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Application of Direct Laser Melting to Restore Damaged Steel Dies
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Direct laser melting (DLM) technology can be applied to restore damaged steel dies. To understand the effects
of DLM process parameters such as the laser power and scan rate, a series of experiments was conducted
to determine the optimal operating parameters. To investigate the laser melting characteristics, the depth/height
ratio, depth/width ratio and micro-hardness as a function of the laser energy density were analyzed. Fe-Cr
and Fe-Ni layers were deposited on a steel die with 11.38 J/mm2 of energy input. The wear-resistance and
the friction coefficient of the deposited layer were investigated by a pin-on-disk test. The penetration depth
decreased as the scan rate increased as a consequence of the shorter interaction time. The depth/height ratio
of the deposited layer decreased with an increase in the scan rate. The depth/width ratio increased as laser
power increased and the scan rate decreased. The deposition shape of the Fe-Ni powder was relatively shallow
and wide compared with that of the Fe-Cr powder. The scan rate had a substantial effect upon the deposition
height, with the Fe-Cr powder melting more than the Fe-Ni powder. The micro-hardness of the layer melted
from the powders is higher than that of the substrate, and the hardness of the laser-surface-melted layer without
any metal powder is higher compared to that of the metal-powder-melted layer. The direct laser melting
process with Fe-Ni powder represents a superior method when restoring a steel die when the bead shape
and hardness of the restored surface are important outcome considerations.

Keywords: direct laser melting (DLM), Fe-Ni powder, Fe-Cr powder, powder processing, melting, hardness
test, wear

1. INTRODUCTION

Laser freeform fabrication can be applied to a range of
industrial applications. Direct laser melting (DLM) technol-
ogies offer the advantages of single-stage production and
geometric flexibility [1]. DLM technologies, which possess
the capability to produce parts directly from metal powders,
have been used to restore damaged mold surfaces. A three-
dimensional component formed by DLM is built layer-by-
layer. Each layer is melted by means of the direct laser melt-
ing of metal powders. Using a metal powder increases the
size of the pool, which rapidly solidifies into a raised region
when the laser moves on. The melted layer thus produced
from metal powder can be precisely controlled. The advan-
tage of DLM via partial melting is its ability to fabricate a
fully densified metal part. 

Laser surface hardening is suitable for applications that
require a high level of hardness with a relatively shallow
case depth on selected surface areas with no dimensional
distortion. The automotive industry, in which wear resistance

on certain surfaces is desired, has been one of the most
important application areas for laser hardening [2]. Recent
reviews of the principles and applications of laser treatments
describe the use of lasers as a controlled heat source for
transformation hardening [3-10]. These research results
assist with evaluations of the feasibility of laser treatments
for repair methods. In addition, repair methods that utilize
laser melting have found a wide range of applications in a
number of industries, including the aerospace and turbine
industries for the repair of components or for the remanufac-
ture of complete assemblies. Wang et al. [2] studied the
influence of powder characteristics that included the mixture
ratio, mean particle size and shapes, and size distribution on
the energy absorption and on the features of the sintering
zone. They observed that the penetration depth is highly
dependent on the amount of energy absorbed by the powder
bed. Cormier et al. [4] described the electron beam melting
(EBM) process and presented results of microstructural anal-
yses on H13 tool steel processed via EBM. Their study
showed that the processing condition significantly affect the
metallurgical properties. Zhang et al. [5] studied the effect of
laser cladding alloy coating layers, and Pinkerton et al. [1]
reported the use of diode laser direct metal deposition as a
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means of repairing internal cracks in metallic components.
Their assessment was done by repairing slots with rectangu-
lar and triangular cross-sections in H13 steel. The micro-
structure of laser surface-hardened hot-work tool steel was
tempered martensite with a high hardness surrounded by a
heat-affected zone of untempered martensite [1,6,7]. Rapid
solidification is an effective method for the fabrication of
metallic alloys with distinct properties for numerous indus-
trial applications. Microstructural enhancement of the prod-
ucts is one of the main advantages of a rapid solidification
process. The high cooling rate achievable during rapid solid-
ification leads to significant refinement of the microstruc-
ture, which produces a remarkable improvement in the
properties compared to those produced under conventional
processes [11]. 

