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ABSTRACT

Using high-speed laser melt injection (HSLMI), it is possible to generate wear-resistant metal matrix composite (MMC) surfaces on tools
with great productivity. Since high laser intensities are required for reaching high process speeds, strong interactions can occur between
powder particles and the laser beam. In order to reduce the interaction time and gain a better understanding of the role of particle transport
in the HSLMI process, trajectories of spherical fused tungsten carbide (SFTC) particles were analyzed using high-speed imaging. The trajec-
tories were divided into a path outside the laser beam and a path inside the laser beam. The identified interaction mechanisms were particle
deformations, the formation of agglomerates, and particle disintegration. The volume flow rate of the feeding gas was found to have a deci-
sive influence on the travel time of the particles, whereas the powder feed rate and the working distance of the powder nozzle only had a
minor influence. Consequently, an increased volume flow rate led to a significant reduction of interactions between SFTC particles and the

laser beam.

Key words: laser melt injection, metal matrix composite, high-speed imaging
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I. INTRODUCTION

Laser melt injection is an established technology for generat-
ing wear-resistant metal matrix composite (MMC) layers on metal-
lic components. Although the setup is similar to laser cladding and
laser alloying, the principle of the process is fundamentally differ-
ent. The powder is melted to form coatings in cladding and alloy-
ing, whereas the powder particles are supposed to remain solid and
reinforce the metallic substrate in laser melt injection as shown in
Fig. 1. In addition to this single-stage process, it is also possible to
use a two-stage process in which hard particles are deposited on
the substrate with a binder before the surface is irradiated by the
laser beam." The hard material can be selected depending on the
wear protection requirements. In general, a high melting tempera-
ture of the material is necessary to avoid melting the hard particles
in the laser beam. The hardness of the hard materials used in laser
melt injection is usually between 1200 and 3500 HV.>” This makes

laser melt injection particularly interesting when having increased
wear protection requirements.

Over the last years, laser melt injection has been continuously
developed with regard to the resulting properties of the MMC
layer. Substantial research has focused on processing various sub-
strate/hard material combinations and process optimizations. For
example, the hard particle distribution within the MMC layer could
be controlled by applying a magnetic field* or by using the keyhole
welding effect.” The hard particle distribution could also be influ-
enced by using specific scanning patterns.” By additionally control-
ling the melt pool temperature, very homogeneous layer
thicknesses could be generated. Furthermore, it was investigated
how the highest possible hard particle content can be achieved in
the MMC layer.” It was found that hard particle damage and the
formation of agglomerates can occur depending on the energy per
unit length and the powder mass per unit length, which limits the
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FIG. 1. Schematic diagram of laser melt injection.

hard particle content. It was shown that a high hard particle
content can reduce adhesive wear in deep-drawing tools.” In addi-
tion, hard particle agglomerates could be generated intentionally in
a second processing step after laser melt injection in order to gen-
erate particularly high wear resistance in tool zones exposed to
extremely high stress.”

Compared to laser cladding, the process speed in laser melt
injection is usually significantly lower. A fundamental disadvan-
tage is the need to melt a larger volume of the substrate in order
to ensure adequate distribution of the hard particles. Typically,
the process speeds are below 1 m/min and the laser intensities
below 20 kW/cm?, resulting in relatively low productivity.”” To
overcome this drawback, high-speed laser melt injection
(HSLMI) was developed for reaching process speeds up to
100 m/min.'’ Tt was already shown that HSLMI can be used to
reinforce tools made of steel and copper alloys, such as skin-pass
rolls and pressure die casting pistons.'">'* However, since high
laser intensities are required for reaching high process speeds,
strong interactions can occur between hard particles and the
laser beam, leading to undesirable particle deformations. Hence,
there is a need for a fundamental understanding of the hard par-
ticle transport in HSLMI.

