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Hamida Bouchafaa c, Bouzid Maamache b, Tamás Csanádi d,e, Pavol Hvizdoš d 
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A B S T R A C T   

The recovery of worn and damaged drilling tools in oil and petroleum industries, which no longer meet reliable 
technological use, could significantly reduce the drilling cost and, therefore, the emission of toxic materials. The 
present study demonstrates first time an innovative solution for this problem using a WC-Ni/Cr Tungsten Inert 
Gas (TIG) hardfacing technology by which a damaged WC-based metal matrix composite was coated. The 
microstructure analysis of the recovered sample revealed remarkable diffusion activity of Cr and Cu elements 
across composite/hardfacing interface. This inter-diffusion depleted WC particles on both sides which enhanced 
the metallic bonding of the interface, creating a durable and strong adhesion. A significant amount of WC 
particles was fragmented and dissolved into the NiCr metallic matrix, which resulted in the formation of Cr23C6, 
W2C carbides and Ni2W4C secondary carbide. There was found a more than 100 % increase in micro-hardness of 
the metallic matrix of the recovered sample compared to the as-infiltrated sample. The tribological tests of the as- 
infiltrated and the TIG hard-faced specimens conducted in dry, water and fuel oil environments revealed that the 
highest coefficient of friction (0.75) was recorded for the as-infiltrated sample under dry conditions with the 
highest wear loss (0.8 mg) while the TIG hard-faced coated one exhibited improved wear properties (0.09 and 
0.15 mg, respectively). This was attributed to the change of wear mechanism from WC particle pullout to 
abrasive and oxidative wear through the formation of SiO2 and WO3 oxides films. Thus, the TIG hardfacing 
process shows new and promising technology to recover WC-based metal matrix composites, improving their 
lifetime, and at the same time, both their mechanical and tribological properties.   

1. Introduction 

In the petroleum industry, two types of drilling tools are usually 
employed, depending on their manufacturing process, namely matrix 
tool body and steel tool body. The first one was elaborated by powder 
metallurgy using the Sintering by Infiltration of Loose Powder (SILP) 
technique where a mixture of WC-based metal matrix composite (MMC) 
was infiltrated by transition elements such as Fe, Ni with Cu–Sn bronze 
binder. The second type was a steel body drilling tool obtained by 
hardfacing a tungsten carbide composite (e.g. WC-NiCr) on a machined 
steel [1,2]. These MMCs offer a unique combination of physical and 
mechanical properties (high hardness and strength, erosion and wear 

resistance and low thermal expansion coefficient, especially at high 
temperatures) that attracted much interest in tool industries and surface 
engineering and widened their application scope [3,4]. MMCs have been 
studied in detail by various researchers devising different methods to 
manufacture WC-based composite. Nevertheless, liquid phase sintering 
(LPS) remains the most popular and effective technique of their 
manufacturing. Conventional infiltration is type of LPS where the 
powder mixture was pressed into the desired shape then sintered at the 
molten temperature of the binder. In contrast to the conventional 
method of compressed and infiltration powder, non-conventional infil-
tration (SILP) allowed the production of tools (MMCs based material) 
with complex geometries, which cannot be manufactured by 
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conventional LPS techniques [5]. The efficiency of the MMCs using SILP, 
depends on the quality of the WC particles/matrix interface and the 
nature of the transition metal used as a matrix. Miroud et al. [6] sug-
gested, for double-layer WC-15 %/and 14 %Ni composite elaborated by 
SILP, that the control of the working parameters (temperature of 
consolidation at 1180 ◦C and infiltration time) enhanced the homoge-
neity of particle distribution and avoided the interfacial precipitation. 
Tata et al. [7] investigated the infiltration of WC-W-Ni by a Cu–Mn alloy 
binder under different sintering conditions. They optimized the infil-
tration parameters at 30 min and 950 ◦C under a hydrogen atmosphere 
where Ni increased the densification and hardness of the binder phases. 
Similar results were obtained by Bouchafaa et al. [5] where the per-
formance of the WC-W-Ni composite was significantly increased by 
adding Ni due to the formation of (Fe–Ni) solid solution and FeNi3 at the 
particle/matrix interface, with high hardness and Young’s moduli that 
were close to WC particles. Besides, Bouzagzi et al. [8] showed that the 
MMC configuration was strongly dependent on the components of the 
powder, especially the WC/W2C amount and their interactions with the 
bronze binder. The inter-diffusion phenomena that occurred at the 
MMC/braze (Ag–Cu–Zn alloy) interface led to the formation of new 
phases of Cu–Zn, Ag–Zn, and the AgMn19 intermetallic compound, 
which was in good agreement with Cheniti el al [9]. Deshpande et al. 
[10] demonstrated that the good compatibility between WC particles 
and Cu-alloys and the excellent wetting features of Cu on WC particles 
enhanced the interfacial bond between the matrix and tungsten carbide 
particles. This was confirmed by Kennedy et al. [11] who studied 
whether spontaneous infiltration of ceramics by copper could occur and 
the effect of oxides and their geometry on wetting characteristics. The 
microstructural evolution of copper alloy matrix composites reinforced 
with WC particles and different Ni contents was extensively studied by 
Daoud et al. [12]. The increased Ni content above 3 % promoted the 
decrease of the microstructural features and composites properties with 

the enhancement of the wettability between the molten metallic matrix 
and the reinforcement particles. 

