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Abstract

In laser powder-bed fusion (LPBF), the actual thickness of powder particles that spread on solidified zones, so-called effec-
tive layer thickness (ELT), is higher than the nominal layer thickness. The source cause of this discrepancy is the fact that
powder particles substantially shrink after selective melting, followed by solidification. ELT, as an unknown parameter,
depends on process parameters and material properties. In this study, an effective method to measure ELT is proposed and
applied to 17-4 PH stainless steel for a nominal build layer thickness of 20 um. The measured ELT was larger than 100 pm,
which is far beyond the values reported in the literature. Results obtained from the current study show the effect of applying
the ELT rather than the nominal build layer thickness in numerical modeling studies as well as understanding the governing

physics in the LPBF process.
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1 Introduction

During laser powder-bed fusion (LPBF), powder character-
istics directly govern the final part properties. For example,
the layer thickness is directly related to the part density [1,
2]. In addition, the powder flowability, size distribution, etc.
affect the final part properties and, therefore, play an impor-
tant role to achieve high-quality parts [1, 3, 4]. On the other
hand, better understanding of powder characteristics such
as powder bed density and powder layer thickness helps in
defining proper boundary conditions for computer modeling
of the LPBF process.

In LPBF, the powder bed characteristics and laser—pow-
der interaction define the most critical aspects of the pro-
cess. Several studies in the literature have identified layer
thickness as one of the most important parameters in LPBF
[2, 5, 6]. Layer thickness is identified as the new layer of
powder spread on top of the previously solidified zone. One
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should, however, differentiate the nominal layer thickness
and actual layer thickness referred to as the effective layer
thickness (ELT). Theoretically, ELT is assumed to be larger
than the nominal build layer thickness due to the shrinkage
after melting and solidification.

There are several theoretical estimations of ELT in the
literature [5, 7, 8], where ELT is considered to be around
double the build layer thickness. Spierings et al. [5] assumed
a powder layer density of 60% to estimate ELT while Mindt
et al. [9] assumed a packing density of 50% to calculate ELT.
Similarly, Zhang et al. [7] and Gurtler et al. [8] proposed
a mathematical model to calculate ELT. A wide range of
38-60% relative powder bed compaction density is reported
in laser powder-bed fusion [10]. Although efforts have been
made to determine the relative compaction density of pow-
der bed using experimental and simulation tools and cor-
relate it to ELT [11-13], the literature lacks a systematic
experimental study to determine the accurate value of ELT.

In this paper, a method for the accurate measurement of
ELT during LPBF is proposed. The measured values are
then validated through profilometry data using a confocal
microscope. To the best knowledge of the authors, this is the
first work that presents a methodology to efficiently measure
ELT. As layer thickness is an input for numerical modeling
of LPBF, an accurate measurement of ELT is of importance
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as it directly affects the calculated temperature distribution,
melt pool geometry, residual stresses, etc.

2 Experimental
2.1 Material and additive manufacturing setup

A commercially available Stainless Steel SS17-4 PH pow-
der from EOS GmbH (Krailling, Germany) was used in
this study with D10, D50, and D90 of 30.2 um, 42.4 um,
58.1 um. An EOS M290 (EOS GmbH, Krailling, Germany)
was used to build the LPBF samples. A nominal build layer
thickness of 20 um was used for printing all LPBF parts.
Parameter values for laser speed, laser power, and hatch-
ing distance were set to be 1108 mm/s, 227 W and 90 pm,
respectively.

2.2 Characterization

A Retsch Camsizer X2 (Retsch Technology GmbH, Haan,
Germany) was used to measure the powder size distribu-
tion and a Keyence VK-X250 (Keyence Corporation, Osaka,
Japan) confocal microscope was used to measure the surface
topology and dimensions of the LPBF samples.