During the powder particle transport in laser processes, the
geometries of the laser beam and of the powder jet are among the
most important influencing factors.”” The powder jet geometry
depends on the powder nozzle, especially on the injector diameter
and the working distance of the nozzle," as well as on process param-
eters such as the volume flow rate of the feeding gas and the powder
particle size." ' In addition to the powder jet geometry, the particle’s
travel velocity has a decisive impact on laser-powder-interactions
since it affects the time a particle spends in the laser beam. It was
found that the travel velocity increases with the volume flow rate of
the feeding gas and that it decreases as the particle size increases.'”"”
When increasing the powder feed rate from 5 to 25 g/min, a slight
decrease in travel velocity was identified.'"® However, the drop in travel
velocity decreased with increasing powder feed rate. For travel veloci-
ties below 2 m/s™’, an increase in travel velocity was found over the
distance between the nozzle outlet and the powder focus."” Usually,
the velocity of the feeding gas is higher than the particle’s travel veloc-
ity."” Laser-powder-interactions have already been investigated for
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laser cladding, especially for high-speed cladding, where rapid melting
of powder particles in the laser beam is desired. It was determined
that small particles are heated significantly faster in the laser beam
than large particles.”” Furthermore, it was found that shadowing
effects occur at high powder feed rates.”' By calculating the heating of
powder particles, it was determined that the shadowing effects
increase with the powder feed rate and lead to a drop in the propor-
tion of liquid particles.'®

In summary, laser-powder-interactions are of great interest for
HSLMI since high process speeds can only be reached with high
laser intensities. While strong interactions are often desirable for
rapid melting of powder particles in laser cladding, the melting of
powder particles during laser melt injection is undesired. Although
initial studies of interactions during particle transport have already
been carried out for laser cladding, laser-powder-interactions in
HSLMI are not yet sufficiently understood. Hence, this paper focuses
on the hard particle transport from the powder nozzle to the melt
pool and the interaction mechanisms occurring during the transport.
Moreover, understanding the hard particle transport is a necessary
step for investigating the particle incorporation in the melt pool.

Il. EXPERIMENTAL METHODS
A. Materials

The cold working steel 1.2362 (X63CrMoV5-1) was used as
the substrate material. The cylindrical workpieces had a diameter
of 80 mm. Table I gives an overview of the most important mate-
rial properties. As the reinforcing phase, spherical fused tungsten
carbide (SFTC) particles featuring a grain size of 45 to 106 um
and a hardness of 2700 to 3500 HV 0.1 were used. Fused
tungsten carbide is a eutectic material of 20 to 27 % WC and
73 to 80 % W,C.” Figure 2 shows cross sections of the SFTC par-

ticles in their initial states. Some of the particles had pores or ®

breakouts.

B. High-speed laser melt injection

For HSLMI, a 12 kW disk laser (Trumpf TruDisk 12 002) with
a wavelength of 1030 nm was used. An optical fiber with a diameter
of 200 um and a processing optic (Trumpf BEO D70) were used for
beam guidance and shaping. The processing optic was moved using
a six-axis robot (Reis) parallel to the rotational axis of the work-
piece. The workpiece was positioned 15 mm below the laser focus,

TABLE I. Materials used for HSLMI.

Fused tungsten

1.2362 (X63CrMoV5-1)" carbide””"!

C: 0.6...0.65, Si: 1...1.2,
Mn: 0.3...0.5, Cr: 5...5.5,
Mo: 1...1.3, V: 0.25...0.35,
Fe: balance
1480 (estimated from iron
carbon diagram)
225 HB (annealed)

Chemical
composition in
wt.-%

C: 3.8,
W: balance

Melting point 2735
in °C

Hardness 2700...3500 HV
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FIG. 2. Cross sections of SFTC particles in their initial states.

obtaining a laser spot with a diameter of 2 mm on the surface. A
three-jet powder nozzle (Ixun) with a working distance of 16 mm
was used. The SFTC particles were transported to the powder
nozzle by a powder feeder (GTV PF 2/2). Argon was used as both
feeding gas and shielding gas. The overlapping degree was set to
50 %. An overview of the used parameters for HSLMI is given in
Table II.

