in the 5% WC MONO specimen, regions containing    

a higher volumetric fraction of WC and regions 

containing a lower fraction are observed. This is     

a result of the different fluid dynamic behaviour   

of ceramic and metal particles through the nozzle. 

Moreover, the heterogeneous distribution of particles 

is further exacerbated by both gravitational and 

Marangoni effects in the melt pool. 

In terms of metal-ceramic interaction, MMCs 

manufactured through fusion-based processes often 

exhibit compositional and microstructural changes  

in the metal matrix. The thermal nature of fusion- 

based processes promotes the reaction between the  

 

Fig. 8 Cross-sectional images corresponding to WC-reinforced coatings manufactured with mono-composition and functionally graded 
strategy. Left-hand images etched by Murakami agent (tungsten carbide particles are darkened) and high magnification images are
electrolytically etched with 10% oxalic acid. 
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reinforcement and matrix material. When this 

interaction is large enough, the matrix is modified 

globally. However, when little WC concentrations are 

employed or the exposure time of the material to high 

temperatures is controlled, this reaction is reduced. 

Consequently, the matrix is only affected locally and 

the properties of the base material remain similar 

from a global perspective. This is the case for the 

specimens produced in the present study. To validate 

such a hypothesis, the microstructure of the metal 

matrix corresponding to the compositions employed 

throughout the experiments was investigated (Fig. 9). 

The base material with no ceramic reinforcement, 

corresponding to 0% WC (Fig. 9(a)) shows the typical 

hypoeutectic microstructure of the Stellite 6 Co-base 

alloy [41]. The white dendrites correspond to the 

Co-rich γ solution, while the dark phase corresponds 

to the interdendritic eutectic structure composed of 

Co-, Cr-, and W-carbides [42]. The same microstructural 

phases and similar volumetric fractions are observed 

in all specimens and for all compositions (Figs. 9(b)‒ 

9(d)). Slight variations of the grain size are observed, 

which can be attributed to different cooling rates 

and solidification speeds, but also to the effect of 

introducing reinforcement particles. Discrete carbides 

are a driver for grain refinement [43]. Nonetheless, no 

clear conclusions can be drawn from this observation, 

as L-DED clads do have a certain level of microstructural 

heterogeneity and the observed grain size variations 

fall within that range. To sum up, no significant 

modification of the matrix microstructure was 

observed due to the interaction of the matrix with the 

reinforcement phase. 

3.3 Characterisation of the hardness of the matrix 

and the surface hardness of the coating 

In the present work, the hardness of the MMC coatings 

is investigated at microscopic and macroscopic scales, 

to characterise mechanically the matrix and the 

composite, respectively. 

The hardness of the matrix is measured at 100 μm, 

200 μm, and 500 μm from the surface of the coating, 

per Fig. 4. The results corresponding to the matrix 

hardness characterisation are shown in Fig. 10. 

Indentations located in or close to WC particles were 

excluded from the averaging, as the target in this 

characterisation is the matrix of the MMC coating. 

Little variation is observed among the specimens 

studied and all of them show similar hardness values 

as compared to the reference specimen (i.e., Stellite 6 

MONO). Therefore, it is concluded that the effect of 

the reinforcement particles on the matrix properties 

is negligible for the employed process parameters 

and feedstock compositions.  

A slightly higher value in the hardness of the 

matrix of the 10% WC FGM sample is observed in 

certain profiles. This is ascribed to the reinforcement 

particles located below the tested surface, which, 

although not visible, still support the matrix structurally. 

On the other hand, the 5% WC FGM sample exhibited 

a slightly lower hardness at a 100 μm distance from 

the surface. The continuous heating and cooling  

 

Fig. 9 Microstructural analysis of the MMC specimens: (a) 100% Stellite 6, (b) 97.5% Stellite 6 + 2.5% WC, (c) 95% Stellite 6 + 5% WC,
and (d) 90% Stellite 6 + 10% WC. 
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Fig. 10 Hardness of the metal matrix at different distances from 
the surface. Average values are shown, while error bars indicate the 
standard deviation. 

cycles and subsequent deposition of clads result in 

heat-affected regions, where the grain size coarsens. 

This phenomenon is illustrated in Fig. 11. The region 

tested in the 5% WC FGM corresponds to a heat- 

affected area, which presents a lower hardness value 

(on average) in contrast with the region tested in 

the 10% WC FGM, whose region was not thermally 

affected by the deposition of additional L-DED clads. 