In the present work, DLM processes both with and with-
out metal powders were implemented to investigate the
effect of laser parameters on the quality of the repair. In the
DLM process without powder, surface melting was per-
formed by controlling the laser energy density (the laser
power and the scan rate). In the case of DLM with metal
powder, Fe-Cr and Fe-Ni layer depositions were deposited
on a steel die at an energy input of 11.38 J/mm2. The wear-
resistance and the friction coefficient of the deposited layer
were investigated by a pin-on-disk test. A number of differ-
ent wear mechanisms frequently overlap and occur in a syn-
ergistic manner [12,13]. For the analysis of the die wear, this
study focused on sliding wear.

2. DETAILS OF THE EXPERIMENT

2.1. Comparison of the surface melting area
Table 1 gives the chemical composition of the AISI H13

steel die used in this investigation. 
To understand the effects of the process parameters of the

laser power and scan rate on the DLM process, a series of
experiments was conducted to determine the optimal param-
eters. The component properties are strongly influenced by
the molten pool size, which is mainly controlled by the laser
energy input. Hence, it is important to analyze the surface
melting area. To conduct these analyses, two different exper-
iments were conducted. One experiment used a heat source
(a fiber laser beam) on a steel die substrate without metal
powder to analyze the surface melted area. The other exper-

iment used laser melting with metal powder (Fe-Cr and Fe-
Ni powders) for an analysis of the deposited layer on the
steel die substrate by single-track melting with different laser
processing parameters. 

In the laser beam melting experiments, a fiber laser beam
with a diameter of 0.08 mm was used. The laser-melted layer
was fabricated with a laser power of 50 W to 200 W and a
scan rate of 3.66 mm/s to 366.22 mm/s. Figure 1 shows an
illustration of the apparatus used for the laser surface treat-
ment. The radiation source is a YLR-200 CW Ytterbium
fiber laser manufactured by IPG Photonics with a maximum
power P of 200 W, a wavelength λ of 1075 nm and a laser
beam diameter d of 0.08 mm in the focal position. A scanner
by Scanlab (hurrySCAN®20) was used to control the laser
scanning method. To produce an oxide-free coating, the
chamber was shielded using argon gas (5 l/min) in all exper-
iments. The vertical movement of the cylinder was driven by
a motor.

To analyze a laser-melted layer produced with metal pow-
der, Fe-Cr and Fe-Ni powders were laser-melted at an energy
input ranging from 1.7 J/mm2 to 683 J/mm2. Table 2 gives
the chemical composition of the Fe-Cr powder and the Fe-Ni
powder. These powder particles had a spherical shape with
an average diameter of 20 µm.

2.2. Wear test
The experiments were conducted using a pin-on-disk

(POD) test apparatus. During the tests, a data logging system
continuously recorded the test time (sliding distance), the

Fig. 1. Schematic drawing of Direct Laser Melting system.

Table 1. Chemical compositions of AISI H13 (wt.%)
Fe Cr Ni Mo Si V Mn C

Bal. 5.2 1.3 1.23 1.12 1.1 0.41 0.41

Table 2. Chemical compositions of metal powder (wt.%)
Powder Fe Ni Cr Al Si Cu C Mo S Mn
Fe-Ni Bal. 15.7 3.96 0.76 0.72 0.32 2.07 0.12 0.24 -
Fe-Cr Bal. 7.6 18.2 0.70 0.60 0.30 2.27 0.20 - 1.2
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friction coefficient, the torque and the normal force. The data
were written to a file for further processing. The disks had a
diameter of 54.9 mm and a height of 6 mm. The disk was
machined from H13 die steel of which the hardness was
approximately 200 HV. The pin was shaped so that the disks
could be firmly mounted, and the disks had a circular contact
area with a diameter of 2.5 mm. The average surface rough-
ness of both the pin and the disk after NC-machining was
0.3 µm to 0.4 µm. Figure 2 shows the dimensions of the disk
and the pin. The contact surfaces of the pin were a melted
layer with a thickness of approximately 0.2 mm formulated
with the Fe-Ni and the Fe-Cr powders using an energy input
of 11.38 J/mm2 (a laser power of 200 W and a scan rate of
219.73 mm/s). To measure the wear rate and friction, a wear
test was carried out using a POD testing system under a
varying load (20 N, 40 N and 60 N) at a sliding speed of 200
rpm. Prior to the test, the pin and the disk were cleaned in an
ultrasonic cleaner. Following the test run, the pin and the
disk were removed from the test apparatus and cleaned
again. The weight of the pin was then measured by an elec-
tronic balance with a resolution of 0.1 mg [14].