C. High-speed imaging and analysis

To analyze hard particle transport, a high-speed camera (iX
Cameras i-SPEED 7) was used in combination with an illumination
laser (Cavilux HF) featuring a wavelength of 810 nm. The illumina-
tion laser made it possible to clearly visualize the hard particles by
illuminating them at a specific wavelength and filtering out the
process emissions of the residual spectrum. In addition, the illumi-
nation laser enabled a very high frame rate of 200 kHz. The pulse
duration of the illumination laser was 0.09 us.

For measuring the travel velocity of hard particles, the cap-
tured images were processed with MarLaB and 1Macg). First, the
images were inverted and the static background was removed, pro-
ducing bright particles on an all-black background. Second, the
particles were tracked with a linear motion tracker using a Kalman
filter. For investigating the influence of the volume flow rate and
the powder feed rate on the travel velocity, the average velocity over
the distance between the powder nozzle and the powder focus was
determined. For analyzing the travel velocity over the working dis-
tance of the nozzle, the images were divided into 16 strips with a
height of 1 mm, and the particle’s average velocity within each strip
was determined.

TABLE Il. Parameters for HSLMI.
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D. Measuring the feeding gas velocity

The feeding gas velocity was determined using the principle of
differential pressure. A Prandtl tube and a differential pressure sensor
(Testo 510) were used. The Prandtl tube was adjusted coaxially to one
of the three powder injectors of the powder nozzle and moved in steps
of 1 mm in the direction of gas flow. The measurements were carried
out without powder. The feeding gas velocity vy was derived from

VE = @s (1)
~ P

where Ap is the pressure difference between the inner and outer vents
of the Prandtl tube and p is the density of the feeding gas.”®

E. Metallographic preperation and analysis

MMC samples were cut from cylindrical workpieces using
wire electric discharge machining (Mitsubishi MV 12 009 V). Cross
sections were prepared by hot mounting (Struers LevoFast) and
grinding up to a grit of P1200. Two polishing steps were carried
out, one with a 3 um diamond suspension and one with a 0.25um
silicon oxide suspension. A light microscope (Zeiss AX10) was
used for taking images of the cross sections.

The measurement of circularity C of SFTC particles was
carried out on cross sections. It was determined in two ways: on
the one hand, via the ratio of the diameter of the largest inner
circle and the smallest enclosing circle, d; to dg, and on the other

hand, via the ratio of the cross-sectional area of the particle Agprc
to the perimeter Pgrrc. In each case, the mean value was deter-
mined from several individual measurements:
1<~ dp;
C == d—l, (2) b
N4z Ok
1 <~ 47Asprc;
c =1 SFTC,i 3)

lll. MODELING
A. Hard particle transport and incorporation

A simplified model for hard particle transport and incorporation
was developed for laser melt injection. It was assumed that the parti-
cles move on straight-line trajectories from the powder nozzle to the
melt pool, see Fig. 3. The transport and incorporation path of a parti-
cle s, within a single powder jet depends on a divergence angle ¢. If
¢ = 0, the hard particle travels axially to the powder jet and hits the
center of the melt pool. As a simplification, it is assumed that the melt
pool width corresponds to the laser spot diameter d;. The transport
and incorporation paths s, can be divided into a transport path

0L:L0:¥L G20T Ydse 9z

L in kW 6.7
P?Ziisioyzrecllnin m/min 50 outside the laser beam s, F, a transport path within the laser beam
Powder fs et rate in g/min 10...90 se1» and an incorporation path s ;. The total transport path s, p cor-
Feeding gas Volumegﬂow rate in L/min 5 20 relates with the working distance of the powder nozzle a via
Shielding gas volume flow rate in L/min 8
£8 a=sgp - Cos(y — @). 4)
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FIG. 3. Model for hard particle transport and incorporation in laser melt injection.

