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Abstract 
  In this study, the effect of laser power and scan speed on the relative density, melt pool 
depth, and Vickers hardness of selectively laser melted (SLM) maraging steel were 
systematically investigated. The change in these structural parameters and hardness could 
not be always clarified by the volumetric energy density, which is widely used in the SLM 
processes. The deposited energy density, wherein the thermal diffusion length is used as 
a heat-distributed depth, could express the change in these structural parameters and the 
hardness with one curve. To clarify the effect of the laser parameters, the deposited energy 
should be used instead of the volumetric energy density. Thus, this study provides a new 
insight for the selection of the laser condition for SLM-fabricated materials. 
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1. Introduction 
Additive manufacturing (AM) is a promising technique that makes possible the 

fabrication of complex-shaped metal products [1-4]. One of the most popular AM 
processes for metals is selective laser melting (SLM) with powder-bed system [2]. In the 
SLM process, thin-layered powder particles of metals (alloys) are repeatedly bedded and 
fused by laser irradiation. An interesting feature of the SLM process is the formation of 
anomalous microstructures. Laser irradiation melts powder particles locally to generate 
semi-cylindrical melt pools, and the subsequent rapid solidification forms a fine 
microstructure with anisotropy [5-8].  

The SLM process has been applied to various alloy powders [8-11]. For example, 
maraging steel, which is a high-strength special steel reinforced with intermetallic 
compounds instead of carbides, is one of the steels used in the SLM process because of 
its good weldability [11-14]. The maraging steels are widely used as tool steels in the 
mold and die-making industries [15]. Therefore, it is expected that high-performance 
molds and dies of maraging steels (e.g., high cooling efficiency molds with complicated 
water pipe) can be manufactured through the SLM process. In order to achieve such high-
performance molds and dies, it is important to understand the microstructure and 
properties of SLM-fabricated maraging steels. Previous studies have investigated the 
effects of laser scanning conditions and heat treatments on the mechanical properties of 
the maraging steel fabricated through the SLM process [13, 16-18]. The results of our 
previous study revealed the crystallographic features of the martensite structure in the 
SLM-fabricated maraging steel [19]. 
  In the SLM process, it is important to select the building conditions according to the 
materials. If the materials are fabricated under inappropriate building conditions, they 
become porous and do not exhibit good mechanical properties. Many researchers have 
investigated the effects of the laser parameters on the relative density of SLM-fabricated 
alloys [20-24]. The following volumetric energy density (Ed) has been widely used to 
investigate the effects of laser parameters. 
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where P is the laser power, v is the laser-scanning speed, S is the hatch spacing between 
adjacent laser-scanning tracks, and t is the bedded-power layer thickness. However, it 
remains unclear whether the volumetric energy density is appropriate to represent the 
influence of the laser conditions [25].  
  In this study, the effects of the laser conditions on the relative density, melt pool depth, 
and microhardness of SLM-fabricated maraging steel were systematically investigated. 



In particular, another parameter was used instead of the volumetric energy density. 
   
2. Experimental procedure 

In the experiment, maraging steel powder, whose details have been presented in our 
previous report, was used [19]. The SLM processing was conducted at room temperature 
using the 3D systems ProX 200 (3D SYSTEMS, Rock Hill, SC, USA) additive-
manufacturing system equipped with an Yb-fiber laser. A hexagonal grid laser-scanning 
pattern was applied [19]. The fabrication parameters used in this research were as follows: 
the laser spot size was approximately 100 µm, which was determined by the extent of 
negatively defocusing (convergent nature) [26] from the focal position of the laser; the 
bedded-powder layer thickness was 30 µm; the hatch spacing between adjacent laser-
scanning tracks was 50 µm; the rotation angle between the bedded-powder layers was 
90°. Fig. 1 shows (a) the appearance of the fabricated samples and (b) the laser conditions 
applied in this study. 25 cuboidal samples with a size of approximately 15 × 15 × 15 mm3 
were fabricated with different laser powers and scan speeds. The numbers near the circles 
shown in Fig. 1(b) correspond to the numbers of the samples shown in Fig. 1(a). The laser 
parameters were set such that the conditions with the same volumetric energy density 
were included. All the conditions falling on the dashed line shown in Fig. 1 (b) had a 
constant volumetric energy density of approximately 68 J ⋅ mm-3. Fabrication of samples 
under the conditions indicated by the cross symbols was also attempted in this study. 
However, the samples could not be completely built because the recoater hit uneven 
surface of the samples and stopped. The uneven surfaces were due to too high laser energy 
(high laser output and slow scan speed). The higher laser energy causes molten metal to 
flow by the recoil pressure and Marangoni convection [27, 28]. As the metal solidifies 
while flowing, unevenness is generated on the surface of the fabricated sample. 

