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DUAL SPEED LASER RE-MELTING FOR HIGH DENSIFICATION IN H13 TOOL STEEL METAL 3D PRINTING

The densification behavior of H13 tool steel powder by dual speed laser scanning strategy have been characterized for selec-
tive laser melting process, one of powder bed fusion based metal 3d printing. Under limited given laser power, the laser re-melting
increases the relative density and hardness of H13 tool steel with closing pores. The single melt-pool analysis shows that the pores
are located on top area of melt pool when the scanning speed is over 400 mm/s while the low scanning speed of 200 mm/s generates
pores beneath the melt pool in the form of keyhole mode with the high energy input from the laser. With the second laser scan-
ning, the pores on top area of melt pools are efficiently closed with proper dual combination of scan speed. However pores located
beneath the melt pools could not be removed by second laser scanning. When each layer of 3d printing are re-melted, the relative
density and hardness are improved for most dual combination of scanning. Among the scan speed combination, the 600 mm/s by
400 mm/s leads to the highest relative density, 99.94 % with hardness of 53.5 HRC. This densification characterization with H13
tool steel laser re-melting can be efficiently applied for tool steel component manufacturing via metal 3d printing.
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1. Introduction

H13 is a hot-work steel widely used in die casting, hot forg-
ing, injection molding [1,2]. Due to its high toughness, hardness
and wear resistance property, complex shape design of H13 steel
is hard with conventional fabrication method such as casting and
forging and excessive time and cost can be required for H13 com-
ponent design customization. In this regard, metal 3d printing,
also known as metal additive manufacturing (AM) method has
been recently used to build up a complex shape H13 components
[3,4]. Metal AM method uses metal powders and laser sintering/
melting to build up a three dimensional parts. With the principle
of layer-by-layer additive process, this process has high degree
of freedom for shaping. Selective laser melting (SLM) is one of
metal AM process using powder bed fusion principle which is
able to develop higher accuracy fabrication than the other AM
process such as direct energy deposition (DED) method [5,6].
With this benefit of SLM, complicated shape of mold steel
component can be developed. For example, unique design of
conformal cooling channel or cavity can be made with SLM [7].

Despite of these benefits, there still exists various prob-
lems to overcome in SLM such as low relative density and low
mechanical property [8-10]. There have been several studies to
increase relative density by SLM by control laser power and
scan speed for H13 tool steel [11,12]. Post process of hot iso-
static pressing (HIP) method are used to increase density after

printing [13,14]. However, HIP process requires much time and
cost additionally. In this regards, laser re-melting or re-scanning
method have been applied to obtain high densification during
SLM process [15-17] which was normally applied only on the
surface of metal component to obtain fine surface finishing
[18-21]. Laser re-melting during SLM process can increase the
density by closing pores in each layers. However, improper re-
melting strategies can results in reverse effect on densification.

In this study, we aim to develop dual scan speed combina-
tion process for laser re-melting to obtain high density of H13
components via SLM. The laser was exposed twice on the same
surface of pattern in each layer during SLM process. The scan
speed of first exposure and second exposure were changed to
match the optimum combination for closing pores. Printed speci-
mens with each combination of scan speeds were compared to
verify optimum process condition.

2. Materials and experimental procedure

Commercial H13 powder (Sandvik Co.) was used for SLM
process. Fig. 1 shows the morphology and particle size distribu-
tion of H13 powder used in this study. As shown in Fig. 1(a),
powder has spherical shape with a few satellites on the surface.
This spherical shape of powder is important for uniform coating
of each layer in SLM. Fig. 1(b) shows the particle size distribu-
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tion measured by laser diffraction method. The D50 particle size
was 35 mm and the standard deviation was 4.6. This narrow size
distribution can enhance the flowability during re-coating in
SLM [22]. The flow rate was measured by hall flow meter with
ASTM B213 and it showed 16.7 sec/50g.
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Fig. 1. Characterization of H13 powder. (a) SEM Morphology of H13
Powder (Scale bar: 20 mm), (b) Laser diffraction analysis of particle
size distribution

For SLM process, M. LAB (Concept Laser Co.) was em-
ployed, which uses powder bed fusion principle for metal 3d
printing. The oxygen level during printing was maintained below
0.3% with argon as atmosphere gas. To compare the dual scan

(a)

speed combination of laser re-melting, the laser power, hatch
space and single layer thickness were fixed at 90 W, 80 mm and
25 mm respectively. The first and second scan speed was varied
within 100 mm/s~1000 mm/s. To observe pore formation in
single melt pool during general re-melting process, same speed
combination of first and second scan was conducted in single line
printing with H13 powder on stainless 316L plate. To compare
the density and mechanical hardness with dual scan speed re-
melting, cubic shape (1cm x1cm x1cm) H13 components were
printed by dual scan planning. The percentage of pores were
calculated from the cross-sectional optical microscopy images
via image analysis and Rockwell C hardness test was conducted
to measure hardness of H13 printed components.