WC-based coatings are the most common cemented carbides used 
today that combine the hard WC particles with the ductile metallic 
matrix. These MMCs operate under severe conditions of high tempera-
tures and withstand a wide range of loads without altering their good 
mechanical and tribological properties. Many studies have been pub-
lished on the effect of the metallic binder nature on the mechanical and 
the tribological behavior of thermally sprayed WC-based coatings 
[13–16]. Cobalt is the most widely used binder due to its good wetting of 
WC particles whereas, because of their low cost and better corrosion 
resistance, Ni and Cr–Ni have also been employed as binders despite 
their weak metallurgical and mechanical benefits over Co [17]. 
Nickel-based alloys have for a long time been used as a metallic matrix 
using different coating deposition techniques. Tobar et al. [18] depos-
ited WC-reinforced composites based on a self-fluxing NiCrBSi alloy 
powder by laser cladding. The porosity level, micro-hardness and par-
ticle distribution were affected by the proportion of WC particles in the 
metallic alloy. Maazouzi et al. [19] studied structure evolution, tribo-
logical and mechanical properties of heat treated HVOF NiCr–WC10Co 
MMCs where the NiCr–Co metallic matrix was selected because of its 
excellent adhesion to the steel substrate, superior corrosion resistance 
and compatibility with WC particles. Wang et al. [20] deposited WC 
with a NiCr-based matrix by laser cladding on carbon steel. They found 
diffusion-controlled shells around the WC particles. In another study, 
TIG welding was adopted to deposit Ni-WC powder on AISI 1010 steel. 
The microstructure, mechanical and wear behavior of the cladding were 
strongly influenced by the TIG parameters (heat input, current, speed, 
gas flow etc.) [21]. Boytoz et al. [22] found that the higher the heat 
inputs gave greater WC particle dissolution, which affected the hardness 
and the tribological behavior of the WC TIG claddings. Similar results 
were found by Singh et al. [23] who established that at low heat input, 

Table 1 
Chemical composition of the materials.  

Elements (Wt. %) W C Ni Cr Fe Cu Sn Mn Mo 

Powder mixture 58.4 35.6 6 - - - - - - 
hardfacing 61.42 9.84 22.52 4.89 1.33 – – – – 
Binder - - 10 – 0.5 78 6 5 0.5  

Fig. 1. The experimental processes for powder sintering by infiltration and TIG hardfacing technique.  
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the WC-Co-Cr cladding obtained by TIG process, exhibited a high 
hardness and wear resistance due to the partially molten WC grains in 
Co–Cr matrix. 

Regardless of the type of drilling tools (matrix or steel body) used in 
petroleum or other industries, after they’re worn out, those are needed 
to be replaced which is costly since they consist of critical raw materials 
(W, Co) and are toxic to the environment (Co). The recovery of worn and 
damaged drilling tools would be a cost-saving and environment-friendly 
solution for this problem. However, to the authors’ best knowledge, no 
study has been conducted to recover and reuse WC-based matrix-body 
drilling tools after their service life so far. Therefore, the present work 
aims to demonstrate first time an innovative solution for this problem by 
recovering a metallic matrix drilling body (WC-based composite) ob-
tained by SILP process using TIG hardfacing technique. To shed light on 
the promising recovery process, the interaction between WC particles 
and metallic matrix was explored. Additionally, the effect of the TIG 
process on the integrity of WC particles and their decarburization was 
also studied. To verify the enhanced physical performance of the 
recovered drill tool, microstructural, mechanical and tribological in-
vestigations were done systematically both on the MMC and TIG hard- 
faced samples that have been subjected to wear tests in dry and wet 
(water and fuel oil) environments. 

2. Material and methods 

The powder used to fabricate the MMC consolidates was provided by 
the Algerian company of well services (Entreprise Nationale des Services 
au Puits, ENSP. Sonatrach). A mixture of raw powders of WC/ 
W2C–5W–5Ni with 90 wt% bi-phasic tungsten carbide (WC/W2C), 5 wt 
% W and 6 wt% Ni particles were blended for 2 h to infiltrate the system 
by a Cu–Sn-based binder. Table 1 shows the chemical composition of the 
base materials obtained using optical emission spectrometer analysis 
Oxford Foundry Master Pro. The infiltration of powder mixtures was 
conducted inside a graphite mold using an electrical furnace as illus-
trated in Fig. 1. The sintering temperature was fixed at 1180 ◦C based on 
the differential thermal analysis results of the Cu–Sn binder. The melting 
point of the Cu–Sn binder was 1030 ◦C to which was added 150 ◦C to 
ensure and maintain the alloy in a liquid state during the sintering 
period. The system was held for 30 min at this temperature and cooled in 
the furnace. The surplus of the binder (residual quantity) remained at 
the higher part of the composites after infiltration was cut and the 

samples were mechanically polished and cleaned. Thereafter, one 
composite was damaged by surface machining while the second one 
remained undamaged as shown in Fig. 1. Tungsten Inert Gas (TIG) 
welding process was used as hardfacing technique to deposit WC-NiCr 
rod on the damaged specimens (Fig. 1) adopting a direct current nega-
tive electrode (DCEN) mode with 150A, 20V voltage under argon 
shielding gas (10 l/min flow rate). The main compositions of the WC- 
NiCr rod used in this study was given in Table 1. 