 In this study, the building direction was defined as the positive direction of the z-axis. 
The surfaces in perpendicular and horizontal to the building direction are denoted as the 
XY plane and XZ plane, respectively. To evaluate the relative density, melt pool depth, 
and microhardness (HV), the built bulk samples were cut out from the base plate. Then, 
the densities of the samples were measured using the Archimedes method. The built bulk 
samples were mechanically polished with emery papers and buffed with a 3 µm diamond 
slurry, followed by the final polishing with a colloidal silica. The samples’ microhardness 
values were measured on the XY and XZ planes using a Vickers indenter (FUTURE-
TECH CORP., FM-300e) at a constant load of 9.8 N at ambient temperature. The polished 
samples were etched with nital solution at room temperature. Finally, ten melt pools on 
the XZ plane near a top surface of each sample were observed with an optical microscope. 



The maximum depths of each semicircular melt pool from the top surface was measured 
and averaged to obtain the melt pool depth. 
  In this study, the ratio of the deposited energy density (∆H) to the enthalpy at melting 
(hs), which is expressed by Eq. (2), was applied to summarize the results. 
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where A is the laser absorptivity, D is the thermal diffusivity, respectively. σ is the laser 
spot size (half-width of gaussian beam [29]), which is determined by the laser wavelength, 
the incident diameter to the optical system, the lens performance, and the focal length, 
and denoted as the optical spot size in this study. The deposited energy density (∆H) has 
the same unit (Joule per unit volume) as the volumetric energy density. This parameter 
was originally proposed by Hann et al. [29] and used to investigate the correlation 
between the melt pool depth normalized by the spot size and the laser condition [30]. In 
Eq. (2), materials properties like A, D, and hs are included. It is assumed that change in 
microstructure or properties (e.g., the relative density) can be always clarified based on 
only Eq. (2) even if different materials are applied. A, D, and hs are constants in this study 
because only a maraging steel powder was used. In addition, the optical spot size (σ) is 
also a constant. Therefore, P ⋅ v-1/2 was used based on Eq. (2) to simplify the parameter by 
removing constants. Since the parameters other than P and v are constants in the present 
study, the main difference between volumetric and deposited energy densities is the power 
index of the scanning speed, which contributes to the volumetric energy density as v-1 and 
to the deposited energy density as v-1/2. 
 
3. Results  
  Figure 2(a, b) shows the typical optical microscopy images of the samples (XZ plane) 
fabricated under a (a) low laser condition (85 W and 2,500 mm s-1) and (b) high laser 
condition (160 W and 1,250 mm s-1), and (c) the change in the relative density as a 
function of the volumetric energy density. In Fig. 2(a), the dark contrast represents the 
pores. The relative density of this sample was approximately 74.8%, as shown in Fig. 2(c). 
Under low laser conditions (low laser power and high scan speed), the samples included 
many pores, and the morphology of the raw material powder was partially retained. Dense 
materials were obtained under high laser conditions (high laser power and low scan speed), 
as shown in Fig. 2(b). The relative density of this sample was approximately 99.8%. The 
relative density tended to increase as the volumetric energy density increased (Fig. 2(c)). 
However, the relative density had considerable variation even under conditions with 



