
1 
 

AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY 

Faculty of Material Science and Ceramics 

Department of Ceramics and Refractories 

 

 

A PhD DISSERTATION 

 

Inconel 625 – Tungsten Carbide Composite System for 

Laser Additive Manufacturing 

 

Jan Huebner 

 

 

Supervisor 

Prof. dr hab. inż. Dariusz Kata 

 

 

KRAKÓW, POLAND 

2020  



2 
 

AUTOREFERAT 
 

 

 

 

Table of contents 

 
AUTOREFERAT ................................................................................................................................................. 2 

Table of contents ............................................................................................................................................. 2 

1. Background ........................................................................................................................................... 3 

2. Research objectives ........................................................................................................................... 3 

3. Motivation ............................................................................................................................................. 4 

4. Laser additive manufacturing of Inconel 625 – WC MMC .................................................. 6 

5. Experimental procedure ............................................................................................................... 11 

6. Laser cladding of Inconel 625 – WC (DWC_1 = 0,64 µm) .................................................... 11 

7. Laser cladding of Inconel 625 – WC (DWC_4 = 6,13 µm) .................................................... 19 

8. Heating rate effect on microstructure of Inconel 625 – WC system ............................ 24 

Conclusions ..................................................................................................................................................... 27 

Bibliography ................................................................................................................................................... 28 

 

  



3 
 

1. Background  

The need for innovation in industry leads to constant evolution of materials and 

their production methods. Last fifteen years, showed that individual design and ability to 

adapt for new challenges are the major driving forces in material science. The possibilities 

presented by rapid development of specialized equipment offer solutions for problems 

that were unsolvable few years ago. The invention of additive manufacturing methods, 

sometimes called 3D printing – changed the world. Something that was perceived as 

technological curiosity, very quickly became global trend with enormous market. 

The new method of production for mostly polymer – based prototypes, rapidly 

evolved into all branches of industry. Nowadays, so called 3D printers can be easily found 

in both homes and huge factories. Because of additive manufacturing popularity, 

materials that we already know, need to be investigated for their suitability for 3D 

printing.  

Ni – based alloys are commonly used in aerospace and power industries. Because of 

good corrosion resistance combined with weldability and ability to be modified by 

addition of different phases, they can be potentially used in additive manufacturing. 

Lasers are excellent as energy source for metals deposition because of their higher 

melting point than polymers. Laser cladding is a method that uses energy delivered to 

material in form of laser beam in order to melt and solidify new structures, It allows for 

superior control of process parameters which results in very small interference in 

substrate together with good quality of obtained coating. 

Nowadays, power industry strives for innovations that could allow more efficient 

way of electricity production. Materials that can withstand both high temperature and 

chemically aggressive environments have potential to be used in turbine engines [1–3]. 

The easiest way to improve effectiveness of gas turbines is to increase work temperature. 

The blades are constantly exposed to chemical and mechanical factors which result in 

damaged material surface. It begins with appearance of microcavities and proceed to 

irreversible changes of material microstructure due to prolonged exposure to aggressive 

environment. Because there is no reliable and cost efficient technique of material 

regeneration, laser cladding of Ni – based Metal Matrix Composite was proposed and 

investigated in this dissertation. In order to check its potential as material for additive 

manufacturing, Inconel 625 – WC composite system was subjected to series of 

experiments, 

 

2. Research objectives 

In this dissertation Metal Matrix Composite (MMC) with ceramic reinforcement in 

form of tungsten carbide (WC) was proposed as a material suitable for laser cladding. 

Usually, aggressive environment and long exposition to elevated temperatures may result 

in relatively short lifespan of materials used as blade turbines, boiler coatings etc. The 

opportunity to regenerate damaged element is economically attractive. However, 

conventional welding techniques such as Metal Inert Gas (MIG) or Tungsten Inert Gas 

(TIG), are dangerous because of large amount of heat delivered to the substrate. This leads 
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to microstructure and phase composition changes of substrate material. In order to 

prevent interference within the substrate, laser cladding was proposed and investigated 

as potential solution. The energy delivered to material in form of laser beam causes 

precise heating of small area of material and then is followed by rapid cooling. Due to high 

processing speed, obtained microstructure is refined in comparison to conventional 

methods. Superior control of process parameter allows designing of material properties.  

Inclusion of WC particles in Ni – based metal matrix was expected to induce 

microstructure changes and improvement of material hardness. However, due to 

chemical complexity of the system, it is hard to predict its behavior during high intensity 

laser processing. Because of that, thorough analysis and evaluation was needed in order 

to properly describe how processing of Inconel 625 – WC system changes its properties. 

At the beginning, deposition of pure Inconel 625 coating was investigated in order 

to check material suitability for laser cladding. Then, experiment proceeded to next step 

which was introduction of WC particles as reinforcement into the Ni – based alloy matrix. 

