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Abstract 

Laser melt injection (LMI) is used to improve abrasive wear resistance by building a metal matrix composite 

(MMC) layer in highly loaded tool surfaces. But LMI for highly conductive and highly reflective materials 

like copper can be very challenging. Nowadays high-power laser beam sources with visible wavelengths are 

available enabling LMI in these materials.  

This paper shows a suitable process window for LMI with 515 nm wavelength laser in pure copper with spher-

ical fused tungsten carbide as reinforcing phase. High-quality MMC can be manufactured by using laser power 

intensities in the range of 104 W/cm² and conduction heating of the matrix material between 300 °C and 

400 °C. The microstructure exhibits only a few imperfections and has a high particle content of 44 %. 
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1 Introduction 

Laser melt injection (LMI) is used as a surface modification technology to improve the abrasive wear resistance 

of metallic surfaces. During LMI metal matrix composites (MMC) are generated by blowing hard particles 

into the laser induced melt pool. Different to laser metal deposition the powder is not melted during the process 

and remains in its initial shape forming a heterogenous MMC microstructure. These MMC are very beneficial 

to reduce abrasive wear volume of highly loaded tools, like injection molds, welding jaws, bearings etc. which 

are often steel-, aluminum- or copper-based [1]. As reinforcing phase chromium, tungsten and silicon carbide 

particles are often used [2].  

Especially laser processing of materials with poor absorptivity for common laser wavelengths around 1 µm 

like pure copper (e.g., Cu-ETP) can be very challenging. This can be countered on the one hand by using very 

high intensities which lead to high quality results for deep-penetration weld seams [3]. And on the other hand, 

by using laser with a shorter wavelength, which are absorbed better by copper surfaces and show good results 

as well [4]. The latter option is beneficial for LMI since high intensities during LMI can lead to agglomeration 

of the reinforcing hard particles [5]. Within the last few years frequency-doubled disk lasers emitting a wave-

length of 515 nm are commercially available and can reach a maximum output power of > 1 kW, which is very 

advantageous for LMI in pure copper. Besides the laser beam source additional preheating can improve the 

welding quality in copper by compensating for the high thermal conductivity [6]. 

This paper addresses a process window for a stable LMI process yielding high-quality MMC made of Cu-ETP 

reinforced with spherical fused tungsten carbide (sFTC). Microstructural analyses were conducted to deter-

mine the effect of the process parameters on the MMC quality.  

2 Experimental set-up 

For laser melt injection a 2 kW Trumpf laser with 515 nm wavelength (TruDisk 2021) was used. The laser 

beam was guided via a 0.6 mm core diameter laser light cable to the processing head. The processing head was 
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made of an optical unit, Trumpf BEO D70 with 200 mm collimation length and focal length, equipped with a 

coaxial three-jet powder nozzle (Ixun) with 16 mm working distance. The laser beam was defocused to a spot 

diameter of 1.9 mm during LMI. See Fig. 1 for the beam caustic and laser power distribution at different work-

ing positions. 

 
Fig. 1: Laser beam caustic and power distribution for TruDisk 2012, with 0.6 mm laser light cable, 200 mm collimation and focal length 

To maintain a sufficient and stable melt pool size during the process a heating device (G. Maier Elektrotechnik) 

was used to preheat the substrate material before LMI and was also used during LMI. The necessity of a 

substrate heating is known from earlier studies [7]. A Metis H322 two-color pyrometer (Sensortherm), with 

700 °C to 2300 °C measuring range, was used to track the melt pool temperature during LMI. The pyrometer 

was laterally integrated onto the processing head. Fig. 2 shows the experimental set-up.  

Pure copper (Cu-ETP) with a high thermal conductivity of 394 W/m·K (at 20 °C) was used as substrate mate-

rial. The substrates were cut into small bricks with 50 mm length, 20 mm width and 12 mm height. Spherical 

fused tungsten carbide particles (sFTC), supplied by Oerlikon Metco WOKA GmbH, with -106 µm +45 µm 

particle size were used to reinforce the Cu-ETP substrates during LMI.  

With this set-up the effects of the heating device temperature and laser power on the MMC microstructure and 

process zone temperature were examined in fivefold determination. For this five MMC single tracks per pa-

rameter-set were manufactured on one Cu-ETP substrate. Between every single track the substrates cool down 

in order to provide similar starting conditions for each of the five single tracks. See Tab. 1 for the varied and 

constant process parameters. The process window ranged from 1.6 kW to 1.8 kW laser power which corre-

sponds to a laser power intensity of 5.7·104 W/cm² and 6.4·104 W/cm², respectively. The heating device tem-

perature ranged from 300 °C to 400 °C.  