approximately the same volumetric energy density. For example, when the volumetric 
energy density was 68 J ⋅ mm-3, the maximum relative density was 99.4% (dense) and the 
minimum density was 78.0% (porous). Therefore, the volumetric energy density cannot 
be always used as a measure to obtain the conditions necessary to fabricate dense 
materials.  
  Figure 3(a, b) shows the optical microscopy images of the samples (XY plane) under 
(a) 170 W and 2,500 mm s-1 and (b) 230 W and 1,667 mm s-1, and (c) the change in the 
melt pool depth as a function of the volumetric energy density. The data points and error 
bars indicate the average value and standard deviation of the measured depths of ten melt 
pools. Note that the number of data points shown in Fig. 3(c) is smaller than the number 
of samples. This is because many pores existed in samples with low relative density, and 
thus the melt pools could not be clearly distinguished. The melt pool depth changed 
depending on the laser condition, and a higher laser condition generated a deeper melt 
pool. The samples shown in Fig. 3(a, b) had a melt pool depth of approximately 60 µm 
and approximately 130 µm, respectively, as shown in Fig. 3(c). Keyholes, which often 
arise due to exceeding the boiling temperature of the material under extremely high laser 
conditions, were not observed [30, 31]. As shown in Fig. 3(c), the melt pool depth tended 
to increase as the volumetric energy density increased. However, the melt pool depth 
differed largely, even when the volumetric energy density had almost the same value. 
When the data points regressed linearly, the correlation coefficient was R=0.686. When 
the volumetric energy density was 68 J mm-3, the maximum melt pool depth was 
approximately 100 µm and approximately three times deeper than the bedded powder 
layer thickness (30 µm). Additionally, the minimum melt pool depth was approximately 
60 µm and approximately twice deeper than 30 µm. This indicates that the melting times 
per one bedded-powder layer changed (two or three times). The melt pool was a trace of 
the heat input into the material. The fact that the melt pool depth cannot be understood by 
the volumetric energy density suggests that the assumed thermal distribution is not valid.  
  Figure 4 shows the change in the Vickers hardness as a function of (a) the volumetric 
energy density and (b) the relative density. The open and closed symbols indicate the 
hardness measured at the XY and XZ plane, respectively. The data points and error bars 
indicate the average value and standard deviation of the Vickers hardness measured at the 
five portions. The Vickers hardness tended to increase as the volumetric energy density 
increased. However, the Vickers hardness varied drastically, particularly when the 
volumetric energy density was 68 J ⋅ mm-3. As shown in Fig. 4 (b), the Vickers hardness 
increased as the relative density increased. The dominant factor of the change in the 
Vickers hardness was the number of pores. Under low laser conditions, the samples 



include many pores, which results in the decrease of the Vickers hardness. It is noted that 
the Vickers hardness cannot be clarified by the volumetric energy density because the 
relative density cannot be understood (Fig. 2(c)). The Vickers hardness of the dense 
materials (plotted near the relative density of 100%) was approximately 400 HV, which 
is in good agreement with previous reports [11, 12]. This hardness value was higher than 
that of the solution heat-treated maraging steel fabricated using conventional processes 
(approximately 300 HV) [32, 33]. Moreover, the Vickers hardness did not differ much 
regardless of the measurement surface (XY plane and XZ plane). 
  Figure 5 indicates the correlation between the relative density and P ⋅ v-1/2 (deposited 
energy density). The change in the relative density could be approximated by a single 
curve. The relative density increased when P ⋅ v-1/2 was less than approximately 3.3 W ⋅
mm-1/2 ⋅ s1/2, and became almost constant at approximately 100% (dense) when P ⋅ v-1/2 
exceeded the value. Although there is some variation in the relative density even in the 
dense region, the deposited energy density can roughly provide the threshold laser 
condition from porous to dense. This result means that the laser conditions for fabricating 
dense materials can be designed by P ⋅ v-1/2 instead of the volumetric energy density. Note 
that the threshold value depends on the other laser parameters such as the spot size, hatch-
spacing between adjacent laser-scanning tracks, bedded-powder layer thickness, and so 
on.  

Figure 6 shows the change in the melt pool depth as a function of P ⋅ v-1/2 based on the 
deposited energy density. The variation became smaller in comparison with the variation 
shown in Fig. 3 (c). In fact, when the data points regressed linearly, the correlation 
coefficient (R) was R= 0.934, which is better than the correlation coefficient between the 
melt pool depth and volumetric energy density (R=0.686). . Additionally, the melt pool 
depth increased almost linearly as P ⋅ v-1/2 increased. This result suggests that the thermal 
distribution assumed in the deposited energy density is valid. The melt pool depth was 
approximately 70 µm when P ⋅ v-1/2 was approximately 3.3 W ⋅ mm-1/2 ⋅ s1/2. Assuming that 
the regression line can be extrapolated to the low P ⋅ v-1/2 region, the melt pool depth was 
smaller than approximately 60 µm in the case of low relative density. Thus, it was found 
that a bedded-powder layer must melt more than twice to make the materials dense.  
  Figure 7 presents the change in the Vickers hardness as a function of P ⋅  v-1/2. The 
change in the Vickers hardness can be approximated by one curve such as the relative 
density. The Vickers hardness increased when P ⋅ v-1/2 was less than approximately 3.3 W
⋅  mm-1/2 ⋅  s1/2, and became almost constant at approximately 400 HV when P ⋅  v-1/2 
exceeded the value. Again, it was confirmed that P ⋅ v-1/2 (deposited energy density) was 
an effective choice as the laser condition to fabricate satisfactory materials. 