2.3 Procedure for effective layer thickness
measurement

To achieve a representative data set, nine parts with a cross
section of 4 mm X 6 mm (Fig. 1b) and 4 mm height were
printed at various locations on the substrate (Fig. 1a). The
substrate was divided into nine regions with parts printed
at the center of each region as shown in Fig. 1a. Parts were
made with thin walls (Fig. 1b) parallel to the recoater mov-
ing direction. Each part had three slots with depths of 20 pm,

ction
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Fig. 1 a Arrangement of stainless steel samples on the substrate, b, ¢ geometry of the sample designed for measuring the effective powder layer

thickness
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40 pum and 60 um as shown in Fig. 1c. These slots were made
to validate the surface depth data measured by the confocal
microscope. The height difference between adjacent slots
(20 um) was designed to confirm if the build layer thickness
had reached a steady-state regime.

Procedure to measure the ELT is shown in Fig. 2. To print
the thin walls (Fig. 1b), a new layer of powder was laid on
top of the previously solidified part (Step 1). Next, the laser
scanned the powder to print the thin walls. At this point, the
printing is complete. Then, the recoater was moved towards
the right to its original position as shown in Step 2 and then
moved to left across the build compartment while the build
plate was kept at the same height as the last recoating step
so that it could scratch some areas on the printed walls (Step
3). The scratched areas resulted in flattened peaks that were
used as reference points to measure the ELT. In addition,
as the flatted peaks correspond to the height of the previ-
ous layer, the height difference between the peaks and the

surface of the sample would be equal to the effective layer
thickness of powder on top of the build surface (Step 3).
The 20-um, 40-pum and 60-um steps on the samples (Fig. 1c)
along with the reference height from scratched walls were
used to measure the ELT during LPBF.

2.4 Numerical thermal model

Finite element (FE) simulations were performed to study the
effect of ELT on the temperature change during the LPBF
process. FE simulations using COMSOL Multiphysics®
were performed to model temperature distribution and melt
pool dimensions with layer thickness of 20 and 150 pum.
Laser exposure parameters such as speed and power were
based on experimental values (laser speed, laser power, and
hatching distance were set to be 1108 mm/s, 227 W and
90 um, respectively).

Step 1 Step 2 Step 3
Powder layer Print walls Recoater scratch
~ Printed . ~ Printed . . Printed .

e Gt R

Fig.2 Schematic showing the steps taken to measure effective powder layer thickness (ELT)

Table 1 Thermo-physical

properties of SS17-4PH,
powder and heat source
parameters [14, 16]

Category Parameter (unit) Value
Bulk properties (at room temperature) Density, p (kg/m3) 7740
Heat conductivity, k (W/mK) 11.5
Specific heat, Cp (J/kgK) 426
Melting range (K) 1677-1713
Latent heat (KJ/kg) 280
Powder parameters (at room temperature) Powder porosity, @ 50%
Calculated powder conductivity, K (W/  0.1419
mK)
k, (W/mK) 11.5
k, (W/mK) 0.018
/] 0.0003
B 1
Heat source parameters Qo (W/m?) 5.685E14
7, (Um) 50
r; (um) 30
Z, — Z; (um) 180
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Fig.3 Mesh size of the domain
including powder layer and
substrate

Governing equation (Fourier law of heat transfer) is
described in Eqgs. (1) and (2) where p, Cp, k,u, T, gand
Q are the density, specific heat, thermal conductivity, veloc-
ity field, temperature, heat flux density and volumetric heat
source, respectively.

oT

pCpE+pCpu-VT+V-q=Q, ¢))

q=—kVT. )

The effective thermal conductivity of powder bed is deter-
mined by the following equation [14]:

k
%:(1—\/1—(p)<1+%>+ -
g
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where k is effective thermal conductivity of powder bed, &,
is thermal conductivity of continuous gas phase, k, is ther-
mal conductivity of skeletal solid, ¢ is porosity of powder
bed which is related to powder bed density, kg is thermal
conductivity part of the powder bed owing to radiation, @ is
flattened surface fraction of particle in contact with another
particle, B is deformation parameter of the particle, and
Keontact 18 conditionally calculated as following:

k =180k  iff<3x1074

contact —

if @ > 0.01.

kcontact ~ kS
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The volumetric heat source Q is implemented as shown in
the following equations [15]:

2
0,(r.2) = Qoexp<—2i2>, 4)
"o
Z— 2
ro(z)zre—(re—ri)ze_zi’ (%)

where O, is the maximum heat intensity, 7 is the distribution
parameter, z, and z; represent the top and bottom surfaces,
respectively.