To characterize the microstructure optical microscopic (OM) images of the MMC tracks were recorded. The 

particle content of the MMC was calculated by using an automated image processing based on binarized OM 

images of the MMC cross-sections. 

 
Fig. 2: Experimental set-up 

 

 

 

Tab. 1: Process parameters 

Process parameter Value(s) 

Laser power 1.6 kW; 1.8 kW 

Heating device temperature 300 °C; 400 °C 

Powder mass flow 5.5 g/min 

Process velocity 150 mm/min 

Carrier gas flow (Ar) 3.5 l/min 

Shielding gas flow (Ar) 15 l/min 

Track length 40 mm 
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3 Results 

Fig. 3 shows cross-sections of MMC single tracks manufactured within the proposed process window (Tab. 1). 

With increasing the laser power (Fig. 3, top to bottom) the MMC track geometry increases as well. Same 

applies for increasing heating device temperature (Fig. 3, left to right). A more detailed evaluation of the in-

fluence of the process parameters on the track geometry can be found here [7].  

From these cross-sections the particle content of the MMC tracks was determined (see Tab. 2). No impact of 

the used laser power, the used heating device temperature, or an impact of the interaction between both factors 

were detected for the examined process window. The mean particle content was between 43% (for 1.6 kW 

laser power, 300 °C heating device temperature) and 45% (for 1.8 kW laser power, 300 °C) with a standard 

deviation ranging between 1.3% and 3.3%.  

 

Fig. 3: Exemplarily OM images of MMC cross-sections manufactured with varying la-

ser power and heating device temperature during LMI 

  

 

 

Tab. 2: Particle content 

  heating device temp. 

  300 °C 400 °C 

la
se

r 
p
o

w
er

 

1.6 kW 
42.7% 
±1.7% 

44.7% 
±3.3% 

1.8 kW 
45.0% 
±1.3% 

43.5% 
±1.9% 

 

With all parameter-sets high-quality MMC were manufactured. Though in some cases, imperfections within 

the MMC tracks were visible (see Fig. 4). A few micro-cracks in the hard particles occurred as well as a few 

pores near by the sFTC particles. Some OM images show larger pore-like imperfections which can be at-

tributed to particles which were chipped during the preparation process of the cross-sections. A significant 

impact of the examined process parameters on the imperfections was not detected.  

 
Fig. 4: OM image with higher magnification to exemplarily show imperfections within the MMC microstructure 

The process zone temperature measured by two-color pyrometer was affected by the used laser power. With 

increasing laser power, the process zone temperature slightly increased from 1527 °C to about 1563 °C (see 

Fig. 5). For the heating device temperature, no impact on the process zone temperature was detected. 

4 Discussion 

Some imperfections within the MMC surface were observed. The cracks in the particles are caused by different 

coefficients of thermal expansion with 6.4·10-6K-1 to 7.4·10-6K-1 for tungsten carbide [8] and 16.5·10-6K-1 for 

copper [9]. This mismatch leads to micro-cracks during/after LMI which was shown for other material com-

binations as well [10]. The chipping of particles (see Fig. 4), which occurred during the preparation of the 

cross-sections can be a result of excessively cracked particles or can be an indicator for lack of fusion between 

sFTC and Cu matrix.  
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Fig. 5: Mean process zone temperature in de-

pendence of the used laser power and 

heating device temperature 

The mean particle content for all cross-sections was independent from 

the used parameters at approx. 44% ± 2.4%. This leads to the assump-

tion, that for all examined parameter-sets the powder supply was at 

least sufficient to completely fill the entire melt pool volume with hard-

particles or was even higher. This can be supported by the low powder 

catchment efficiency of around 13.5%. The particle content could be 

further increased by reducing the rapid solidification. A theoretical 

maximum of the particle content is the apparent density of the powder. 

For the used sFTC powder in this study the supplier specifies an ap-

parent density of 9.6 g/cm³ which is 58% of the bulk density of 

16.5 g/cm³ specified for sFTC. 

The heating device temperature had no measurable impact on the pro-

cess zone temperature. Nevertheless, the heating device is necessary 

for a stable LMI process and has a significant impact on the substrate 

temperature [7]. These results were gained via additional tactile meas-

urements in the substrate near the process zone during LMI. Further 

information can be found here: [7].  

5 Conclusion 

High-quality MMC can be manufactured by using laser power intensities in the range of 104 W/cm² and addi-

tional conduction heating of the matrix material between 300 °C and 400 °C. Within this process window a 

stable particle content of 44% can be reached. 
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