3. RESULTS AND DISCUSSION

3.1. Properties of the surface melting area without metal
powder

Figure 3 shows the depth of penetration on the substrate
surface versus the scan rate for various laser powers. The
results obtained for a particular melting application will
depend on the specific energy density as determined by the
laser power and scan rate. The accumulated energy on the
substrate surface decreases with an increase in the scan rate,
which results in a non-linear decrease in the depth of pene-
tration.

Figure 4 shows the depth of penetration versus the laser
energy density for various laser powers. This figure shows
the deepest penetration possible with current technology, not
necessarily the optimum penetration conditions. The discon-
tinuity in the curve near 0 J/mm2 to 50 J/mm2 may represent
the transition from conduction melting to deep penetration

by the keyhole mode [10]. The laser energy density can be
estimated by

Laser energy density = (J/mm2) (1)

where P is the laser power (W), v is the scan rate (mm/s), τ is
the pulse duration (s), f is the pulse frequency (Hz) and d is
the beam diameter (mm). The laser power and the scan rate
were varied in this study. The other operational parameters in
Eq. 1 were fixed as follows: a beam diameter of 0.08 mm, a
pulse frequency of 50 kHz and a pulse duration of 20 µs.

Figure 5 shows the depth of penetration (z) as a function of
the parameter P/  using a regression analysis of the
experimental data. Steen and Courtney [15] reported a simi-

P τ f⋅ ⋅
d v⋅

--------------

dv

Fig. 2. Pin-on-disk test: (a) test system and (b) dimensions of the disk and the pin.

Fig. 3. Properties of the surface melting area: (a) cross-sectional view
and (b) depth of penetration on the surface versus the scan rate for var-
ious laser powers.
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lar relationship for the penetration depth z. This figure shows
that the scatter of this parameter with the depth of penetra-
tion is quite significant, with the scatter increasing as the
penetration depth increases. The regression analysis gives

 (2)

where z is the depth of penetration (mm), P is the laser power
(kW), v is the scan rate (mm/s) and d is the beam diameter
(mm). The correlation coefficient (R2) in Eq. 2 is 0.78481.

The influence of the operating laser parameters can be
explained as follows. An increase in the scan rate decreases
the depth of penetration (z), as an increase in the speed
decreases z as a consequence of the shorter interaction time
and thermal gradient, allowing insufficient time for the mol-
ten metal to penetrate deeply into the substrate. However, an
increase in the laser power increases the surface power den-
sity. Hence, the depth of penetration will reach a greater
depth for this type of heat treatment [6,16].

Figure 6 shows the change in the micro-hardness as a
function of the depth at a laser power of 200 W and a scan
rate of 219.73 mm/s. Figure 7 shows the microstructure of the
characteristic zones after laser surface melting. This micro-
structure is from the specimen with an energy input to 11.38
J/mm2. Based on the analysis of the microstructure shown in
Fig. 7, three characteristic zones can be distinguished: zone
‘a’ is where a melted layer begins to solidify. The cooling
rate in the liquid is very high as a result of self-cooling from
the substrate, and a dendritic structure forms with a micro-
hardness of 581 HV to 670 HV. Zone ‘b’ is the heat-affected
zone (HAZ), a transition zone between the melted region
and the parent metal with a fine-grained ferritic-pearlitic
microstructure. The micro-hardness of this zone is about 305
HV. In zone ‘c’, the structure of the substrate was not affected
by the laser, showing a micro-hardness of 217 HV.

3.2. Properties of the surface melted area with metal
powder

Figure 8 shows cross-sectioned beads of the surface
melted area with the metal powder at various scan rates. 

Figure 8(a) shows the results when the heat intensity gen-
erated by the laser was too high, causing the metal powder
and part of the steel substrate to vaporize. The beads in Fig.

z 0.00715 1.46701P/ dv+=

Fig. 4. Depth of penetration versus the laser energy density for various
laser powers.

Fig. 5. Variation of the parameter P/  with the depth of penetra-
tion, z after Steen and Courtney.

dv

Fig. 6. Dependence between micro-hardness and depth of hardening;
P = 200 W and v = 219.73 mm/s.