3. Results and discussion

Fig. 3 shows the single melt pool cut surface morphology
of single scanning with 200 mm/s, 400 mm/s, 600 mm/s and
800 mm/s. As shown in Fig. 3(a), there existed pores at the
beneath of large melt pool, which is a key hole mode generated
by too high laser energy given to H13 powders and evaporation
of metal [23,24]. This keyhole mode is one of factor that limit
the volumetric energy density according to laser scan speed and
power as a design parameter in SLM [25]. Too slow scan speed
in Fig. 3(a) resulted in relatively high input energy into melt
pool which led to this defect. Fig. 3(b) shows the single melt
pool morphology with scan speed of 400 mm/s. The melt pool
size of (b) is much smaller than (a) and there existed multiple
pores in the single melt pool. As show in Fig. 3(c), the single
melt pool of 600 mm/s is slightly smaller than (b) and reduced
number and size of pores exist near the top surface of melt pool.
Fig. 3(d) shows the single melt pool of 800 mm/s which is the
smallest in size among four scan speeds.

Figs. 4~7 shows the single melt pool cut surface morphol-
ogy with laser re-melting of different combination of scan
speeds. Fig. 4 shows the single melt pool cut surface processed
by dual scan speeds ( (a) 200 mm/s followed by 200 mm/s, (b)
200 mm/s followed by 400 mm/s, (c) 200 mm/s followed by
600 mm/s and (d) 200 mm/s followed by 800 mm/s). All four

(b)

Fig. 2. Schematic diagram of H13 SLM component. (a) Single melt pool analysis, (b) Cubic (1 cmx1 cmx1 cm) specimen analysis
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Fig. 3. Single melt pool analysis of 1 time scanning (a) 200 mm/s, (b) 400 mm/s, (c) 600 mm/s, (d) 800 mm/s (Scale bar : 70 mm)
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Fig. 4. Single melt pool analysis of dual scanning with first speed of 200 mm/s (a) Second speed 200 mm/s, (b) Second speed 400 mm/s, (c)
Second speed 600 mm/s, (d) Second speed 800 mm/s (Scale bar : 70 mm)

specimens had key holes near the bottom of melt pool. This
existence of keyhole mode indicates that the second melting
could not remove the defect located bottom of the melt pool.
With the first scan speed of 200 mm/s, the re-melting with dif-
ferent combination of second scan speeds (200 mm/s~800 mm/s)
could not remove the key holes which are located too deep in

the melt pool generated by first low scan speed 200 mm/s with
high energy density.

The single melt pool with first scan speed of 400 mm/s and
second scan speed from 200 mm/s to 800 mm/s are shown in
Fig. 5. The single melt pool of 400 mm/s followed by 200 mm/s
had key hole near the bottom area while the others didn’t have
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Fig. 5. Single melt pool analysis of dual scanning with first speed of 400 mm/s (a) Second speed 200 mm/s, (b) Second speed 400 mm/s, (c)
Second speed 600 mm/s, (d) Second speed 800 mm/s (Scale bar : 70 mm)
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Fig. 6. Single melt pool analysis of dual scanning with first speed of 600 mm/s (a) Second speed 200 mm/s, (b) Second speed 400 mm/s, (c)
Second speed 600 mm/s, (d) Second speed 800 mm/s (Scale bar : 70 mm)

such defects. The width and dept of the single melt pool de-  pool with first scan speed of 600 mm/s and its combination with
creased as the second re-melting scan speed increased. The melt  second scan speed from 200 mm/s to 800 mm/s. The key hole
pool size of second scan speed 800 mm/s was anout 1/4 times  in 600 mm/s followed by 200 mm/s was much smaller than that
smaller than that of 200 mm/s. Fig. 6 shows the single melt  of 200 mm/s followed by 600 mm/s and 400 mm/s followed
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by 200 mm/s as shown in Fig. 6(a). For 600 mm/s followed by
400 mm/s, 600 mm/s or 800 mm/s, no significant defects were
observed while the size of melt pool decreased as second scan
speed increased.

The single melt pool with first scan speed of 800 mm/s
and its combination with second scan speed from 200 mm/s to
800 mm/s are shown in Fig. 7. Similarly with Figs. 5 and 6, the
combination with second scan speed 200 mm/s led to key hole
near the bottom of large melt pool. The overall melt pool size
of four specimen was the smallest among other first scan speed
from 200 mm/s to 600 mm/s. As shown in Fig. 7(d), the melt
pool was almost 20 % of Fig. 7(a) in size. The optical image
of 3d printed H13 cut-surface with different dual scan strategy
was summarized in Fig. 8. With first scan speed of 200 mm/s,
no significant improvement was induced by the re-melting with
second scan speed ranging from 200 mm/s to 800 mm/s. Accord-
ing to the single melt pool analysis in Figs. 3~7, this unaffecting
re-melting effect could be caused by the key holes located near
the bottom of melt pool which cannot be easily removed by the
second melting. Dual speed re-melting combination with first
scan speed 200 mm/s could not recover the generated pores.
With 400 mm/s of first laser scanning, pores were reduced with
re-melting of second scan speed ranging from 400 mm/s to
800 mm/s. The too law speed in second scanning of 200 mm/s
led to generation of pores due to its high energy density caus-
ing key hold mode while too high speed in second scanning of
800 mm/s or 1000 mm/s could not close the pores. Cracks were
observed in the specimen of 400 mm/s by 1000 mm/s. With the