N
o
=
y is the angle between the transport path s, and the vertical. A B. Critical interaction time 3
: : N
meag veloc1tir can ﬂl:e fletermme(i};for thle totai trargspc.)rt path from the In laser melt injection, melting of hard particles is undesirable. §
powder nozzle to the impact on the melt pool surtace: A hard particle melts as soon as the energy absorbed by a particle E4 =
o
is equal to the energy required to melt the particle volume Egprc: =
— SoF + SeL S, FL o
P ot ler o ®
pfiel Telt Egpre = Ea. &)
The incorporation path s, is defined as the distance that a particle Heat loss due to convection and radiation is neglected due to
travels from the first contact with the surface of the melt pool until it a short interaction time #j,;. The energy for melting the particle
is fully incorporated in the melt pool. Accordingly, the overall interac- ~ Volume Egprc can be determined as follows if the enthalpy of
tion time with the laser beam is fusion is neglected:
ti = tor + tor. (6) Eserc = Vsere - pspre - €psere - (Tu — To). (10)
Vo, depends on the initial velocity of a particle at the powder ~ A perfect spherical geometry is assumed to calculate the
nozzle’s exit Viua, on the force Fr applied to a particle by the particle volums Vserc. The density is assumed to be pgprc
feeding gas volume flow V; and on the weight force Fg: =15.95 g/cmS“4 and the specific heat capacity is assumed to be
that of tungsten carbide at the mean temperature 1380 °C,
Vot = f(Vinitial1> Fr» FG)- ) cpsrrc = 0.31 kJ/kg K**  The melting temperature is Ty
=2735°C and the room temperature is T, = 25 °C’* The
The flow force of the feeding gas Fr is calculated as follows: absorbed energy E4 can be calculated as follows:
1 oy b
Fr = 3 cw - Asere - pp - (Ve — V)’ (8) E4 = A N4 - AsFrC - tint- 63))
L
Agprc is the frontal area of an SFTC particle, py; is the density of the ny is the absorption efficiency. The laser power is P, = 6.7 kW
feeding gas, and vr is the gas velocity. The drag coefficient cy for a and the area of the laser spot A, = Zd} with the laser spot diame-
sphere is between 0.2 and 0.4.” ter d; =2 mm. For simplification, a homogeneous intensity
J. Laser Appl. 36, 042023 (2024); doi: 10.2351/7.0001554 36, 042023-4
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1000 surface ratio. The real absorption in hard particles during laser
« 8 M =0,5 melt injection is complex, as—in addition to the direct absorption
5 in the laser beam—reflected radiation from the melt pool surface
§ 800 or the surface of other particles can also be absorbed by the hard
e 700 | particles. On the other hand, there is mutual shadowing of the par-
'g 566, | ticles, which has a particular effect on particles on the outer trans-
2 port path s,;. As a result, the laser power actually absorbed by a
S 500 f particle depends on the individual trajectory. Typical assumptions
< 400 - for the absorption efficiency of powder particles in a laser beam are
8 between n, = 0.5"" and 7, = 1.”°
5 300 |

200 ¢ IV. RESULTS
100 - A. Off-process investigation of the particle transport
0 i 2‘0 4‘0 6‘0 8‘0 um . Hard particle transport was analyzed using high-speed videos.
A — Figure 5 shows the three individual powder jets of the nozzle. It
was investigated how the mean travel velocity v, depends on the
Warneke 2024 BIAS ID 240177

volume flow rate of the feeding gas Vi and on the powder feed rate
thp. Figure 6 shows a linear correlation between the mean travel
FIG. 4. Influence of the particle diameter dsrrc and the absorption efficiency velocity P, and the volume flow rate V5, whereas the powder
e feed rate r1p had no significant influence on the mean travel veloc-
ity ¥y, pr. Therefore, the volume flow rate VE can be identified as a
significant factor influencing the particle velocity.