Table 1 lists the values of parameters used for the
simulation.

In this work, to compensate the latent heat of fusion dur-
ing melting, the specific heat of material was increased in

Fig.4 A single layer of powder adhered onto the printed part
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the melting range so that the extra energy absorbed in the
melting range becomes equal to the latent heat of fusion.
Figure 3 shows the meshed substrate and powder layer.
Fine tetrahedral elements were implemented in powder layer
region to account for the laser—powder interaction whereas a
coarser mesh size was used for the substrate. In addition, the

Fig.5 a Macrograph from flat regions on the supporting walls cre-
ated due to recoater motion on Sample 1. b Zoomed area contacted
by the recoater on Sample 1. ¢ Surface topology for the highlighted

bottom surface was set to an ambient temperature of 298 K.
Heat transfer due to atmospheric convection was applied to
all boundaries and radiative heat transfer was considered on
the top surface.

A
L

A

Height [um]

500 1000 1500
Distance [um]

(d)

lOum

100 pm

! I 200 pm
g 250 pm

area in a. dSurface profile on the line shown in b. e Confocal micro-
scope graph showing the surface profile of Sample 1
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3 Results and discussion
3.1 Experimental ELT measurements

Micrograph of a sample with a layer of the powder particles
is shown in Fig. 4. This sample was made by gluing the
powder particles on top of the printed part with droplets of
Super Glue (a low-viscose liquid cyanoacrylate adhesive)
and then cutting and polishing the section normal to the
surface to measure ELT.

The method described in the previous section was applied
to the nine samples printed on various areas of the substrate
(Fig. 1a). Figure 5 demonstrates the measurement of ELT
from the laser confocal microscopy results. Areas, where
recoater made contact with the supporting walls on the sam-
ple surface, are highlighted in Fig. 5a. Flat regions represent
the contact points with the recoater and hence the elevation
of the powder for the last printed layer. Figure 5b, ¢ shows
the magnified 2D and 3D views of the highlighted region in
Fig. 5a, respectively, and shows the flat surface produced by
the recoater scratch on the supporting walls. Figure 5d rep-
resents the height profile of the horizontal red line shown in
Fig. 5b. The dotted square in Fig. 5d highlights the scratched
area of the supporting wall and shows the same height across
the whole surface thus confirming the flatness of the area.

An example (Sample 1) is shown in Fig. Se. It is noted that
the average depth of areas 1, 2 and 3 shown in Fig. 5e is
measured with respect to a plane passing through the refer-
ence points (Ref.) shown in Fig. Se.

Surface contours for nine samples printed at different
locations of the substrate are shown in Fig. 6. The meas-
ured values for the average depth of three areas on top of all
nine samples are also written in the corresponding region in
Fig. 6. The middle row samples (Samples 4, 5 and 6) show
shallower surface indicating a thicker ELT for these samples
and the top row (Samples 1, 2 and 3) shows relatively thin-
ner ELT.

Table 2 shows the average measured values for all areas
shown in Fig. Se. The average depth of areas 1, 2 and 3 for
each sample shows ELT for 20 um, 40 pm, and 60 pm steps,
respectively. Results show that the average depth for Area 1
(20 um build layer thickness) is 153 um which is about an
order of magnitude greater than the build layer thickness. It
should be noted that even though ELT is about an order of
magnitude greater than the build layer thickness, the effective
height difference between 20-um, 40-um, and 60-pm steps
(Area 1, Area 2 and Area 3) is ~20 um.