The thermal cycle (Fig. 2a) during the hardfacing operation was 
checked and recorded using a 0.5 mm diameter K-type (alumel-chromel) 
thermocouple inserted 3 mm from the top surface of the damaged 
samples by wire electrical discharge machining. Before characterization, 
the samples were cut longitudinally to the infiltration and hardfacing 
direction and prepared for metallographic analysis using standard 
techniques of grinding and mechanical polishing. Microstructural ex-
amination of samples was done using a Nikon ECLIPSE LV100D-U op-
tical microscope and a Zeiss EVO scanning electron microscope. An 
energy dispersive X-ray spectrometry (EDS) microprobe was used to 
identify the chemical compositions at different regions of the composites 
and the hard-faced samples. Hardness (HV30) and micro-hardness 
(HV0.3) measurements were (four indents for each load) along the 
cross-sectional from the as-infiltrated composite towards the TIG hard-
faced surface using a INNOVEST-9000 with 30kg/f and a Buhler with 
0.3kgf. XRD was performed using a Discovery D8 Bruker diffractometer, 
with 40 kV, Co Kα radiation = 0. 1.7896 nm and 0.05◦/s step size. The 
recorded XRD patterns were characterized by High Score software using 
PDF4 database. This technique was used to characterize the as- 

Fig. 2. (a): Thermal cycle recorded during hardfacing operation, (b): Sample emplacement during wear tests.  

Table 2 
Wear test parameters.  

Applied load (N) 10 
Counterpart Quartzite stone 
Sample cross-section area (cm2) 

As infiltrated 
0.5 

Sample cross-section area (cm2) 
TIG hardfacing 

0.3 

Sliding time (h) 18.5 
Sliding distance (m) 2000 
Wear track diameter (mm) 5 
Velocity (mm/s) 30 
Temperature (◦C) 26 
Humidity 60 %  
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infiltrated and TIG hard-faced samples before and after wear tests. 
Pin-on-disc tribological tests were conducted on a CSM tribometer 

(CSM Instruments Inc, Peseux, Switzerland) with the experimental 
conditions summarized in Table 2. The tested samples were polished to 
have the same surface finish and placed as the pin (Fig. 2b) while the 
counterpart was quartzite stone which is hard to perforate during well 
drilling operations in the Algerian Sahara. The first series of tests were 
carried out in dry conditions without lubrication to assess the resistance 
of the samples under extreme operating conditions (lack and/or inter-
ruption of lubricant). The second series of tests were performed with two 
different lubricants, water and fuel oil (Gasoil with 0.835 kg/m3 density 
at 15 ◦C and 0.25 wt% of Sulphur) conditions. The choice of these so-
lutions was related to the lubricant used during plugging and drilling 
operations to evaluate the effect of lubrication on the friction properties 
of the sample surfaces. All tests were repeated five times at room tem-
perature and the friction coefficient was continuously measured and 
recorded in real-time by TriboX. At the end of each test, the wear loss of 
samples and quartzite stones was measured and the wear tracks were 
analyzed by SEM-EDS. The specimen observations of the worn surfaces 
were performed by atomic force microscopy (AFM) using a ScanAsyst, 

(Bruker instrument) in PeackForce tapping mode. All the images were 
recorded and processed using Nanoscope V software (Veeco) to measure 
the surface roughness. 

3. Results and discussion 

3.1. Microstructural evolution of the consolidated and the TIG hardfaced 
samples 

Fig. 3 shows the macrographs cross-section of the as-infiltrated and 
TIG hardfaced specimens. The WC particles were homogeneously 
distributed throughout the as-infiltrated sample and no segregation of 
WC particles was observed in the bottom and top sides with some pores 
detected throughout the composite (Fig. 3a). The thickness of the TIG 
hard-faced coating was approximately 6 mm whereas the hardfacing/ 
composite interface was less clear in Fig. 3b. The spherical WC particles 
with 0.2–1 mm size were clearly observed in the TIG hard-faced coating 
whereas the as-infiltrated specimen exhibited irregular WC particles 
with smaller size. The top side of the hard-faced sample had a particles- 
free region of 0.7 mm thick as a result of the gravity force that pulled the 

Fig. 3. Macrographic images of (a): as-infiltrated specimen and (b): TIG hard-faced specimen.  

Fig. 4. As-infiltrated sample (a): SEM-BSE micrograph of the cross section showing top and bottom surfaces, (b): EDS maps of elements distribution in the as- 
infiltrated specimen. 
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WC particles down due to their high weight during the TIG hardfacing 
operation. 