 
4. Discussion 
  In this study, the effects of the laser power and scan speed on the relative density, melt 
pool depth, and Vickers hardness of the selectively laser melted maraging steel were 
investigated. The changes in the relative density, melt pool depth, and Vickers hardness 
were not always clarified by using the volumetric energy density (Figs. 2-4), which is 
widely used in the SLM process. On the other hand, using the deposited energy density 
enabled the expression of the changes in these parameters by a single curve (Figs. 5-7), 
owing to the difference in the models assumed in each energy density, as shown in Fig. 8. 
Both the volumetric and deposited energy densities had the same unit (Joule per unit 
volume) but were normalized by different volume. In the volumetric energy density 
model shown in Fig. 8 (a), the heat-distributed region per unit time is a rectangular 
parallelepiped with a size of v × S × t. The laser energy per unit time is P, and Eq. (1) is 
obtained by dividing P by v × S × t. This model assumes that heat is always transferred 
in a depth of the bedded-powder thickness (t) even when the scan speed (v) changes. 
However, this is not reasonable because different v changes the time during which laser 
is irradiated to a certain point, and the depth in which heat is transferred during the time. 
On the other hand, in the deposited energy density model shown in Fig. 8(b), the heat-
distributed region is a cylinder with a volume of πσ2(Dτ)1/2 [30], where τ is the dwell 
time, during which the laser is irradiated to a certain point. The laser heat irradiated during 
τ is Pτ, and the heat absorbed in the material is APτ. Eq. (2) is obtained by dividing APτ 
by πσ2(Dτ)1/2 although numerical coefficient is different because Hann et al. have taken 
thermal distribution into stricter consideration [29]. Here, it is noted that the thermal 
diffusion length ((Dτ)1/2) is used as a heat-distributed depth. (Dτ)1/2 physically indicates 
the depth into which heat is transferred during the laser-irradiation and varies depending 
on the scan speed since τ is approximated by σ / v. The model of the deposited energy 
density is more appropriate than the model of the volumetric energy density. 
Consequently, the change in the relative density, melt pool depth, and Vickers hardness 
were clarified by using P ⋅ v-1/2 based on the deposited energy density.      

The main difference between the volumetric and deposited energy densities is the 
power index of the scan speed, which contributes to the volumetric energy density as v-1, 
but to the deposited energy density as v-1/2. In the volumetric energy density, the 
contribution of the scan speed is the same as that of the laser power. For example, when 
both the laser output and scanning speed are doubled, the energy density does not change. 
However, the contribution of the scanning speed is actually smaller than the contribution 
of laser power. When the laser power doubled, equal deposited energy density, which 



provides an approximately equal relative density, is obtained by quadrupling the scan 
speed. In other words, if the laser power is increased slightly, the building speed will 
increase largely. The deposited energy density offers important insights with regard to 
productivity improvement pertaining to the processes of additive manufacturing.  

The deposited energy density has been used to clarify the correlation between the melt 
pool depth normalized by the spot size and the laser condition, particularly in research 
fields related to welding. The results obtained by previous studies have revealed that the 
change in the normalized melt pool depth can be expressed by one curve as a function of 
the deposited energy density [29, 30]. The deposited energy density also provides the 
laser conditions under which the materials change from dense to porous, owing to the 
formation of the keyhole. The present study revealed that the relative density and Vickers 
hardness can be expressed by one curve as a function of the deposited energy density. The 
deposited energy density also provides the threshold laser condition (P ⋅ v-1/2 = ~3.3 W ⋅
mm-1/2 ⋅ s1/2) from porous to dense. Thus, the deposited energy density provides both the 
upper and lower limits of the laser conditions to obtain dense materials. It is noted that 
the relative density is not always good (e.g., relative density <99%) in the dense region 
in Fig. 5. This is because only the thermal diffusion is considered in Eq. (2). As reported 
in the previous studies, the recoil pressure, Marangoni convection, and generation of 
sputter affects the relative density of the SLM-fabricated materials [27, 28]. By taking 
these effects into consideration, it is possible to estimate the laser conditions for obtaining 
high relative density more accurately. 