Fig. 7. Single melt pool analysis of dual scanning with first speed of 800 mm/s (a) Second speed 200 mm/s, (b) Second speed 400 mm/s, (c)
Second speed 600 mm/s, (d) Second speed 800 mm/s (Scale bar : 70 mm)

comparision with single melt pool analysis in Figs. 3 and 5,
too small melt pool size with high scan speed could induce not
enough overlapping of melt pool related such crack defect. The
scan speed combination of 400 mm/s followed by 600 mm/s led
to the least existence of pores.

With 600 mm/s of first laser scanning, 400 mm/s and 600
mm/s resulted in most reduction of pores by re-melting. However,
specimen with 600 mm/s followed by 600 mm/s had regional
big pores which could cause degradation of mechanical property.
For 800 mm/s and 1000 mm/s, more percentage of larger pores
appeared which could reduce the relative density and mechani-
cal property. According to the single melt pool analysis of dual
scan speed scanning in Figs. 3 and 6, too small melt pool size
with fast speed of first and second scanning could induce such
defects. With 800 mm/s of first laser scanning, most specimen
had large number of small pores or large size pores or nannow
line cracks connecting pores.

In Fig. 9, the characteristic densification behavior in each
combination of dual speed re-melting is quantitatively analyzed
with image analysis of generated pores. Fig. 9(a) shows the
calculated number of pores per square centimeter in each speci-
men with different dual scan speed. For specimen with first scan
speed of 200 mm/s, the re-melting with 100 mm/s~1000 mm/s
increased the number of pores which mean that re-melting had
reversal effect for densification with such low first scan speed.
In addition, the number of pores with second scan speed above
400 mm/s were decreased by more than 50% than with the
second scan speed of 200 mm/s. Over 400 mm/s of second scan



Fig. 8. Laser Re-melting specimen optical image with different combination of scan speed (Scale bar : 400 mm)
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Fig. 9. Image analysis of generated pore characterization (a) Number of pores in square centimeter, (b) Average pore size

speed, there existed clear reduction of pores under re-melting
with second scan speed above 400 mm/s. For the first scan speed
400 mm/s, the overall number of pores were about 55% of the
specimens with first scan speed 200 mm/s. The dual combina-
tion with 400 mm/s followed by 600 mm/s dramatically reduced
the number of pores almost close to zero while there was no
significant change in combination with the other second scan
speed (800 mm/s, 1000 mm/s). Similarly, for first scanning
with 600 mm/s, second scan speed over 400 mm/s showed 75%
reduction of pores compared to second scan speed of 200 mm/s.

Regardless of first scan speed, the pores generally increased
by higher second speed above 400 mm/s. Fig. 9 (b) shows the
average size of pores in each combination of scan speeds. The
average pore size of first scan speed, 1000 mm/s was higher than
the other first speed of scanning and first scan speed of 400 mm/s
and 600 mm/s had the lowest average size of pores.

The hardness and relative density of printed metal speci-
mens were summarized in Fig. 10. The single scan 3D printing
of H13 had relative density ranging from 95% to 98% with scan
speeds ranging from 200mm/s to 800 mm/s. The hardness of
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Fig. 10. The hardness and relative density of 3D printed H13 speci-
men

single scan 3D printing was in between 46 and 52 HRC. While
the relative density and hardness of single 3D printing with
scan speed 400 mm/s and 600 mm/s were relatively lower than
that of 200 mm/s and 800 mm/s, most positive re-melting effect
were obtained appeared with first scan speed of 400 mm/s and
600 mm/s which had relative density over 99.5% and hardness
over 53 HRC. Among the re-melted specimens, the specimen
with 600 by 400 mm/s showed nearly full density of 99.94%
with high hardness 53.5 HRC.

4. Conclusion

H13 tool steel have been printed by selective laser melt-
ing with different laser scan plan and characterized by relative
density and hardness. The re-melting of H13 tool steel increased
the relative density and hardness with closing pores generated
by first single laser scanning. Too low first laser scanning of 200
mm/s led to key hole defects beneath the melt pool, which could
not be efficiently removed by second melting with scanning
speed from 200 mm/s to 800 mm/s. The pores were generated
on top area of melt pool with first scanning of 400 mm/~800
mm/s and they were successfully removed by second laser scan-
ning. Nearly full density of 99.94% was achived for H13 tool
steel by metal 3D printing based on SLM. These results can be
very useful to fabricate H13 tool steel by selective laser melt-
ing process with understanding of characteristic densification
behavior under different combination of first and second laser
melting.
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