Fig. 4a shows SEM cross-section micrograph of the as-infiltrated 
composite. A weak porosity level was detected in the entire compos-
ite, which reflected that the infiltration process occurred under suffi-
cient capillary forces to guarantee the densification of the composite. 
Besides, WC/W2C particles showed irregular sizes ranging between 50 
and 200 μm that are homogenously distributed with no de-bonding or 
crack defects detected at the particles/binder interface. This indicated 
the complete dissolution of Ni into the metallic matrix (Fig. 4b), which 
enhanced the capillarity forces and wettability of the WC particles by the 
molten binder and consequently increased the densification of the 
composite [24]. These results were in good agreement with Daoud et al. 
[12] who related this behavior to the strong interfacial bond and the 
excellent wetting characteristic of WC and Cu elements [25]. 

Furthermore, the lack of evidence of chemical interaction between 
WC and Cu, suggested that no intermetallic compounds were formed at 
the WC particles surface, which should have eased the sintering process 
[26]. Despite the high wettability observed in the micrographs at the top 
and middle regions of the as-infiltrated composite, some residual pores 
were detected at the top and bottom sides as shown in Fig. 4a. 

Two different regions were identified in the as-infiltrated micro-
structure (Fig. 5a), which included white and dark phases. These were 

bright W2C phases with needle shapes (Fig. 5a) surrounded by irregular 
grey WC phase within particles, the whole embedded in a dark metallic 
matrix. The simultaneous presence of WC and W2C phases (Fig. 5a) 
suggested that the carburization phenomena of WC particles was 
interrupted during manufacturing process. This phenomenon was 
deeply investigated by Mühlbauer et al. [27] who demonstrated that 
during sintering, W2C phase is transformed to WC phase by carburiza-
tion reaction. Zhengji [28] revealed that when carbon is in direct contact 
with W surface, a fast initial formation of WC rim is occurred. The W 
presents in the core of the particle is converted to W2C phase followed by 
a much slower reaction of W2C into WC phase. It is clear on Fig. 5a that 
the carburization transformation of W2C to WC is not finished. As shown 
in the right side in Fig. 5a, some particles showed a fully carburized WC 
phase while others exhibited continuous growth of WC phase with 
platelet shape. 

The metallic matrix exhibited a fine dendritic structure with no 
preferential orientation as shown in Fig. 5b. The EDS point analysis 
revealed an important chemical heterogeneity into the inter-dendritic 
spacing with pronounced Sn and Ni content. Meanwhile, a high 
amount of Cu and Ni is detected in the dendritic phase (Fig. 5b), Ac-
cording to EDS mapping analysis shown in Fig. 4b and XRD spectrum 
(Fig. 5c), this phase corresponds more probably to Cu-solid-solution rich 
in Ni element. Besides WC, W2C and Cu9NiSn3 phases (Fig. 5b), also the 

Fig. 5. As-infiltrated specimen, (a): SEM-BSE micrograph of the MMC, (b): SEM-BSE micrograph of the metallic binder and (c): XRD pattern conducted in the middle 
part of the sample. 

Fig. 6. Cross-section of TIG hard-faced coating (a): SEM-BSE micrograph of the hardfacing, (b): high magnification of the WC particle/NiCr matrix interface, (c): the 
metallic matrix. 
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secondary carbide Ni2W4C formed after the long infiltration time (30 
min). This may indicate some decarburization of the composite as the 
WC particles dissolved due to the working temperature (1180 ◦C) 
reached during infiltration process. 

Fig. 6a shows the SEM micrograph of the TIG hard-faced coating. 
Compared to recent research works on WC TIG cladding [29], the 
dissolution degree of WC particles into the metallic matrix was 
remarkably high. As shown in Fig. 6a, the dark metallic matrix is hardly 
distinguished due to the considerable amount of small bright particles 
uniformly distributed throughout the matrix. It is known that the frag-
mentation and dissolution of WC particles are thermally activated. In 
TIG hardfacing process, the increased applied current (150A) generates 
high thermal input causing a partial dissolution of WC particles (Fig. 6b) 
into the molten pool, which resulted in the formation of carbides during 
solidification (Fig. 6c). On the other side, the employment of low TIG 

current [30] or low energy generating hardfacing process (oxyacetylene 
and plasma) produced undamaged WC particles [2,31]. Besides, no 
agglomeration of WC particles occurred and they uniformly distribute 
throughout the hardfacing coating (Fig. 6a). Additionally, WC particles 
appeared with different shapes (Fig. 6b and c), where some particles are 
spherical surrounded by W2C eutectic phase and there are additional 
small polygonal shape WC particles which probably transformed from 
the W2C phase. 

EDS mapping analysis of the WC particle/metallic matrix interface of 
the TIG hardfacing coating is shown in Fig. 7. The presence of W within 
the matrix constituent can be attributed to the pronounced dissolution of 
tungsten carbides (WC) within the molten nickel binder during TIG 
hardfacing operation. This dissolution, shown in Fig. 7, is initiated 
through an inter-diffusion mechanism, activated when the WC particles 
become encapsulated by the molten metallic binder. Throughout the 

Fig. 7. SEM-BSE micrograph of the WC/NiCr interface of the TIG hard-faced coating with the EDS maps of elements.  