distribution over the beam radius is assumed. After inserting Egs. Furthermore, the correlation between the travel velocity v pp
(10) and (11) into Eq. (9), the critical interaction time t; i can be and the working distance of the powder nozzle a was investigated
determined: for different volume flow rates of the feeding gas Vi, see Fig. 7. It

was found that the travel velocity v,,r decreases only very slightly

Verre. - e (Ty — Ty) for all investigated volume flow rates Vy when increasing the i
tinterit = SFIC * P SIZC pSETC " A7 M ol (12) working distance a. Due to the slight change in the travel velocity =
4, T - Asrre VoL over the working distance g, it could be found that the forces g
Fr and Fg play a minor role during the travel distance s r, and S
(&)
The critical interaction time ;. depends largely on the particle that I
size and the absorption efficiency 174, see Fig. 4. It increases linearly 2
with the particle diameter dgprc due to the change in the volume to Vinitial,l = Vinitial,2> (13) =
powder jet
=
E
©
1]
©
Y i — powder focus
powder feed rate = 30 g/min powder feed }ate =90 g/min hard material SFTC
volume flow rate 15 I/min
Warneke 2024 BIAS ID 240165
FIG. 5. Powder jets of a 3-jet-nozzle. Frames from high-speed videos.
J. Laser Appl. 36, 042023 (2024); doi: 10.2351/7.0001554 36, 042023-5
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FIG. 6. Travel speed V7 as a function of the volume flow rate Ve and the powder feed rate mp.

when Viyisiar2 is the travel velocity at the particle’s arrival at the melt
pool. The velocity of the feeding gas vr was significantly higher
than the travel velocity of the hard particles v, p; for all investigated
volume flow rates Vg, see Fig. 8. There was a linear correlation
between the feeding gas velocity vy and the volume flow rate Vp.

could be calculated using the mean travel velocity v, see Fig. 9.
Due to the linear correlation between the volume flow rate Vz and
the mean travel velocity vy, a linear correlation was also found
between the volume flow rate Vy and the travel time in the laser
beam fy;. For large and average-sized particles with a diameter

© Author(s) 2024

The feeding gas velocity vr decreased when increasing the working dsprc between 75.5 and 106 um and an absorption efficiency 1, of g
distance a. Above a working distance a of 10 mm, the feeding gas 50 %, the travel time fo; was below the critical interaction time 3
velocity vy dropped progressively. tintcrie for all inves.tigated volume flow rates Vp. When applying a g
However, since the travel velocity v,p changed only slightly volume flow rate Vp in the range between 12.5 and 20 L/min, the &
over the working distance a, the travel time in the laser beam f, travel time fo; of very small particles with a diameter dgprc of £
45 um was also below the critical interaction time tj,s it g
14
' B. In-process investigation of the particle transport
m/s
5; For analyzing the hard particle transport during HSLMI, high-
3 10 speed videos with a high frame rate of 200 kHz were used. The
s 8 high frame rates made it possible to observe the mechanisms
T occurring during hard particle transport immediately before reach-
8 6 . ing the melt pool. Due to a comparatively long travel time in the
4t laser beam f,,;, strong interactions were observed much more fre-
quently at low volume flow rates Vp than at high volume flow
2+ . . . .
rates. These included deformations and agglomerations of particles
0 : : that had already formed before reaching the melt pool. Figure 10(a)
0 5 —_ 10 mm 2 shows that an originally spherical particle has partially melted and
WOIRNg CRiiee:d the spin of the particle has caused an increasing deformation. A
p p g
volume flow rate V» -0-5 I/min 810 I/min =15 I/min ~-20 I/min collision of partially melted particles led to the formation of
. agglomerates, see Fig. 10(b). Furthermore, at low volume flow rates
hard material SFTC Vr, some particles disintegrated explosively, see Fig. 10(c). First,
powder feed rate 30 g/min the volume of the observed particle increased drastically within
Wameke 2024 BIAS 1D 240167 40 s and, second, the particle disintegrates into various fragments.
_ . o Afterward, some of these fragments entered the melt pool.
FIG. 7. Travel speed V,,r. as a function of the working distance of the powder The strong interactions shown in Fig. 10 are caused by the
nozzle a. Each data point represents an average of travel speeds v,p at a . . . . . .
g high laser intensity required for high-speed processing. The
working distance of a +0.5 mm. . ! .
amount of particle deformations and other undesirable
J. Laser Appl. 36, 042023 (2024); doi: 10.2351/7.0001554 36, 042023-6
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FIG. 8. Feeding gas velocity v¢ as a function of the volume flow rate V and the working distance a.