The initial research objective was to obtain MMC with uniform distribution of WC in 

whole volume of the material. Optimization of process parameters and selection of 

powders were main factors that affect quality of obtained material. Fine WC (DWC1 = 0,64 

µm) powder was used to prepare mixtures with different weight ratio of Inconel 625 and 

WC. However, due to high temperatures reached during processing, carbide particles 

dissolved in Ni – based matrix. This leads to next step, in which fine WC powder was 

replaced with other WC powder (DWC4 = 6,13 µm) in mixtures. Deposition of modified 

material showed, that it is possible to prevent complete dissolution of WC particles. In 

order to better understand composite behavior, Differential Thermal Analysis (DTA) was 

performed on powder mixtures containing two WC powders. Samples obtained with 

varying heating conditions and WC weight content were microstructurally examined by 

means of Scanning Electron Microscopy (SEM). It allowed observation of microstructure 

evolution in Inconel 625 – WC system. Finally, deposition of material with high content of 

WC was investigated under low <500 W and high >1000 W power by using lasers with 

disc and CO2 laser beam sources. The examination of all prepared samples provided data 

that allowed to describe the material transformation during laser cladding process. 

Results obtained from conducted experiments answered important question: 

“Is Inconel 625 – WC composite system suitable for laser additive manufacturing?” 

 

3. Motivation 

Application of gas turbines for energy production is increasing year – by – year. 

Low emission of exhaust gases, relatively small sizes and ability to quick start-up are their 

main advantages. The rising need for clean and cheap energy made big companies like 

ABB, Siemens and Westinghouse invest in development of more efficient devices that can 

work at high temperature. Improvement from 1000 – 1150°C to 1200 – 1400°C resulted 

in rise of engine efficiency from 35 – 40% to 50 – 60%. It can be improved even further 

by rising average temperature at inlet source of heat for open turbines. For closed turbine 
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engines there is a possibility to decrease average temperature by internal cooling 

channels but it is costly due to its complexity and manufacturing difficulties. 

Easiest solution lays in design of the material that is suitable for prolonged work 

at both aggressive environment and elevated temperature. The rotor blades, steering 

blades and discs are gas turbine parts that work at the highest temperature [4]. The 

requirements for the components working under such conditions includes good creep 

resistance and excellent tribological properties. Nowadays, two methods can be used for 

mass production of turbine blades: 

1) Blades cooled by air flow through internal cooling channels system – because of 

geometrical complexity and precision needed to produce such piece, production 

cost is very high and often unprofitable. Internal channels are responsible for 

higher failure rate of parts produced by this method – Fig. 2.1a. 

2) Protective coatings characterized by improved high temperature properties, at 

critical parts of blade. This method is efficient and cheaper in comparison to 

internal cooling channels – Fig. 1b.  

 
Fig. 1. Turbine blades: a) cooling canals inside the blade; b) protective coating on blade 

surface 

Because of challenging geometry of manufactured parts, most of conventional 

methods of MMCs manufacturing cannot be used. Additionally, due to chemically complex 

composite systems, need for rapid, reliable and repeatable technique is required to ensure 

quality of fabricated material. Because of that, additive manufacturing (AM) method of 

Laser Engineered Net Shaping (LENS) also called Laser Cladding (LC) is often used to 

obtain superalloys coatings such as: Stellite 6, 12, 21, 156, 157, 158, Inconel 625, 718, 738, 

800H [5–9]. These materials are suitable for work under high tension in temperature 

close to their melting points. They possess excellent corrosion resistance and are stable 

with increasing work temperature.  

The technology chosen for coating deposition have huge impact on properties of 

wear and corrosion resistant coatings. Surface layers produced from the same material 

but with different techniques have varying physical and performance properties. 

Depending on the used methods, differences can be significant. Most common industry 
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scale production methods of metal and ceramic coatings are thermal spraying [10,11] 

plasma arc welding and laser cladding [10,12,13]. 

In this work, Metal Matrix Properties (MMC) on an example of Inconel 625 – WC 

system is discussed. Due to rapid processing of composite system and its non – 

equilibrium state after solidification, obtained material exhibits formation of phases that 

usually appear after extensive heat treatment. Introduction of W and C in form of tungsten 

carbide induces different behavior of alloy 625 due to enhanced element 

microsegregation in material.  

4. Laser additive manufacturing of Inconel 625 – WC MMC 

Nowadays, Ni – based alloys are widely used for many specialized applications in 

aircraft, power, transportation, defense and petrochemical industries. Thanks to their 

properties such as excellent weldability, ductility and toughness at low temperatures, 

good corrosion resistance, high strength and stability at elevated temperatures, they fit 

well in different working conditions.  

There is no strict classification system that contain all of different Ni – based alloys. 

They are mostly divided by composition as shown in Fig. 2. [14]. 

 

Fig. 2. Classification of Ni – based alloys based on composition [14] 

In order to enhance specific properties of alloy, WC was chosen as reinforcement 

material. It is characterized by excellent wettability by liquid Ni, which guarantees good 

connection between both phases after laser processing. However, due to increased 

reactivity on the WC – Inconel 625 boundary, formation of secondary phases containing 

alloying elements is possible. It is further enhanced by element segregation during rapid 

solidification of composite material. 

Elements like Al, Ti, Mn, Nb, Mo and W are characterized by adequate size ratio of 

maximum about ± 0,17 in comparison to Ni. They also exhibit acceptable solubility in Ni 
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in 1000°C. Combination of these two properties allows for solid solution strengthening. If 

Cr or Mo are present, long term exposition to elevated temperature promotes solid state 

precipitation reactions. This leads to eutectic – like reactions that occurs at the end of 

solidification, thus formation of Cr and Mo rich secondary phases is possible.  