Fig. 7. Micro-structure in the transverse cross-section of laser-melting
specimen made of the steel die, P = 200 W, v = 219.73 mm/s, E =
11.38 J/mm2.
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8(a) were formed under a laser power of 200 W and a scan
rate of 36.6 mm/s. When deposition occurs at this level of
heat intensity, a deep melt shape is formed and the high pres-
sures lead to material removal by melt expulsion [17,18].
Figure 8(b) shows the conditions in which the heat generated
allowed for full melting to the substrate with good wetting
characteristics. The beads in Fig. 8(b) formed under a laser
power of 150 W and a scan rate of 73.2 mm/s. Figure 8(c)
shows beads with insufficient bonding. The insufficient bond-
ing resulted from an insufficient heat energy supply. Insuffi-
cient bonding occurs with a laser power of 100 W and a scan
rate of 109.9 mm/s.

In the single-scan experiments a process operating win-
dow was obtained, as plotted in Fig. 9. Figure 9 shows that
lower scan rates at higher laser powers cause vaporization as
compared to higher scan rates. This is a result of greater heat
intensities being generated at lower scan rates. In contrast,
insufficient bonding was observed at lower laser powers and
higher scan rates due to the insufficient supply of the heat
energy.

The shape of the melted bead can be characterized by the
melting width (W), the melting height (H) and the melting
depth (D), as defined in the melting profile shown in Fig.
10(a). The limits of the scan rate are the full melting ranges
shown in Fig. 9. Figures 10(b) and (c) show the results of the
single-track melting experiments. As shown in Fig. 10(b),
the depth/height ratio of the melting layer decreases with an
increase in the scan rate. An important operating criterion is
to estimate whether or not the scan rate and the laser power
are appropriate for the process. If the ratio is too large, too
much material from the previous layers can be remelted dur-
ing subsequent laser scanning, causing irregularities in the
melted shape. On the other hand, too small a ratio will

decrease the bonding strength between the neighboring lay-
ers because the molten pool energy is insufficient to re-melt

Fig. 8. Cross-sectioned beads: (a) partial vaporization, (b) full melting and (c) insufficient bonding.

Fig. 9. Process operating window for full melting: (a) Fe-Cr powder
and (b) Fe-Ni powder.
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an adequate amount of existing material [19]. For the Fe-Cr
powder melting test, as the scan rates increased, the resulting
deposited height becomes higher compared to when Fe-Ni
powder is melted at the same penetration depth. This height
difference indicates that the scan rate has a substantial effect
on the deposited height upon melting with Fe-Cr powder.
For the Fe-Ni powder melting test, the difference in the
depth/height ratio as a function of the laser power is larger as
compared to melting with the Fe-Cr powder under the same
scan conditions. This shows that the laser power has a
greater effect upon melting with the Fe-Ni powder compared
to when the Fe-Cr powder was used.

Figure 10(c) shows the depth/width ratio as a function of
the scan rate for two laser powers. The depth/width ratio at a

laser power of 200 W is higher than that at a laser power of
150 W. This ratio is higher upon a higher laser power and is
higher as well at lower scan rates. For the Fe-Ni powder, the
bead shape is relatively shallow compared to the Fe-Cr pow-
der. That is, the melting depth with the Fe-Cr powder is
deeper than it is with the Fe-Ni powder under the same melt-
ing conditions.

Considering the results shown in Figs. 8, 9, and 10, it is
highly recommend to use the following conditions to achieve
a good bead shape with a depth/height and depth/width of
approximately 1.0 [20]: a laser power of 200 W and a scan
rate of 219.7 mm/s. Figure 11 shows the results of the melt-
ing shape with the Fe-Cr powder and the Fe-Ni powder
using the recommended conditions. 

Figure 12 shows the micro-hardness distribution of the
laser melted layer. The measured points were from the
melted bead center to the substrate in the horizontal direc-
tion. The micro-hardness of the Fe-Ni powder bead is higher
than that of the Fe-Cr powder. The profile can be divided
into three regions: the melted layer, the heat affected zone
(HAZ) and the substrate. The higher hardness of the laser
melted layer compared to the substrate is attributed to the
rapid solidification of the melt pool and the concentrated
heating of the laser beam.Fig. 10. Influence of the scan rate on the melting width, height and

depth in the DLM process: (a) melting profile, (b) depth/height ratio
and (c) depth/width ratio.