Fig. 8. TIG hard-faced coating (a): SEM-BSE micrograph of the hardfacing metallic matrix with its corresponding EDS maps analysis (b): XRD pattern of the TIG hard- 
faced coating. 
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deposition process, this dissolution is further expedited due to the sub-
stantial chemical affinity between Ni, W, Cr and C [32]. The mutual 
diffusion of these chemical compounds significantly reinforces the bond 
between the WC carbides and the metallic matrix, thereby rendering the 
detachment of the carbides more difficult, which enhance the wear 
resistance of the coating. On the other side, Liu et al. [33] reported that 
the dissolved W and C that react with metallic matrix elements (Ni and 
Cr) may promotes the re-precipitation of new small-size carbides sur-
rounding the WC particles that could impair the hardness properties of 
the coating. 

EDS mapping analysis of the metallic matrix (spectrum 13 in Fig. 8a) 

disclosed that the main chemical component of some of these particles to 
be ∼ 55 at.%W ∼ 32 at.%Ni and ∼ 13 at.%C, being qualitatively in good 
agreement with Ni2W4C secondary carbide stoichiometry. 

Small particles started to dissolve by forming new particles in form of 
platelets as shown in Fig. 6c. It should be mentioned that the volume 
fraction of WC particles after TIG hardfacing operation, measured using 
image analysis, is about 60 %, which represents a reduction of 15 % 
compared to its initial content. This phenomenon is related to the WC 
particles’ dissolution at high temperatures. In the TIG hardfacing oper-
ation, the metallic matrix melted first, followed by the fragmentation 
and the dissolution of both small WC particles and the surrounding WC 
big particles in the liquid matrix as a result of the chemical affinity be-
tween WC and Ni elements [32]. This dissolution caused important 
microstructural changes in the hardfacing coating (Fig. 6a), including 
the formation of undesirable intermetallic phases: Cr23C6, eutectic W2C 
phase and Ni2W4C secondary carbide at the peripheries of the WC par-
ticles as shown by XRD spectrum in Fig. 8b. Furthermore, according to 
W–Ni binary phase diagram [32] W favored the solidification of den-
dritic phase (metallic matrix) at the first place during cooling due to the 
high melting point [2]. The EDS point analysis, conducted at the top 
region of the hardfacing (Table 3 targeted point in Fig. 6b), revealed a 

Table 3 
EDS point analysis conducted on Figs. 6b and 8b.  

Elements 
Wt. % 

W C Ni Cr Cu Sn 

A 95 5 – – – – 
B 79 7 8 6 – – 
C 4 – 15 6 49 26 
D 2 – 22 8 42 21 
E 6 – 69 11 12 2  

Fig. 9. Micrographs of composite/TIG hardfacing interface. (a): optical micrograph and (b): SEM-BSE micrograph.  

Fig. 10. SEM-BSE micrographs of composite/TIG hardfacing interface with EDS maps analysis.  

M. Hebib et al.                                                                                                                                                                                                                                  



Wear 540-541 (2024) 205273

8

decrease in W concentration from the interior of WC particle (95 wt % in 
spot A) towards the NiCr matrix interface (79 wt % in spot B). This 
suggested the dissolution of WC particles into the matrix due to the 
solubility of W in Ni (~9 %), according to the W–Ni binary phase dia-
gram [32]. The formation of the intermetallic phases in the soft metallic 
matrix, as a result of the decomposition and the dissolution of WC 
particles (Fig. 8a), may directly affect the mechanical properties of the 
coating, which influences its wear performances. 

Fig. 9a is an optical micrograph of the cross-section of TIG hard-faced 
interface. The line interface was identified by the large irregular WC 
particles that seemed to act as a barrier stopping the insertion of small 
platelet WC particles from the coating. Fig. 9b shows high amounts of 
irregular WC particles were found in the hardfacing side with some large 
WC particles partially dissolved. The EDS point analysis, conducted in 
some regions around the interface (Table 3), revealed an important 
content of Cr element in the binder phase (Spot C and D in Fig. 9b) of the 
composite that diffused from the hardfacing coating. While the high 
concentration of Cu element (Spot E) is detected in the hardfacing 
coating due to the chemical affinity between Ni–Cu and Cr that is 
enhanced at a high working temperature [24]. This mutual distribution 
of elements across the WC-Ni TIG coating/composite interface is high-
lighted throughout the EDS mapping analysis shown in Fig. 10. It is 
evident that the W element, representing WC particles, is uniformly and 
homogeneously distributed throughout all the interface. where no areas 

devoid of W is observed. Additionally, high diffusion of Ni and Cr to-
wards the composite accompanied with the diffusion of Cu and Sn to-
wards the hardfacing coating are clearly visible. This results in high 
metallurgical bonding and strengthen the interface by boosting the 
diffusion activity throughout the composite/hardfacing interface, which 
may have enhanced the mechanical and tribological properties of the 
hardfacing. 

3.2. Hardness and micro-hardness evolution 

The hardness measurements between the composite and the TIG 
hard-facing specimens are illustrated in Fig. 11a. In the infiltrated part, 
both specimens exhibit roughly similar tendency, i.e., the hardness at 
the bottom was around 480 ± 15 HV30 and it decreased immediately to 
420± 12 HV30 reaching the top side of the composites. This was caused 
by a more metallic binder which is ductile (Cu, Sn) that reduced the 
overall hardness of the top region of the composite. The hardness 
increased to its maximum value in the TIG-hardfacing coating and 
reached 650 ± 13 HV30. The presence of W2C eutectic phase, chromium 
carbides with high concentration of fragmented WC particles in the 
metallic matrix are at the origin of the increase in hardness. Further-
more, a slight decrease in hardness is observed on the upper region of 
the TIG hardfacing coating near the extremity, which is attributed to the 
WC free-particles region already identified in Fig. 3b. 