Laser Engineered Net Shaping (LENS) is the most advanced of presented 

methods. It is characterized as directed energy deposition and is also known as 3D Laser 

Cladding, Directed Metal Deposition (DMD), Directed Light Fabrication (DLF), Laser – 

Based Metal Deposition (LBMD), Laser Freeform Fabrication (LFF) and others [15–17]. In 

this method powder or wire material is delivered under the laser beam in order to obtain 

molten pool. As the laser head moves forward in previously designed way, melted 

material solidifies and forms singular layer as it is shown in Fig. 3.  

 

Fig. 3. Schematic representation of LENS apparatus 

As the energy is delivered to surface in form of laser beam, the heat is distributed 

thorough the material as shown in Fig. 4. In order to reduce energy loss and improve 

melting efficiency of powders, bulk absorption coefficient (β) was introduced [20]. It gives 

the information about the particular component of energy to total supplied energy ratio. 

Both, energy balance and corresponding bulk absorption coefficient are described by 

equations (1) and (2) respectively [20]. It was confirmed that generally laser cladding has 

about 40-45% energy efficiency [20]. 

𝑄𝑖𝑛 = 𝑄𝐴𝐵𝑆 + 𝑄𝐷𝐸𝑃 + 𝑄𝑅𝐸𝐹 + 𝑄𝐿𝑂𝑆𝑇                                           (1) 

𝛽𝐴𝐵𝑆 + 𝛽𝐷𝐸𝑃 + 𝛽𝑅𝐸𝐹 + 𝛽𝐿𝑂𝑆𝑇 = 1                                             (2) 

where: 

QABS (βABS) – energy absorbed by substrate 

QDEP (βDEP) – energy absorbed by powder 

QREF (βREF) – energy reflected by substrate 

QLOST (βLOST) – energy lost by powder due to lack of fusion and evaporation  
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Fig. 4. Laser beam – material surface interaction 

The laser cladding technique is suitable for processing of Ni – based alloys with 

carbide reinforcement due to operation wavelength of commonly used Nd:YAG and Yb – 

fiber lasers. Because of the introduction of ceramic reinforcement, it is necessary to use 

laser beam source that is characterized by good absorptivity by both materials. However, 

to achieve desired strengthening effect, process parameters should be optimized in a way 

that allows for metal melting and preservation of original morphology of ceramic 

particles. Microstructure of laser cladded materials are affected by different parameters 

as shown in Fig. 5.  

 

 Fig. 5. Columnar to equiaxial transition (CET) trend in relation to G and R [21] 

Inconel 625, is a Ni – Cr – Mo – Nb alloy is able to form secondary phases due to 

high content of Nb, Si and C [22–24]. The addition of those elements increased melting 

point of alloy. Because of Nb presence, solidification terminates with formation of γ – Ni 

and Nb rich phases of NbC and Laves as a result of eutectic like reactions. The addition of 

carbon to the system, promotes appearance of NbC [25,26]. Thanks to good wear and 

corrosion resistance [27], Inconel 625 is extensively used as protective coating of carbon 

steels and Cr – Mo components. 
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Formation of Cr, Mo, Nb and W carbides is dependent on temperature in which 

reaction occurs. It can be observed that formation of Cr23C6 is promoted in whole 

temperature range up to 2000 K. It is followed by Cr7C3 which free enthalpy ΔG is even 

lower in higher temperatures. Formation of NbC is generally stable in whole temperature 

range. Cr2C3 and Nb2C exhibits similar ΔG values in lower temperatures which become 

more diverse during heating. W and Mo carbides are the least favorable to obtain as 

presented below [28,29,38,39,30–37]. 

Because of phase and elemental complexity of proposed composite, the behavior 

during laser cladding of the Inconel 625 – WC system is hard to predict. Some research 

concerning introduction of coarse carbide particles (DWC > 10 µm) into Inconel 625 matrix 

were reported [40,41]. However, due to size of the carbide particles, fabricated structures 

were not homogenous as it is presented in Fig. 6 [41]. As a result, the properties of 

material can differ depending on measured area. It was observed that, coarse WC particles 

partially dissolved at grain/matrix region which induced formation of fine precipitates. 

 

Fig. 6. Non uniform distribution of coarse WC throughout the material [41] 

Dissolution of reinforcement ceramic particles was widely reported by different 

authors [42–51]. Because of good wettability of commonly introduced carbides, Ni – 

based alloys tend to dissolve them in higher temperatures between 750°C – 950°C 

[43,51,52]. Boundary between carbide particle and metal acts as interlayer enriched in 

Cr, Mo and Nb – Fig. 7 [46]. As a consequence depletion of these alloying elements in 

matrix was observed [46,50–54]. Different Ni – based alloys exhibited formation of 

secondary carbides together with TCP phases (Laves, δ, η) [45,46,48–52,54–56]. Due to 

aggressive microsegregation of Mo, Nb and to lesser extent Cr, solidification of secondary 

phases can occurr by eutectic – like reaction at the end of solidification [48,49,54,56]. 
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Fig. 7. Partial dissolution of WC in Inconel 625 laser cladded composite [46] 
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5. Experimental procedure 

The experimental procedure was divided into four parts. Each of them focuses on 

different aspect of laser deposition of Inconel 625 alloy or Inconel 625 –WC system.  