The relative step size of ~20 um on the surface of the build
confirms two facts: (1) the build layer thickness is in steady-
state regime and equal to the nominal layer thickness of 20 um

Fig.6 Surface profile for the printed samples with the depth of each area with respect to the reference plane (ELT)
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while an ELT of ~ 150 um is maintained between the powder
top surface and solidified zone during the production, and (2)
it confirms the validity of measured values with the confocal
microscope.

3.2 Effect of ELT on model-predicted temperatures

Experimental results presented in the previous section high-
light the difference between ELT and nominal layer thickness.
However, it is important to understand the effect of this dif-
ference, if any, on printed parts. Therefore, simulations with
nominal layer thickness and ELT were performed to study the
temperature and melt pool dimensions.

Predicted effects of the powder layer thickness on the tem-
perature distribution during LPBF are shown in Fig. 7a, b. The
same heat source parameters and boundary conditions were
used for both simulations. Results in Fig. 7a, b show differ-
ences between the temperature profiles for nominal (20 pum)
and effective (150 pm) powder layer thickness. Inserts in
Fig. 7a, b show the melt pool shape and dimensions for the
nominal and ELT. Simulated results for nominal and effective
layer thickness show a huge difference between the melt pool
depth (130 and 12 um, respectively) and width (74 and 36 pum,
respectively) that highlights the effect of ELT.

Table 2 Measurements and statistical data of areas shown in Fig. 6
with respect to the reference plane for SS 17-4 PH samples shown in
Fig. 1

Sample  Average depth (um) Relative height difference (um)
Areal Area2 Area3 Areal-Area2 Area2-Area3
Average 153 176 195 22 19
SD 16.4 16.2 153 4.4 4.1
Powder
Meltpool:
Width =74 um

Depth=130 um

Substrate

(a)

Figure 8a, b shows simulation results for the effect of
powder layer thickness on temperature history (Fig. 8a) and
the temperature profile from the free surface of the powder
under the laser (Fig. 8b). The dotted lines in Fig. 8b show
the beginning of substrate (previously solidified surfaces)
corresponding to the nominal and effective layer thickness.
These predictions show the effect of the powder layer thick-
ness on the temperature distribution. Referring to Fig. 8a,
ELT results show higher peak temperature. The powder layer
offers less conductivity than solid material; therefore, the
heat transferred to the previously solidified material under
effective powder layer is much less than the nominal layer.
This is also seen clearly in the temperature at the substrate
surface under nominal (~2700 K) and effective (~ 1850 K)
powder layers (Fig. 8b).

4 Conclusion

In this paper, a novel method to measure the thickness of
powder over the previously solidified material, also known
as the effective layer thickness (ELT), was presented. In
contrast to studies and simulations on powder compaction
and ELT in LPBF, findings of this research show that ELT
(153 um) is about an order of magnitude larger than the build
layer thickness (20 pm) for 17-4 PH stainless steel for the
input process parameters used in this paper. As ELT is much
larger than the nominal layer thickness, simulated results
show a pronounced effect on the temperature distribution
(up to 120 °C under prediction) and melt pool dimensions
(up to ten times overprediction) during LPBF.

) Temperature [K]
x10°
2.4

2.2
2
1.8

1.6
1.4
1.2
1

Meltpool: 0.8

Width =36 pm
Depth=12 pm

0.6

Substrate

0.4

(b)

Fig.7 FE model-predicted temperature distribution in LPBF process with different powder layer thickness; a nominal layer thickness (20 um)
and b effective layer thickness (150 pm). Note: the inserts in a, b show the melt pool shape. The same process parameters were used for a, b
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Fig. 8 a Model-predicted temperature history at the surface of powder for two different powder layer thicknesses (the points are shown in Fig. 7)

and b temperature profile in depth under the laser (z-direction in Fig. 7)
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