In Fig. 11, the indentations are coloured according 

to the resulting hardness and average values of each 

profile are also provided (for whose calculation 

indentations falling on or close to visible tungsten 

carbide particles were excluded). In addition, higher 

magnification images of the indentations are included, 

where the high variability of the HV0.3 test depending 

on the microstructure of the indented region or the 

position of the WC particles is demonstrated. 

Lastly, the surface hardness of the samples prepared 

for tribological characterisation is measured. As 

opposed to matrix characterisation, macroscopic testing 

methods are adopted. In this manner, the hardness 

measurements consider the contributions of both 

phases, i.e., the matrix and the reinforcement. Hence, 

as shown in Fig. 12, a greater variation among the  

 

Fig. 11 Schematic illustration of the location of the cross-sectional samples for the characterisation of the hardness. The precise location of 
the indentations performed is depicted by rhombuses coloured according to the hardness value. Additionally, high-magnification images 
of representative indentations are shown. 
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Fig. 12 Surface hardness of the studied specimens. Average results 
are shown, whilst error bars indicate the standard deviation. 

tested coatings is observed. As expected, coatings with 

a higher volumetric fraction of WC present a higher 

hardness. The reference material and the coated 

samples with no reinforcement show similar surface 

hardness values, roughly 51 HRC. The surface 

hardness of the samples with 5% WC at the top layer 

is comparatively higher, between 53 HRC and 54 HRC. 

In this case, the coatings manufactured with the FGM 

strategy present a slightly lower surface hardness. 

This is due to the influence of the layers below, which 

have a lower content of WC. Indeed, according to 

ISO 65080:1-2017, the region affected by the HRC 

measurement is at least 10 times the permanent 

penetration of the indenter. In the case of a sample 

having a 55 HRC hardness, this region is 0.9 mm 

deep, which is thicker than the sum of the thickness 

of the two upper layers. Therefore, it is logical that 

the FGM samples exhibit a slightly lower hardness 

because of the influence of layer 2, which has a lower 

WC content. Lastly, a substantially higher hardness 

is observed in the coated samples with 10% WC at 

the top layer. In fact, a surface hardness as high as 

57 ± 1.8 HRC is reported. In these samples, a higher 

dispersion of the experimental values is observed, 

most likely due to the uneven distribution of the 

reinforcement particles shown in Fig. 8 and the lack 

of integrity of the 10% WC FGM specimens (see Fig. 6). 

3.3 Tribological characterisation of the surface 

coatings 

In the room temperature reciprocating tests, coated 

samples present a lower wear resistance as compared 

to the uncoated AISI H13 heat-treated substrate  

(Fig. 13(a)). The quenched and tempered AISI H13 

specimens experienced a very low volume loss, owing 

to the high metallurgical integrity and microstructural 

features of the hot-rolled substrates (Fig. 12). This 

good tribological performance is also a result of the 

carbide formation, martensitic transformation, and 

grain refinement obtained during the heat treatment. 

As far as the coated specimens are concerned, a 

substantial improvement in the wear resistance of 

WC-reinforced coatings as compared to the monolithic 

Stellite 6 coatings was observed. Lower volume loss 

and lower friction coefficients were attained when 

embedding a ceramic reinforcement into the metal 

matrix, as shown in Fig. 14, where the friction curves 

corresponding to both room temperature and high 

temperature tests are depicted. 

Conversely, promising results were obtained in the 

coated specimens with regard to the high-temperature 

wear behaviour. As shown in Fig. 13(b), a significant 

decrease in the volume loss was observed as compared 

to the uncoated AISI H13 heat-treated reference 

specimens. The benefit of the surface coatings in 

terms of high-temperature tribological behaviour is 

clearly illustrated by the depth and width reduction 

of the scars (see Fig. 15(b)). 