 Part I – in which laser cladding of Inconel 625 alloy on steel substrate was 

described.  

 Part II – describes preparation route of Inconel 625 – WC metal matrix composites 

which contains up to 30 wt % of WC.  

 Part III – in which microstructural evolution of Inconel 625 – WC system was 

investigated by heating powder mixtures in varying conditions.  

 Part IV – based on results from parts I, II and III, laser cladding of Inconel 625 – 

WC 30 wt % composite material was performed by CO2 and disc laser apparatus.  

6. Laser cladding of Inconel 625 – WC (DWC_1 = 0,64 µm) 

In order to prepare Inconel 625 – WC powder mixtures, Castolin Eutectic EuTroLoy 

16625 metallic powder with composition shown in Table 1 and average diameter of dInc 

≈ 104 µm was used together with WC_1 powder with average diameter of DWC_1 = 0,64 

µm.  

To prepare 100 g of powder mixture, weighted amount of powders were put inside 

isolated milling chamber. Homogenization of mixture was done with addition of isopropyl 

alcohol, using cemented carbides grinding media in weight ratio 1:1 to powders. 

Homogenization process lasted for 90 minutes and was followed by drying of powders in 

80°C for 6 hours. Morphology of obtained mixtures were examined by SEM equipped with 

EDS detector. As seen in Fig. 8, there was no satisfactory adhesion between metal and 

ceramic particles after initial homogenization.. Therefore, addition of binder was needed. 

Because of already high content of carbon introduced to system, two carbon based organic 

binders were proposed in form of epoxy resin and dextrin. The XRD phase analysis 

showed presence of Ni and WC in powders. 

 

Fig. 8. Powder mixtures with 0,25% wt % resin (left) and 0,25 wt % dextrin (right) after 90 

min of homogenization 
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Table 1. Compositions of powder mixtures made with WC_1 powder 

Powder mixture 
Inconel 625 [wt 

%] 
WC [wt %] 

Carbon content 

[wt %] 

Inc_WC10_0_64 90 10 0,61 

Inc_WC20_0_64 80 20 1,22 

Inc_WC30_0_64 70 30 1,83 

 

Laser cladding of Inconel 625 – WC composite system was performed using 

modular laser apparatus JK2000FL of JK Laser Company. It was equipped with Yb – doped 

fiber laser beam source with wavelength of 1063 ± 10 nm suitable for processing of both 

Inconel 625 and WC powders.  

The schematic of laser set-up is shown in Fig. 9. Laser cladding process starts with 

powder mixture transport from powder feeder to laser head by external tube. Powder is 

carried by inert Ar inert gas in order to avoid surface oxidation. Then, it is sprayed onto 

substrate by 4 nozzles located around optics of laser head. Modular laser beam source 

provides high intensity electromagnetic radiation by combining power of 3 laser source 

modules into one. Laser beam is then transferred to laser head by high quality Yb doped 

fiber. Powder grains are melted by laser beam and then mixed with substrate. Formation 

of melt pool is observed in area affected by laser beam. Inconel 625 – WC/substrate melt 

is then rapidly cooled and solidified as laser head moves forward which results in 

formation of first layer of coating. Simultaneously inert gas is supplied directly to laser 

head in order to shield optics from powders. Laser source needs to be constantly cooled 

down by external water cooling system during whole process due to high temperature of 

modules. 

 

Fig. 9. Schematic representation of JK2000FL laser apparatus for deposition of Inconel 625 

– WC system 

Temperature measurements were conducted by radiation pyrometer during laser 

processing for laser power of 320 W as shown in Fig. 10. Obtained data is presented in 
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Fig. 11. Laser power used during process was sufficient for melting of Inconel 625 

(melting point TInc ≈ 1340°C). Temperature of material surface reached maximum of Tmax 

≈ 1763°C which did not exceed melting point of WC (TWC ≈ 2870°C). It is important to 

mention that temperature in the melt pool could reach higher values. Despite that, 

temperature needed to melt carbide is over 1000°C higher than reported maximum value. 

However, due to excellent wettability of WC by liquid Ni, it is possible that fine ceramic 

reinforcement could be affected by partial dissolution. Due to pyrometer set – up, 

measurements were performed in fixed point on the sample. Because of that, obtained 

results shows how deposition of subsequent tracks and layers affect material 

temperature. It was observed, that exposition to temperatures higher than melting point 

of Inconel 625 are very short (about 1 – 1,5 second). Because of constant heating, 

microstructure of coating is affected and transformed due to prolonged time that enables 

grain growth. 

 

Fig. 10. Radiation pyrometer set – up for temperature measurements 

 

Fig. 11. Temperature measurement of material surface obtained during laser cladding of 

Inconel 625 – WC_1 samples under 320 W laser power 

All of samples possess semicircular shape of sublayers. It is preserved in whole 

volume of material due to shape of melt pool produced as a result of laser action. 

Differences in microstructure are clearly visible between substrate and deposited Inconel 

625 – WC composite. Coating is characterized by fine microstructure which was obtained 
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as a result of material supercooling. No delamination at coating – substrate boundary as 

presented below in Fig. 12. 