The volumetric energy density has been widely used in research fields about the 
additive manufacturing processes. Some studies reported that the change in the relative 
density can be understood by the volumetric energy density [12, 24]. Figure 9 indicates 
the change in the relative density as functions of (a) the volumetric energy density, (b) P
⋅ v-1/2 ⋅ σ-3/2 based on the deposited energy density. In Fig. 9, the data reported in previous 
literatures [12, 24] were also shown. As indicated by the reference data shown in Fig. 
10(a), the change in the relative density can be expressed by one curve using the 
volumetric energy density, which is different from this study. This is attributed to the 
difference in the range of laser conditions. In previous studies, the laser power and scan 
speed were in the range of 57-100 W and 100-600 mm s-1, respectively. These ranges are 
narrower than the ranges used in this study (43-255 W and 417-3,000 mm s-1). 
Consequently, the volumetric energy density seems to have been able to express the 
change of the relative density. However, the volumetric energy density is inappropriate 
for a wider range of laser conditions such as those used in this study. In Fig. 9 (b), P ⋅ v-1/2

⋅ σ-3/2 is used instead of P ⋅  v-1/2 because the spot sizes in the previous studies were 



different to those used in this study. The change in the relative density could not be 
clarified by P ⋅ v-1/2 ⋅ σ-3/2. For example, the relative density reported by Casalino et al. [24] 
reached approximately 100% at the smallest P ⋅ v-1/2 ⋅ σ-3/2.  This is due to the difference 
in the hatch-spacing between the adjacent laser-scanning track (S) and the bedded powder 
thickness (t). In previous reports, these parameters were different to the parameters used 
in this study. Additionally, these parameters are not included in Eq. (2) because the 
equation of the deposited energy density does not assume that the laser is irradiated 
multiple times, in the same way as in SLM, but rather that the laser scanned once in one 
direction. Thus, the effect of the SLM process parameters cannot be completely clarified 
by Eq. (2), which must be modified further to express the effects of the process parameters 
comprehensively. Especially when the hatch distance changes, it is necessary to consider 
the effects of not only the optical spot size in Eq. (2) but also effective spot size (powder 
melting region). In other words, it is expected that the relative density changes depending 
on how much region where powder is actually melted is overlapped. Moreover, various 
existing studies have reported that the microstructure in SLM-fabricated materials can be 
controlled by laser-scanning strategies [34, 35]. Therefore, it is necessary to investigate 
whether the microstructure can be controlled based on the deposited energy density.  
 
5. Conclusions 
  The effects of the laser power and the scan speed on the relative density, melt pool 
depth, and the Vickers hardness of the SLM-fabricated maraging steel were investigated. 
The relative density, melt pool depth, and Vickers hardness exhibited large variation even 
when the volumetric energy density had the same value. It is concluded that the change 
in these structural factors and the hardness cannot be always clarified by the volumetric 
energy density, which is widely used in research fields related to the SLM process. 
Moreover, P ⋅  v-1/2 based on the deposited energy density enables the change in these 
values to be represented by one curve and provides a threshold value for the laser 
conditions to fabricate dense materials. This is caused by the difference in the thermal 
distribution model. Considering the thermal diffusion length, the deposited energy density 
is more physically reasonable than the volumetric energy density. Although the deposited 
energy density provides the upper and lower limits of the laser condition to fabricate dense 
materials, it must be modified to express the effect of other process parameters. 
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Captions 
Fig. 1. (a) Appearance of 25 cubic samples fabricated under different laser conditions 

and (b) laser conditions applied in this study. The circles close to the numbers 
correspond to the building condition of samples in (a), and the crosses correspond to 
the conditions under which samples could not be built.  

Fig. 2. (a, b) Optical microscopy images of samples fabricated under (a) 85 W and 2,500 
mm s-1 and (b) 160 W and 1,250 mm s-1; (c) change in relative density as a function 
of volumetric energy density. 

Fig. 3. (a, b) Optical microscopy images under (a) 170 W and 2,500 mm s-1 and (b) 230 
W and 1,667 mm s-1; (c) change in melt pool depth as a function of volumetric energy 
density.  

Fig. 4. Change in Vickers hardness as functions of (a) the volumetric energy density and 
(b) relative density. 

Fig. 5. Change in relative density as a function of P ⋅ v-1/2 based on deposited energy 
density. 

Fig. 6. Change in melt pool depth as a function of P ⋅ v-1/2 based on deposited energy 
density. 

Fig. 7. Change in Vickers hardness as a function of P ⋅ v-1/2 based on deposited energy 
density. 

Fig. 8. Schematic illustrations of models assumed in (a) the volumetric energy density 
and (b) deposited energy density. 

Fig. 9. Change in relative density as functions of (a) the volumetric energy density and 
(b) P ⋅ v-1/2 ⋅ s-3/2 based on the deposited energy density. 
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