Fig. 11. Hardness evolution along the composite and the TIG hard-faced samples (a): Hardness HV30 and (b): Micro-hardness HV0,3 performed on the 
metallic matrix. 

Fig. 12. 2D AFM topography of (a): TIG hard-faced sample surface and (b): as-infiltrated surface prior wear tests.  
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The micro-hardness measurements conducted on the metallic binder 
on both specimens (Fig. 11b) showed that, after hardfacing, the metallic 
matrix at the interface becomes harder (approximately twice as hard as 
at the as-infiltrated matrix). This can be explained by two main factors: 

(i) : The concentration of a high amount of small platelet WC par-
ticles dissolved into the metallic matrix due to the high temper-
ature (976 ◦C) reached during hardfacing operation (see the 
thermal cycle in Fig. 2a) as described in section 3.1.  

(ii) : The diffusion of Ni and Cr elements from the hardfacing coating 
towards the interface line as a consequence of mutual chemical 
affinity with Cu of the composed matrix. These elements at this 
location caused a strong increase in hardness (480 ± 16 HV0.3) 
as reported by Lee et al. [34] and Uzkut et al. [35]. 

3.3. Tribological investigation 

Prior the wear tests, both TIG hardfaced coating and composite 
samples were polished to achieve similar surface finish of Ra ∼ 50 nm 
roughness as shown in Fig. 12a and b. The evolution of the coefficient of 
friction (CoF) with a sliding distance of as-infiltrated and TIG hard-faced 
samples tested in dry condition, in water and fuel environments are 
shown in Fig. 13a, c. The CoF under different conditions were similar for 
both samples. For the dry condition testing, both samples exhibited an 
increase in CoF during the initial run-in period (10–250 m), before 
reaching a steady-state value of 0.75 and 0.3 for as-infiltrated and TIG 
hard-faced samples, respectively. It is not necessarily true that there is 
an inverse relationship between hardness and CoF. Numerous research 
works [36–41] reported that statement. However, it is not an absolute 
rule and should be considered within the context of the specific mate-
rials and conditions of a given application. The relationship between 
hadrfacing coating hardness and COF can be more complex and depends 
on various factors, including the specific materials involved, their 

chemical compatibility, adhesion with the substrate, the coating surface 
state, lubrication, operating conditions and especially the dominant 
wear mechanisms [42,43]. In the present study, both WC-NiCr TIG 
coating and composite had similar surface roughness of approximately 
50 nm to insure the same contact between the surfaces at the beginning 
of wear tests. On the other side, the strong chemical compatibility be-
tween the hardfacing coating and the composite is well highlighted 
through the mutual inter-diffusion of elements across the defect-free 
interface (see section 3.1). This reflects the good adhesion between 
the TIG coating and the composite which can lead to lower friction [44, 
45]. It is interesting to note that despite the remarkable difference in 
hardness between the TIG hadrfacing coating (600 HV30) and the 
composite (450 HV30), this cannot be the only factor that predict the 
CoF trend. As shown in Fig. 4a, the detected pores on the composite not 
only contribute to an increase in its CoF but also exert a notable influ-
ence on its wear mechanism. 

Under wet sliding, numerous factors contribute to the wear process 
of materials such as water film, temperature of the fluid and its viscosity 
[46]. During water sliding (Fig. 13b), the samples exhibited different 
increasing CoF behavior upon reaching steady-state. The as-infiltrated 
sample showed a wider CoF shape slope where the steady state (0.34) 
was reached after a long run-in period (1100 m). The CoF value of the 
hard-faced sample was much higher (0.52) with fewer fluctuations 
where the steady state was reached after a short run-in period (200 m). 
The change in CoF behavior was more likely attributed to the change in 
the wear mechanisms of the composites with the existence of the 
lubricant. As expected, the lowest CoF values were obtained in the fuel 
environment (Fig. 13c) for both samples with a roughly similar value of 
0.1. The reduction in CoF values, considering the different sliding con-
ditions, reflects the effective lubrication role that plays the latter in both 
samples compared to dry conditions. Notably, less fluctuation in CoF 
values can be observed for fuel (Fig. 13c) compared to the water envi-
ronment, as well as for the water environment when compared to dry 