 

Fig. 12. Inconel 625 – 10 and 20 wt % WC samples visible differences in microstructure 

between deposited tracks 

In order to investigate formation of secondary eutectic phase in 

IW_0_64_30_320_0_8 sample, SEM – EDS point analysis was conducted in order to check 

element concentration. As seen in Fig. 13 point analysis revealed comparable quantities 

of W in both investigated areas, which confirms partial dissolution of WC in Ni – based 

matrix. However, complete dissolution was prevented due to rapid nature of laser 

processing. The increased content of Nb, Mo and C in “white” phase indicates formation 

of secondary carbides with carbon that originated from dissolved WC and binder. As 

expected, “dark grey” matrix showed almost 60 wt % of Ni and depletion of previously 

mentioned Nb and Mo. It allows to conclude that element microsegregation occurred 

during solidification of deposited material. It has to be pointed out, that SEM EDS analysis 

affect areas around highlighted points, thus they must be treated accordingly. The wt % 

amounts shown in tables are approximates. 

 

Fig. 13. Point SEM EDS analysis of IW_0_64_20_320_0_8 sample  

The second sample - IW_0_64_30_320_0_8 is shown in Fig. 14. As stated above, 

three distinct phases were present in the material. Clear differences in microstructure 
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allows to formulate a statement that introduction of 30 wt % of fine WC_1 powder into 

Inconel 625 alloy, resulted in major transformation of material. As seen in table with SEM 

EDS point analysis, precipitate highlighted as point 1 consisted of mostly W. Some amount 

of Ni was detected because of Ni matrix around precipitate. Fishbone – like structure 

highlighted as point 2, exhibited increased concentration of Cr, Mo and Nb with significant 

signal from W. This indicates formation of secondary phases during rapid solidification 

of coating. Composite matrix marked by point 3, showed similar results as for sample 

containing 20 wt % of WC. Higher content of Ni with depletion of Cr, Mo and Nb was 

detected in comparison to point 2. The fishbone – like structures observed in this sample 

are typical for eutectics which indicates that there could be more than one phase present 

in this type of structures. In order to confirm that samples were subjected to XRD analysis. 

 

Fig. 14. Point SEM EDS analysis of IW_0_64_30_320_0_8 sample  

The results obtained by XRD analysis are presented in Fig. 15. It shows that sample 

with addition of 20 wt % of WC consisted of austenitic γ – Ni and hexagonal WC which 

was added as reinforcement. The signal originating from WC was weak in comparison to 

γ – Ni. Next sample provided completely different results. Similarly to 20 wt % sample, 

both γ – Ni and hexagonal WC were detected. Additionally, appearance of other phases 

was observed. Formation of W2C, W6C2,54 and (W,Cr,Ni)23C6 secondary carbides was 

possible due to partial dissolution of WC. Formation of NbC was indicated by detected 

weak signal. The presence of many secondary phases are possible because of formation 

of eutectic in material. 

 

Fig. 15. XRD phase analysis of IW_0_64_20_320_0_8 and IW_0_64_30_320_0_8 samples 
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Obtained results from SEM - EDS mapping confirmed that element 

microsegregation of elements occurred. As seen in Fig. 16.  Higher content of WC resulted 

in strong segregation effect in material. This sample exhibited significant presence of Mo, 

Nb and C, with small depletion of W at grain boundaries which indicates correlation 

between amount of introduced WC and formation of TCP phases. It can be observed that 

Mo and Nb shows strong chemical affinity with carbon. Dissolution of WC promoted 

formation of many secondary phases in this material, which is the result of high content 

of C introduced to system. Obtained results showed significant amount of W and Cr 

present in TCP phases. 

 

Fig. 16. SEM EDS mapping of IW_0_64_30_320_0_8 sample, showing segregation of 

elements during laser cladding 

Based on analysis results, it was decided that further investigation of 

microstructure was necessary to further determine transformations of Inconel 625 – WC 

composite system during laser cladding. In order to obtain more information about phase 
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composition and microstructure, transmission electron microscopy (TEM) investigation 

was conducted on selected samples: IW_0_64_20_320_0_8 and IW_0_64_30_320_0_8.  

Precipitates of TCP phases at grain boundaries were observed in Fig. 17. Area 

diffraction pattern in Fig. 17B, shows that all three visible matrix crystallites have similar 

crystallographic orientation which indicates oriented grain growth. The differences in 

orientation were most likely caused by formation of TCP phases precipitates between 

grains. It prevented parallel grain growth because of slight misorientation caused by their 

appearance between matrix grains. The observed net of black lines in the metal matrix 

reveals that large amount of dislocations were present in Inconel 625 – WC composite 

after deposition. They appear due to internal thermal stresses in material after rapid laser 

processing. 

 

Fig. 17. TEM bright field image of IW_0_64_20_320_0_8 sample with diffraction pattern of 

3 Ni – based matrix crystallites 

In case of sample with 30 wt % addition of WC, material behavior was different. 

XRD and SEM results, already pointed microstructural and phase differences from sample 

with 20 wt % WC addition. TEM bright field image presented in Fig. 18, depicts even 

higher amount of dislocations in material. The TCP phases precipitates were larger and 

started to surround γ – Ni grains.  