Fig. 11. Desired melting shape using 200 W power and 219.7 mm/s
scan rate: (a) the Fe-Cr powder and (b) the Fe-Ni powder.

Fig. 12. Micro-hardness of the laser melted layer.
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3.3. Wear characteristics of the laser melted layers
Figure 13 shows the variation in the friction coefficient

with the sliding distance at a normal force of 60 N. The
graph clearly shows two distinct regions of interest: running-
in, and stable sliding. Running-in takes place during the
early stage of the test during in which the friction coefficient
is unstable, usually rising from a low value to a value above
average and then decreasing to a stable sliding condition at a
certain sliding distance [21-24].

Figure 14 shows that the friction coefficient is between 0.1
and 0.3. As the normal load is increased, a higher friction
coefficient is obtained. The laser-melted layer melted with
the Fe-Ni powder shows a lower friction coefficient than that
with the Fe-Cr powder. The friction coefficient was calcu-
lated by measuring the torque on the pin and the radius of the
wear track and then using the following equation:

 (3)
In Eq. 3, µ is the friction coefficient, T is the torque, FN is

the applied load, and r is the radius of the wear track.
The wear resistance measurements were taken from

untreated surfaces and compared with surfaces produced
with the metal powders. Wear is expressed as the amount of
wear volume on the pin.

Figure 15 shows the relationship between the wear volume
losses as a function of the sliding distance. The results show
that the as-received H13 exhibits high wear, which increases
in severity as the sliding distance increases. In contrast, the
laser-melted surfaces melted with the Fe-Ni powder and
with the Fe-Cr powder show excellent wear resistance and a
modest increase in the amount of volume loss as the sliding
distance increases. For the as-received H13, the volume loss
was particularly severe during the initial ‘running in’ stage
of wear. In comparison, the laser melting test showed mild
wear behavior as the sliding distance increased. The wear
tests also revealed that surfaces melted with the Fe-Ni pow-
der resulted in the most wear-resistant surfaces. This wear
resistance was further confirmed by comparing the wear
rates with the various loads shown in Fig. 16. The results
indicate the lowest wear rate for surfaces melted with the Fe-
Ni powder and the highest wear rate for the as-received H13.

The wear rate was calculated using the wear volume and
the sliding distance. The variations in the wear rate as a func-
tion of the sliding distance at loads of 20 N, 40 N and 60 N
are shown in Fig. 16. The findings show that the influence of
the load on the wear rate is strongest for the as-received H13
tool steel. These results show that severe wear occurs for the
as-received H13, but after surface melting with the metal
powder, mild wear occurs due to the change in the surface.
The increase in surface hardness after melting reduces the
wear rate. The laser melting process with the Fe-Ni powder
is desirable for restoring a steel die when the bead shape and
wear resistance of the restored surface are considered.

µ T
FN r⋅
-----------=

Fig. 13. Representative runs showing the variation friction coefficient
at load of 60 N.

Fig. 14. Comparison of the friction coefficient.

Fig. 15. Changes in volume loss with an increase in sliding distance at
a constant applied load of 40 N.
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4. CONCLUSIONS

On the basis of the mechanical properties and microstruc-
tural experimental studies and the results obtained regarding
the effect of the direct laser melting (DLM) process on a
steel die, the following conclusions may be drawn: 

(1) The depth of penetration was found to be closely
related to the parameters as suggested by Steen and Court-
ney. A higher laser power was favorable for producing the
highest depth of penetration. An increase in the scan rate had
a negative influence on the depth of penetration.

(2) The depth/height ratio of the melted layer decreases
with an increase in the scan rate. The depth/width ratio
increases with an increase in the laser power and a decrease
in the scan rate. 

(3) The scan rate has a substantial effect upon the depos-
ited height with the Fe-Cr powder more than it does with the
Fe-Ni powder. The deposition depth of the Fe-Ni powder is
significantly affected by the laser power compared to that of
the Fe-Cr powder.

(4) The melting depth of the Fe-Cr powder is deeper than
that of the Fe-Ni powder under the same melting conditions.
As a result, the bead shape of the Fe-Ni powder is relatively
shallow and wide compared to that of the Fe-Cr powder.

(5) The direct laser melting process with Fe-Ni powder is
recommended to restore a steel die when the bead shape and
wear resistance of the restored surface are considered.
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