mechanisms, which result in a change in geometry of the particles,
could be clearly reduced by using an increased volume flow rate V¢
of 15L/min and a resulting mean travel velocity of the particles
Verr of 9m/s. Figure 11 shows cross sections of MMC-layers that
were produced with different volume flow rates Vy. The MMC

circularity measurements on cross sections, see Fig. 12. It was
found that the circularity of the particles C; and C, increased con-
tinuously with the feeding gas volume flow rate V. No significant
improvement in circularity could be found with the use of SFTC
particles with a large diameter dgrzc of 90-106 um.

coatings produced with a volume flow rate Vy of 5 and 10 L/min g
featured a significantly higher proportion of deformed particles V. DISCUSSION g
e =
apd . agglomerates. In addition, some l?reakogts were found. Whereas heating the powder particles to melting temperature 8
Significantly better results were achieved with an increased volume before hitting the melt pool can be advantageous in laser cladding ]
flow rate Vi of 15 and 20 L/min. The MMC:-layers were more it is undesirable in laser melt injection where this means exceeding §
homogeneous and had fewer deformations and agglomerates. The - - . I
4 £ def ti ¢ th il alvzed  usi the limit of the process. At low process speeds associated with low 5
egree ob deformation o ¢ particles was analyzed using laser intensities, melting of hard particles does not usually occur
due to the comparatively high melting temperatures of ceramic
- hard materials that are frequently used for laser melt injection.
§ | _tuerildspre = 106 um, 14 = 0,5) However, a significantly higher laser intensity of 212 kW/cm? is
S . required for high-speed processing, which means that even hard
g 800 particles featuring a high melting temperature can melt in the laser
g 700 el dspre = 75.5um, m, = 0,5) beam. Therefore, the interaction time in the laser beam t;,, and
B 600 | particle heating are particularly important in HSLMI.
S 0 | for The experimental results show that the travel velocity vg, which
= / e _ has a decisive influence on the interaction time in the laser beam fy,,
T 400 | /tmr,crlr(dSI"[C 45um,n4 =0,5) . K . 1
s | ey can be adjusted very well via the feeding gas volume flow rate Vp.
o %00 The correlation between the feeding gas volume flow rate V¢ and the
S 200 f travel velocity Vg, largely corresponds to the findings of Li et al. and
£ 100 } Yao et al.'®"” The powder feed rate rizp and the working distance a,
pt 0 ) ) ) ) on the other hand, only have a minor influence on the travel velocity
> — . .
E 0 5 10 15 /min 25 Verr. The low interaction of these parameters offers the advantage
volume flow rate Vi that the travel velocity v, can be set via the feeding gas volume
hard maerisd — flow rate Vi mostly independently from other process parameters. In
powder feed rate 30 gfmin contrast, th? I'eSl.lltS ‘of Sch?pphoven show a decrleqase in the Rarticle’s
Warmoke 2024 BIAS 1D 240168 travel velocity with increasing powder feed rate. © However, it needs
to be considered that the experiments of Schopphoven were conducted
FIG. 9. Calculated travel time t,, as a function of the volume flow rate V. ngl glf?lﬁcinﬂx szunerf fegicﬁng §as vc;lume él ow ra;[es (bzlt:/vee.:n 4
an min). A small feeding gas volume flow rate results in a
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comparatively low powder density in the powder jet. For HSLMI, a
high feeding gas volume flow rate is necessary which results in a com-
paratively low powder density in the powder jets. Furthermore, Wang
et al. found a decrease in the particle’s travel velocity with increasing
working distance.'” However, the travel velocity in the experiments of
Wang et al. was significantly smaller. The effect of gravity on the
travel velocity is larger when the travel velocity at the nozzle outlet is
smaller since the law of conservation of energy (neglecting the flow
force of the feeding gas) is given by