 

Fig. 18. TEM bright and dark field images of IW_0_64_30_320_0_8 – TCP phases 

precipitates at grain boundary, visible net of dislocations  
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Because of dissolution of fine WC particles (DWC_1 = 0,64 µm), it was decided to 

replace WC_1 powder with larger WC_4 powder (DWC_4 = 6,13 µm). This change was made 

in order to prevent dissolution of carbide in metal.  

Hardness of each sample was measured throughout deposited coating. As 

presented in Fig. 19, sample with 30 wt % WC addition had significantly higher hardness 

than other materials. Smaller content of WC (10 and 20 wt %) did not increase hardness 

of the composite at all. It allowed to conclude that appearance of secondary phases like 

TCP was responsible for improvement of hardness as presented in Table 2. Nanohardness 

of specific phases was measured for sample with 30 wt % WC addition. The results 

showed that metal matrix had 306,2 ± 31,1 HV while phases at grain boundaries had 

534,2 ± 34,4 HV. This indicates that microsegregation during solidification led to strong 

depletion of strengthening elements like Cr and Mo in γ - Ni matrix with simultaneous 

formation of hard but brittle phases at grain boundaries. 

 
Fig. 19. Hardness distribution thorough the coating in Inconel – WC_1 samples 

Table 2. Measured hardness of Inconel – WC_1 samples with nanohardness of two distinct 

phases in Inconel 625- WC_1 30 wt % sample 

Material Average hardness [HV] 

Inconel 625 396,3 ± 10,5 

Inconel 625 – WC_1 10 wt % 396,2 ± 15,3 

Inconel 625 – WC_1 20 wt % 397,2 ± 6,1 

Inconel 625 – WC_1 30 wt % 469,9 ± 24,9 

Area in 625 – WC_1 30 wt % Nanohardness [HV] 

Grain boundaries 534,2 ± 34,4 

γ – Ni matrix 306,2 ± 31,1 
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7. Laser cladding of Inconel 625 – WC (DWC_4 = 6,13 µm) 

Tungsten carbide powder with DWC_4 = 6,13 µm, was selected for second batch 

powder mixtures. Preparation methodology was exactly the same the same as for WC_1 

powder which was described above. Powder mixtures with different WC powder content 

were made as shown in Table 3. No powder with 30 wt % of WC was prepared in order to 

avoid excessive formation of TCP phases in material during laser cladding. The result of 

powder homogenization is shown in Fig. 20. 

Table 3. Compositions of powder mixtures made with WC_4 powder 

Powder mixture Inconel 625 [wt %] WC [wt %] 
Carbon content 

[wt %] 

Inc_WC10_6_13 90 10 0,61 

Inc_WC20_6_13 80 20 1,22 

 

 

Fig. 20. Powder mixtures with 0,25% wt % resin (left) and 0,25 wt % dextrin (right) after 

90 min of homogenization 

Obtained powder mixtures with dextrin binder were used for laser cladding. 

Processing parameters were analogical to samples with addition of WC_1 powder after 

optimization and are shown in Table 4.  

Table 4. Laser cladding parameters for samples with addition of WC_4 powder 

Sample ID 
WC content 

[wt %] 
Laser power [W] 

Distance between 

tracks - SBT [mm] 

IW_6_13_10_320_0_8 10 320 0,8 

IW_6_13_10_320_0_8 20 320 0,8 
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SEM investigations of parallel and perpendicular to tracks cross – sections are 

presented in Fig. 21. Both samples looked similar with no significant differences in 

microstructure. Because of that, sample IW_6_13_320_0_8 was selected to be shown in 

order to represent material behavior during laser cladding. Three distinct areas were 

visible: deposited coating, Inconel 625 substrate and transitional (interlayer) area, which 

formed in result of mixing of both materials in the melt pool during laser processing. 

Microstructure of coating was refined in comparison to substrate material. It was 

observed that precipitates formation occurred at grain boundaries of γ - Ni matrix grains 

in both transitional area and deposited coating. As presented in Fig. 21C shows boundary 

between sublayers. It was observed that some of introduced WC grains survived laser 

cladding due to their larger size. In Fig. 21D agglomeration of angular WC was reported 

in close proximity to fishbone – like structure of TCP phases precipitates despite lower 

content of WC in material. 

 

Fig. 21. Parallel to tracks cross – section of IW_6_13_20_320_0_8 

As presented in Fig. 22, obtained coating material possess complex microstructure. 

According to Fig. 22C it was evident that WC grains survived laser cladding. The 

dissolution of carbide particles started at the tips of angular WC grains which promoted 

formation of fishbone – like eutectic structures of TCP phases. As it is seen in Fig. 22D, 

microstructure transformation did not allow result in clear boundaries between 

elongated grains and other secondary phases structures. 
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Fig. 22. Parallel to tracks cross – section of IW_6_13_20_320_0_8 – visible WC grains with 

TCP phases fishbone – like structures 

Temperature measurements for IW_6_13_320_0_2 sample in set point, revealed 

that process provides sufficient energy for melting of Inconel 625 as presented in Fig. 23. 

Repetitive laser action in area close to measured point confirmed exposure to 

temperatures over 1000°C for about 10 seconds which promoted longitudinal grain 

growth because of temperature gradients differences in material.  