Fig. 13. Evolution of wear properties (a): CoF in dry condition, (b): CoF under water, (c): under fuel environment and (d): wear loss of samples under different 
conditions with their respective quartzite stone counterparts. 
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conditions, indicating that in dry conditions the abrasion was more se-
vere [16]. Thus, the friction process of wet environment (water and fuel) 
was more stable and less aggressive than that of dry condition, except for 
the TIG hard-faced coating in water sliding where high CoF was recor-
ded. The CoF results were confirmed by the wear loss measurements 
shown in Fig. 13d and Table 4. Both samples exhibited similar behaviour 
in dry conditions with relatively similar wear loss ranges of samples and 
stone counterparts (0.8 mg and 0.6 mg for as-infiltrated and TIG 
hard-faced coating and 14.8 and 15.06 mg for their respective quartzite 
stones). The lowest wear loss for both samples was obtained in the fuel 
oil environment while the highest wear loss of the quartzite stone was 
obtained in the water environment. The increased wear loss of 
as-infiltrated and TIG hard-faced coating in dry conditions followed 
their steady-state CoF values. Usually, the harder the material, the lower 
the wear loss, which improved wear resistance by preventing plastic 
deformation caused by adhesion [47–49]. Wet conditions sliding gave 
reduced wear loss of all samples except the TIG hard-faced coating in 
water sliding, which had high wear damage for the counterpart stone. 
Based on the wear loss results from Table 4, it is observed that, under 
fuel conditions, the as-infiltrated sample displays the highest ratio of 
sample/stone wear loss. Simultaneously, the TIG hard-faced coating 

under dry sliding reveals the highest one. This suggests substantial wear 
damage to the quartzite with minimal MMC wear loss in both scenarios. 

Analysis of the worn surfaces from different sliding conditions 
(Fig. 14a) was done using SEM and AFM. Figs. 14b and c shows the 
abrasive aspect of both samples with shallow grooves on WC particles. 
The dominant wear mode for as-infiltrated and TIG hard-faced samples 
in dry conditions was individual WC particles pullout (see AFM images 
in Fig. 18a and b). This mechanism occurred by fracture and the frag-
mentation of the hard WC particles in the TIG hard-faced coating 
(Fig. 14b), which caused the abrasion of the contact surfaces before 
being lost in the sliding test. Fig. 14b shows small cracks within WC 
particle/NiCr matrix interface followed by plastic deformation and the 
removal of material. However, in the as-infiltrated sample, the binder 
removal around the irregular WC particles was responsible for the par-
ticles’ pullout as shown in Fig. 14c. This difference in wear behavior was 
related to the weak cohesion of WC particles with the Cu–Sn matrix and 
the small pores present in the as-infiltrated samples (Section 3.1), which 
decreased its wear performance in such harsh conditions. Furthermore, 
since the metallic matrix of the TIG hard-faced coating was much harder 
than the as-infiltrated composite, the WC particles protrusion and pull 
out were more accentuated in the latter (Fig. 18c). Consequently, an 

Table 4 
CoF values with wear loss measurements issued from different wear conditions.   

CoF Sample wear loss (mg) Stone wear loss (mg) Sample/stone wear ratio (x10− 2) 

As infiltrated TIG hardfacing As infiltrated TIG hardfacing As infiltrated TIG hardfacing As infiltrated TIG hardfacing 

Dry sliding 0.75 0.3 0.8 0.6 14.8 15.06 5.4 3.9 
Water sliding 0.34 0.52 0.39 1.14 65.74 64.04 0.6 1.8 
Fuel sliding 0.11 0.09 0.3 0.15 4.15 6.17 7.2 2.4  

Fig. 14. Worn surfaces (a): specimen emplacement during wear experiment, (b and c): SEM images of the worn surfaces of TIG hard-faced and as-infiltrated 
specimens under dry conditions, respectively. (e and f): worn surfaces issued from fuel conditions, (d): quartzite counterpart under dry condition and (g): under 
fuel condition. 
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Fig. 15. (a): SEM images of the worn surface of TIG hard-faced specimen under water conditions (b), (c) and (d): EDS point analysis performed on different areas of 
the worn surface. 

Fig. 16. Worn surface of as-infiltrated specimen under water conditions (a): worn metallic matrix, (b): worn WC particles and (c): EDS analysis of the worn surface.  
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important amount of WC particles and soft matrix was damaged in the 
as-infiltrated sample. Conversely, the increased hardness of the NiCr 
matrix in the TIG-hard-faced coating by the formation of W2C and 
Cr23C6 carbides (already observed in the XRD spectrum in Fig. 8b) 
improved its wear resistance [50]. Simultaneously, the optical micro-
graphs (Fig. 14d and g) of their counterparts wear tracks exhibited 
similar aspects with grooves on the quartzite surface that were due to 
abrasion from the WC particles fragmented and detached from all 
samples. This statement is in good agreement with the XRD point 
analysis (see Fig. 17b) conducted of the counterpart wear track that 
revealed the presence of WC phase and NiCr trapped during sliding. By 
comparison, the wear tracks of the as-infiltrated and TIG hard-faced 
specimens tested in the fuel condition were much shallower and 
smoother with the wear scar widths shown in Fig. 14e and f. Wear debris 
was also trapped between the contact surfaces during sliding. The debris 
can form a lubricant film that played an abrasive medium and helped to 
decrease the wear loss and the CoF by the decrease of contact area be-
tween the counterpart and the samples [36]. This indicated the pre-
vention of harmful contact between the tested specimens and the 
quartzite counterparts (Fig. 14g) and decreased the adhesive effect, 
which agreed with the CoF analyses obtained during sliding wear tests. 