The obtained results at RT and 400 °C suggest that  

 

Fig. 13 Volume loss and energy friction coefficient (ECoF) corresponding to the reciprocating tests carried out at (a) room temperature
and (b) 400 °C. 
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a higher WC% in the MMC coatings results in higher 

wear resistance. It must be noted that the lack of 

surface integrity of the 10% WC FGM specimens  

did not have an apparent detrimental effect on the 

tribological behaviour, as the reciprocating tests 

were carried out in regions with no visible cracks, 

when possible. In any case, the existing cracks were 

monitored both before and after tests, and these did 

not substantially vary in size and no new cracks were 

formed. As can be observed in Fig. 15, the maximum 

wear scar depth is 15 μm and 60 μm for RT and 

high-temperature tests, respectively. Scar depths are 

well below the thickness of the 4th layer of the 

coatings (380 μm), indicating that the wear scar was 

located within the last coating layer. Additionally, 5% 

WC FGM and mono-composition specimens presented 

similar results. Thus, it is concluded that the wear 

resistance of MMC coatings is not affected by the 

underlying layer, but it is a function of the composition 

and structure of the top layer and the testing conditions. 

When comparing RT and 400 °C tests, it is observed 

that the wear resistance of all samples decreased 

when tested at 400 °C (see Fig. 15). This can be 

ascribed to the softening of Stellite alloys at elevated 

temperatures. 

Figure 16 shows the worn surface SEM 

microphotographs and EDX maps of oxygen 

corresponding to the 10% WC FGM specimens tested 

at RT and 400 °C. At room temperature, the SEM 

microphotograph shows abrasion grooves aligned 

in the sliding direction (see Fig. 16(a)), indicating   

a dominant abrasive wear mechanism. Conversely, 

abrasion grooves were not identified at 400 °C, and 

the O enrichment on the adhesion zones was observed 

(see Figs. 16(b)‒16(d)), showing that oxidative wear 

occurred in the friction process. Consequently, a shift 

in the wear mechanism is observed when increasing 

the temperature of the wear testing, which is in good 

accordance with the results reported in Ref. [44]. 

Adhesive oxides grow slowly on the surface  

layer and serve as lubricants, decreasing the friction 

coefficient significantly as compared to the RT tests 

(see Fig. 13). The hard reinforcement particles, on the 

other hand, act as load-bearing constituents. Thus, 

they support the metal matrix and prevent material 

loss. Note that this is a result of the good bonding 

between the matrix and reinforcement, as in the present 

experiment no debonding of the ceramic particles 

from the matrix during the reciprocating tests has 

been observed (Figs. 16(a) and 16(b)). In contrast, it 

 

Fig. 14 Friction curves of the reciprocating tests carried out at (a) room temperature and (b) 400 °C. 

 

Fig. 15 Cross-sectional profiles of the wear scar for (a) room temperature and (b) 400 °C test specimens. 
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has been reported in Ref. [44] that ceramic particles 

often become dislodged from the matrix during sliding 

wear testing. In those cases, the wear rate of the metal 

matrix typically increases due to the severe abrasion 

resulting from the free discrete ceramic particles at 

the interface between the surface and pin. 

Lastly, Fig. 17 shows the axonometric projections 

of the wear scars measured by optical profilometry. It 

can be observed that contrary to the RT scars, the scars 

of the WC-reinforced samples are not homogeneous 

in shape when tested at 400 °C Figs. 17(c, c1)‒17(e, e1). 

This phenomenon is associated with the uneven 

distribution of the ceramic particles, which prevents 

the matrix from wearing off in the surroundings of 

such particles. However, this effect is only appearing 

in the high-temperature wear scars, indicating that the 

phenomenon is associated with the oxidative wear 

mechanism and the increased depth of the scar at  

400 °C, but does not happen under the abrasive wear 

mechanism. In Fig. 18, higher magnification axonometric 

projections and the corresponding images of two 

heterogeneous regions in sample 10% WC FGM are 

shown. The inspection of such regions reveals WC 

particle clusters (clearly visible in Region 2), which 

result in a reduced depth of the scar in such areas. 

Indeed, it can be observed that WC particles are worn 

off at a slower rate and they inhibit the matrix from 

wearing out in their surroundings. It can be concluded 

 

Fig. 16 Worn surface secondary electron SEM microphotographs (a)–(b) and EDX maps of oxygen (c)–(d) of 10% WC FGM specimens
tested at RT and 400 °C, respectively. 