 

Fig. 23. Representative temperature measurement on material surface for laser cladding 

of Inconel 625 – WC_4 samples 
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TEM investigations of different areas of sample provided valuable information 

about material. The TEM – EDS point analysis is shown in Fig. 24. together with table 

presenting element concentration in specific areas. Seven distinct regions were subjected 

to element point analysis. It is important to remember that results obtained by this 

method can be distorted by contaminations, originated from other phases. As the electron 

beam passes through the material other phases can interfere and provide signals detected 

by TEM. Obtained results were summarized in the Table 5. Point 1 showed high wt and 

at. % content of Ni together with typical for Inconel 625 alloy content of Cr and Mo. This 

confirmed that light-gray area represented γ – Ni matrix of deposited coating. Analysis of 

points 2, 3 and 4 revealed high amount of W at over 59 at. % of each. This indicated that 

these areas were residual undissolved WC grains introduced as reinforcement to the 

material. Cr amount was increased in areas 5, 6 and 7 at 22 – 24 at. % as a result f of 

secondary phases formation. This was also true for Mo, which behaved similarly to Cr. 

Weak signal derived from Nb was detected in all analyzed areas at level of 1 – 3 at. %, 

except for point 1. 

 

Fig. 24. TEM bright field images of IW_6_13_20_320_0_8 sample with EDS point analysis 

results 
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Table 5. TEM EDS point analysis of areas shown in Fig. 24 

Point ID Ni Cr Mo Nb W Fe 

Point 1 
[wt %] 73 13 3 0 10 0 

[at %] 78 16 2 0 4 0 

Point 2 
[wt %] 35 11 8 2 44 0 

[at %] 13 5 2 1 79 0 

Point 3 
[wt %] 29 10 8 2 50 1 

[at %] 19 7 3 1 69 1 

Point 4 
[wt %] 30 6 7 3 54 0 

[at %] 24 8 6 3 59 0 

Point 5 
wt %] 46 17 13 4 20 0 

[at %] 56 24 10 3 7 0 

Point 6 
[wt %] 50 16 10 2 21 1 

[at %] 60 22 8 1 8 1 

Point 7 
[wt %] 45 17 13 2 23 0 

[at %] 56 24 10 1 9 0 

 

As shown in Fig. 25, the addition of WC and formation of secondary phases were 

beneficial for overall hardness of deposited material. The average hardness of the Inconel 

625 – 10 and 20 wt % WC coatings was about 31 – 32% higher than that of pure Inconel 

625 obtained by the same technique (Table 6). Decline in hardness was observed in areas 

closer to coating/substrate boundary because of mutual mixing between substrate and 

powders in melt pool.  

 
Fig. 25. Hardness distribution thorough the coating in Inconel – WC_4 samples 
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Table 6. Measured hardness of Inconel – WC_4 samples  

Material Hardness [HV] 

Inconel 625 – WC_4 20 wt % 502,6 ± 34,1 

Inconel 625 – WC_4 10 wt % 499,9 ± 22,9 

Inconel 625 380,8 ± 28,9 

 

8. Heating rate effect on microstructure of Inconel 625 – WC system 

The analysis of Inconel 625 – WC composite obtained by laser cladding proved that 

it is a promising method of production of this type of materials. However, due to 

complexity of the system, analysis of microstructure and phase composition of the 

material was challenging. For better understanding how material behaves while exposed 

to different heating conditions, powder mixtures were subjected to Differential Thermal 

Analysis (DTA). This allowed to investigate how different heating rate affected 

microstructure transformation. Table DTA presents list of samples and conditions of 

analysis. Mixtures with addition of WC_2 (DWC_2 = 3,88 µm) and WC_4 (DWC_4 = 6,13 µm) 

powder mixtures were prepared by the same procedure as described in Chapter 9.1. Small 

amount of each powder were put inside distinct Al2O3 crucible and then were individually 

analyzed in temperature up to 1450°C. List of prepared samples is presented in Table 7. 

Table 7. List of samples subjected to DTA analysis with analysis conditions 

Sample WC powder 
WC diameter 

[µm] 

WC content 

[wt %] 

Heating rate 

[°C/min] 

Inc_10 - - - 10 

Inc_30 - - - 30 

WC_2_10_10 WC_2 3,88 10 10 

WC_2_10_30 WC_2 3,88 10 30 

WC_2_20_10 WC_2 3,88 20 10 

WC_2_20_30 WC_2 3,88 20 30 

WC_2_30_10 WC_2 3,88 30 10 

WC_2_30_30 WC_2 3,88 30 30 

WC_4_10_10 WC_4 6,13 10 10 

WC_4_10_30 WC_4 6,13 10 30 

WC_4_20_10 WC_4 6,13 20 10 

WC_4_20_30 WC_4 6,13 20 30 

WC_4_30_10 WC_4 6,13 30 10 

WC_4_30_30 WC_4 6,13 30 30 
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All of obtained samples were grinded and polished in order to provide surface with 

good quality suitable for SEM – EDS examination. SEM - EDS point analysis was conducted 

in marked areas in order to check their average element composition. SEM images are 

shown in Fig. 26 and 27. All of examined samples had some amount of porosity in form of 

small circular black areas. They appeared due to evaporation of dextrin binder or as a 

result of gas confinement during melting process. All samples were coated by thin carbon 

layer in order to improve its conductivity which is necessary for SEM analysis. It must be 

pointed out that it made analysis of carbon content not accurate. However, the measured 

amount of carbon in specific area, still can generally indicate its high or low content. 