1 2
5 " MSFIC * Vinitial,2
1
2
=5 MSFTC * Vipigial, + MSFTC * & * 0> (14)
resulting in
Vinitial2 = \/ Viitialy + 2 MsFrc - § - a- (15)

mgpre is the mass of an SFTC particle, g is the gravity, and a is the
working distance of the powder nozzle.

Although it was found that particle deformations can be signifi-
cantly reduced by high volume flow rates V on average, some parti-
cles were deformed even at high volume flow rates V. This can be
explained by different trajectories of the particles leading to different
transport distances in the laser beam s, ;. The model presented in
this paper shows that heating of the hard particles by the laser beam
during the transport in the gas flow depends strongly on the travel
velocity v, pr, and the divergence angle of the transport path ¢. The
divergence angle ¢ determines the transport distance s,,;, and there-
fore, together with the mean travel velocity ¥, 1, the interaction time
of a particle in the laser beam. Furthermore, the number of potential
particles that travel over a particular particle and temporarily shadow

it from the laser beam depends on the individual trajectory, which
can have an effect on the actual laser power absorbed by a particle.
The shadowing effect of powder particles is a typical phenomenon in
laser cladding and laser melt injection.””'® Based on these relations,
it can be assumed that the innermost transport path s;, is the most
critical and the outermost transport path s, is the optimum with
regard to the interaction with the laser beam. In addition, there are
always particles that spend significantly more time in the laser beam,
e.g., particles that first bounce off the solid workpiece and then travel
through the laser beam at reduced speed.

With the help of high-speed videos with high frame rates, it was :

possible to observe and analyze the mechanisms during the hard par-
ticle transport in HSLMI for the first time. Particle deformation,
agglomeration, and disintegration were identified as mechanisms in
the hard particle transport inside the laser beam. Deformations can
be increased by forces acting on a particle after the melting tempera-
ture has been reached. These include centrifugal forces due to a parti-
cle spin; see Fig. 10(a). Furthermore, they include impact forces that
occur when a particle hits the surface of the molten pool or collides
with another particle. In case of a collision between two molten parti-
cles, the formation of agglomerates is likely. The strong increase in a
particle’s volume shown in Fig. 10(c) before the disintegration of a
particle indicates the expansion of a gas pore within the particle. In
the initial state of the SFTC powder, some pores could be identified;
see Fig. 2. As the temperature of a particle increases, the viscosity of
the molten particle decreases, so that a sudden expansion of the gas
pore becomes possible. In addition, the expansion of an SFTC particle
leads to a significant increase in surface area irradiated by the laser,
which can cause a further increase in absorption.

VI. CONCLUSIONS

It was shown that high laser intensities, which are necessary
for high-speed laser melt injection (HSLMI), lead to strong
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interactions between hard particles and the laser beam. Three dif-
ferent mechanisms were observed during the transport of the parti-
cles through the laser beam: particle deformation, particle
agglomeration, and particle disintegration. The travel velocity of the
hard particles was identified as a decisive parameter for achieving
high process speeds for laser melt injection since it influences the
interaction time of the particles in the laser beam. The travel veloc-
ity is mainly influenced by the feeding gas volume flow rate. The
powder feed rate and the working distance of the powder nozzle,
on the other hand, play a minor role. By increasing the travel veloc-
ity, the interactions can be significantly reduced so that homoge-
neous metal matrix composite (MMC) layers can be generated.
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