 

Fig. 17 Axonometric projections of the wear scars measured by optical profilometry of the specimens tested at RT and 400 °C:
(a, a1) AISI H13 Q+T, (b, b1) Stellite 6 MONO, (c, c1) 5% WC MONO, (d, d1) 5% WC FGM, and (e, e1) 10% WC FGM. Note the 
different scales employed to illustrate RT and 400 °C scenarios. 
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that the random dispersion of the reinforcement 

particles throughout the surface may cause instabilities 

and heterogeneous material removal during high- 

temperature wear testing, but also that they are the 

reason behind the lower wear rate of ceramic-reinforced 

MMC coatings. In addition, the faster oxidation at 

400 °C and the higher hardness of the WC-reinforced 

coatings could add up to this phenomenon.  

In short, the ability of MMC coatings to protect the 

surface from high-temperature wear is demonstrated. 

Furthermore, the wear scar is progressively reduced 

as the WC% of the coating is increased. Hence, 10% 

WC coatings exhibit higher wear resistance. In addition, 

no significant differences in the high-temperature 

tribological behaviour of FGM and mono-compositional 

MMC coatings were observed. 

4 Conclusions 

In the present work, the suitability of L-DED for 

wear-resistant coating production for die and mould 

applications has been demonstrated, particularly for 

high-temperature forming processes. On the one 

hand, the microstructural aspects of WC-reinforced 

Stellite 6 coatings have been investigated. On the other 

hand, the tribological behaviour of such coatings at 

room temperature and 400 °C has been studied. Lastly, 

the advantages of employing the FGM strategy for 

reducing the crack sensitivity of composite materials 

during the deposition of wear-resistant coatings have 

been reported. The main contributions of the research 

work carried out are as follows: 

1) The developed processing map for MMC coatings 

demonstrate that the FGM strategy is an effective tool 

to prevent surface cracking during the deposition of 

MMC coatings. Consequently, higher weight fractions 

of the reinforcement phase are admissible in FGM 

coatings (5 wt% WC in the present study) as compared 

to mono-composition coatings (< 5 wt% WC in the 

present study). 

2) As far as the tribological behaviour at room 

temperature is concerned, the uncoated and heat-treated 

AISI H13 specimens present a better performance as 

compared to the coated samples, due to the higher 

integrity of hot-rolled specimens. 

3) In contrast, when tested at 400 °C, coated samples 

present a significantly better performance as compared 

to the heat-treated AISI H13 specimens. Besides, the 

wear resistance is further improved with WC-reinforced 

coatings. The higher the WC volume fraction, the lower 

the volume loss and the friction coefficient during the 

reciprocating testing. 

4) The wear mechanism of MMC coatings is 

dominated by abrasive wear at RT and shifts to 

oxidative wear at 400 °C. The wear resistance is not 

affected by the underlying layer, but it is a function 

 

Fig. 18 Details of heterogeneous regions in the scar of a 10% WC FGM sample. 
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of the composition and structure of the top layer and 

the testing conditions. 

5) WC particles structurally support the metal 

matrix and reduce material loss. However, the random 

dispersion and clustering of the WC reinforcement 

particles throughout the surface cause instabilities 

and heterogeneous material removal during high- 

temperature wear testing. 

It is concluded that, when an equal composition 

is ensured at the top layer or the surface coating, a 

similar performance in terms of tribological behaviour 

is obtained with FGM and mono-compositional 

coatings, at least within the scope of the present study. 

Thus, preliminary results point at the FGM strategy 

as an interesting approach for L-DED manufacturing 

of MMCs. The crack sensitivity is reduced, while the 

tribological behaviour of the coatings remains unaltered. 

Potentially, a higher WC content can be introduced in 

FGM samples and, therefore, the wear resistance can 

be improved to a higher extent. 

In the present work, and based on the processing 

map for L-DED of MMC coatings developed, the 

implementation of the FGM strategy resulted in an 

improvement of the wear behaviour at 400 °C of 

65% and 54%, for the ECoF and volume loss, for the 

uncoated specimens; and an improvement of 41% 

and 26%, for the mono-compositional strategy. 

In other words, the FGM strategy enables the 

fabrication of high-integrity coatings with higher WC 

content, which ultimately results in better tribological 

performance at elevated temperatures. Hence, the die 

and mould industry could benefit from the increased 

wear resistance and, presumably, lifetime extension 

of tooling working under high temperatures. However, 

future work should focus on studying the long-tem 

operating performance of FGM coatings and also on 

scaling this technology up to real case studies. 
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