 

Fig. 26. SEM images of DTA melted Inconel 625 – WC 3,88 µm powder mixtures 

As it is shown in Fig. 26, both heating rate and WC weight content have significant 

influence on microstructure of obtained material. Low heating rate of 10°C/min allowed 

formation of eutectic structures in 10 and 20 wt % of WC samples. On the contrary sample 

containing 30 wt % of WC showed presence of fully developed precipitates blocky 

secondary carbides. In case of faster heating rate of 30°C/min, obtained materials had less 

time to complete formation of precipitates. Observed materials are characterized by 

structures which development was stopped by fast heating followed by rapid cooling of 

material. In case of 30 wt % material heated in 30°C/min – no formation of blocky 

precipitates was visible in favor of irregular TCP phases structures. 
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Fig. 27. SEM images of DTA melted Inconel 625 – WC 6,13 µm powder mixtures 

Samples made by controlled melting of powder mixtures containing larger WC 

particles, showed similar behavior to previously shown materials – Fig. 27. The obtained 

microstructure was finer especially for sample 30 wt % of WC heated by 10°C/min. For 

10 and 20 wt % of WC by 30°C/min, formation of characteristic “black circles” was 

observed around unmelted Inconel 625 particles. It occurred due to segregation of Cr 

from alloy to surface of Inconel grains which was followed by reaction with carbon. It 

prevented melting of metal grains during thermal processing. 

Hardness analysis were performed on all DTA prepared samples - Fig. 28. Because 

of fine structures of secondary eutectic structures in some materials, it was not possible 

to measure their hardness. The graphs shows maximum of three distinct phases where: 

“matrix” – stands for Ni – based matrix of the material, “irregular” – stands for fine 

irregular precipitates of secondary phases while “blocky” – stands for large blocky 

precipitates in some samples. Average values for each sample is presented in Table 8. 

 

Fig. 28. Hardness of disctinct phases in samples made with controlled heating rate (DTA) 
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Table 8. Average hardness of phases in DTA obtained Inconel 625 -WC samples 

Sample ID 
Average hardness [HV] 

matrix irregular blocky 

WC_2_10_10 308,64 ± 18,45 508,19 ± 31,77 - 

WC_2_10_30 296,21 ±6,47 456,23 ± 28,16 - 

WC_4_10_10 316,83 ±22,51 - - 

WC_4_10_30 356,01 ±31,03 - - 

WC_2_20_10 379,12 ±23,13 430,84 ± 13,43 1194,45 ± 24,28 

WC_2_20_30 355,76 ± 3,54 512,67 ± 31,82 1330,20 ± 12,02 

WC_4_20_10 255,52 ± 19,09 448,61 ± 24,74 1507,48 ± 4,37 

WC_4_20_30 374,76 ± 12,51 - 962,28 ± 31,32 

WC_2_30_10 376,13 ± 6,87 770,65 ± 29,15 1281,71 ± 43,94 

WC_2_30_30 397,15 ±13,95 714,81 ± 16,42 1348,74 ± 26,11 

WC_4_30_10 312,98 ± 27,62 762,29 ± 35,47 - 

WC_4_30_30 319,73 ± 20,38 524,40 ± 34,69 - 

 

Collected results clearly shows that secondary phases had higher hardness than Ni 

– based matrix. Different WC particle size and heating rate affected formation of 

precipitates which in consequence changed hardness of distinct phases in obtained 

materials. Significant increase in hardness values for irregular eutectic precipitates was 

observed between 20 and 30 wt % WC addition samples. This indicates that higher 

amount of WC promotes precipitation strengthening of Inconel 625 – WC system. 

Conclusions 
To conclude, laser cladding can be successfully implemented as an additive 

manufacturing method for Inconel 625 – WC composite system.  Careful optimization of 

processing parameters are necessary in order to ensure and guarantee high quality of 

obtained material. However, experiments confirmed that it needs to be performed or 

adjusted in case of different powder compositions and/or laser apparatus. Laser cladding 

of Inconel 625 – WC system confirmed that: 

 Good quality of material can be achieved by individual optimization of laser 

cladding process parameters 

 WC addition allowed extensive formation of secondary TCP phases that 

usually appear after extensive heat treatment 

 It is possible to prevent complete WC dissolution in Ni – based liquid alloy by 

manipulation of particle size and process parameters 

 Average hardness of composite was increased due to addition of WC particles. 

It was possible because of microsegregation of alloying elements like Mo and 

Nb and their reactions with C originated from partially dissolved WC 
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 Precipitation strengthening of composite was observed by formation of 

various secondary phases including intermetallic TCP phases and carbides of 

alloying elements 

 Higher heating rates prevents complete dissolution of larger WC grains and 

stops full development of TCP phases precipitates, which leaves them in 

thermodynamically non - equilibrium state 

 Precipitates of TCP phases and secondary carbides are much harder and more 

brittle than γ – Ni matrix 

 It is needed to carefully optimize and/or adjust process parameters for 

different laser sources. The quality of obtained coating cannot be guaranteed 

by using parameters optimized for different laser apparatus. 

 It is possible to obtain good quality of material using low laser power of about 

≈ 300 W 

Obtained results concludes that Inconel 625 – WC composite system is suitable 

for laser additive manufacturing. 
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