When sliding in the TIG hard-faced coating under water, oxidative 
wear was the main wear mechanism shown by the oxides within the 
wear track indicated by the dark regions in Fig. 15a. To confirm the 
dominant wear mechanism in the TIG hardfaced coating, EDS point 
analysis performed on worn WC particle (Fig. 15b), metallic matrix 
(Fig. 15c) and on the debris stacked on the wear track surface (Fig. 15d), 
showed Si which could only have come from the quartzite counterpart 

indicating adhesive wear. Similar results were found on the wear track 
of the as-infiltrated water sliding sample shown in Fig. 16a-c. Micro- 
flacking with delamination of the binder matrix is clearly observed in 
Fig. 16a. This results in the separation of the WC particles from the 
Cu–Sn–Ni matrix, which can be gradually worn away through friction 
(Fig. 16b. The EDS analysis (Fig. 16c) revealed that is mainly composed 
of Cu, Sn and a small amount of Ni and W elements. This indicates that 
the surface of the coating undergoes oxidation during the wear process, 
leading to the formation of oxide products, which is in agreement with 
Wang et al. [51]. The XRD point analysis conducted on the wear track of 
the TIG hard-faced sample provided compelling evidence of the oxida-
tive wear mechanism of the coating. This analysis revealed the presence 
of WO3 oxide, substantiating the oxidation occurring during the wear 
process. Additionally, SiO2 oxides were detected, which could either 
have been formed or detached from the quartzite stone during the 
sliding test, as depicted in Fig. 17a. Notably, on the quartzite worn 
surface under dry condition, XRD spectrum (Fig. 17b) showed the 
presence of WC and Ni phases, suggesting a potential abrasion of the 
TIG-coated sample. 

In summary, in dry conditions, abrasive and individual WC particle 
pullout were the dominant wear mechanisms in the as-infiltrated and 
TIG hard-faced samples. These mechanisms changed to abrasive in the 
fuel environment with the presence of debris that played a lubricant film 
decreasing the wear loss and the surface damage. Conversely, a com-
bination of oxidative and adhesive wear mechanisms was experienced 
by the TIG hard-faced sample, and the wear damage was more severe on 
their respective counterparts. 

3D AFM images of the worn surfaces of both samples from different 

Fig. 17. XRD pattern conducted on the worn surface of the (a): TIG hard-faced coating under water condition and (b): quartzite counterpart under dry conditions.  
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wear conditions are shown in Fig. 18a-f. The as-infiltrated sample in the 
dry condition exhibited a rough worn surface (Fig. 18a and b) with 
roughness Ra = 615 nm followed by the TIG hard-faced coating as 
shown in Table 5. The surface damage with the WC particles pullout was 
clearly observed in Fig. 18a. The TIG hard-faced coating subjected to 
water sliding shown in Fig. 18d had severe wear as characterized by a 
high amount of the metallic matrix removed with WC particles standing 
pound during the sliding test. TIG hard-faced coating exhibited shallow 

Fig. 18. 3D AFM topography of selected worn surfaces from: dry conditions: (a):as-infiltrated and (b): TIG hard-faced sample, under water condition: (c): as- 
infiltrated and (d): TIG hard-faced sample and under fuel oil condition: (e): as-infiltrated and (f): TIG hard-faced sample. 

Table 5 
Roughness measurements on the samples surfaces.   

As infiltrated (nm) TIG hardfacing (nm) 

Dry sliding 615 530 
Water sliding 190 241 
Fuel sliding 120 131  
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grooves under fuel environment with lower roughness, which reflected 
the mild aspect that underwent the coating during sliding (Fig. 18e–f). 
Despite the severe wear surface damage under water conditions, the TIG 
hard-faced coating showed high efficiency with respect to the quartzite 
stone materials removal. 

4. Conclusion 

In the present study, an innovative solution for the recovery of worn 
drilling tools has been presented for the first time. This was demon-
strated in the example of a damaged WC-based metal matrix composite 
(MMC) that was successfully recovered using a WC-Ni/Cr Tungsten Inert 
Gas (TIG) hardfacing technology. The analysis of the microstructure, 
hardness and tribological properties of both the as-infiltrated and 
recovered samples led to the following conclusions:  

- The total dissolution of Ni powder into the Cu–Sn binder led to the 
enhancement of densification of the composite, whereas long infil-
tration time allowed the formation of secondary carbide (NI2W4C) 
that may have contributed to increasing the hardness of the MMC 
matrix. 

- The interaction between the composite and the TIG hardfacing ele-
ments due to diffusion across the interface (Cr and Cu) improved 
both the adhesion and mechanical properties of the TIG hard-faced 
sample.  

- There was a significant increase in hardness of the TIG hard-faced 
coating due to the high dissolution and decarburization of WC par-
ticles into the NiCr metallic matrix through the formation of Cr23C6 
and W2C carbide phases that hardened the microstructure.  

- The TIG hard-faced coating showed high wear performance under 
dry conditions compared to the as-infiltrated specimen and compa-
rable efficiency under other different conditions.  

- The approach outlined in this study regarding the repair of damaged 
MMC drilling tools, using the TIG hardfacing process, requires 
further exploration, considering the highly challenging conditions to 
which the drilling tools in service are subjected. 
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Kovalčíková: Formal analysis, Investigation, Visualization. Hamida 
Bouchafaa: Resources, Software. Bouzid Maamache: Data curation, 
Resources, Software. Tamás Csanádi: Investigation, Methodology, 
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