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Abstract

The process variables used in laser powder bed fusion (L-PBF) influence the defect
formation in fabricated parts. However, key process variables (KPVs) such as laser power, laser
speed, and hatch distance may drift within their tolerances during service between calibrations.
These variations can result in different defect contents in parts and, consequently, different
mechanical properties. Therefore, this study investigates the effects of KPV drift on the porosity
and tensile behavior of L-PBF Ti-6Al-4V. According to the original equipment manufacturer,
EQOS, the laser power and hatch distance were altered by + 4% and £ 2.4%, respectively, to emulate
the actual drift in KPVs. Porosity analysis and hardness tests on L-PBF Ti-6Al-4V parts showed
no significant change. In addition, tensile tests illustrated no general trend for different KPV drift
variations.

Introduction

Metal additive manufacturing (AM) is gaining popularity in aviation, automotive, and
biomedical industries due to the possibility of fabricating monolithic parts with great geometrical
complexity for a wide range of materials. With the exponential growth of AM in the manufacturing
market, laser powder bed fusion (L-PBF) has become one of the most widely used AM processes
[1]. However, to be considered a viable alternative to the conventional manufacturing processes
(such as casting and forging), process variables are usually needed to be optimized for different
material systems due to the dependency of mechanical properties on process-induced defects and
microstructure [2-6].

More than 100 process variables are involved in most commercial L-PBF systems. In most
cases, however, only the KPVs such as laser power, laser speed, hatch distance, and layer thickness
are adjusted during the process optimization for any given material since they correlate well with
the energy input and, consequently, the porosity formation and mechanical properties [7].
However, even with the optimized process variables, these parts are not always consistent due to
the multiple physical phenomena occurring during the fabrication process [8].

To understand the different physical phenomena, research has been focused on the
uncertainty in the L-PBF process variables and their impact on material behavior. With the
exception of stripe width [7,9], process variables such as laser power [8,10-15], laser speed [10-
14,16], hatch distance [11,14,17], type of inert gas used [18], build plate temperature [19], powder
particle size distribution [20-23] part volume [24-26], surface conditions [27] are known to
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influence defect formation and resultant mechanical behavior. While these studies established
process variable effect on defect formation using larger parametric variations, the impact of
machine tolerances (smaller variation in KPV) or KPV drift on resulting defect content, and
mechanical behavior was not explored.

The current study assesses the impact of key process variables (KPV) drift on the defect
formation and mechanical response in an EOS M290 L-PBF machine using Ti-6Al-4V (Ti-64)
powder. During fabrication, the default process variables were based on the parameter set known
as 'Ti64_Performance 1.0'. The process drift in laser power and hatch distance were imitated by
changing them by + 4% and £ 2.4% from the default value, respectively, which were tolerance
bands specified by EOS original equipment manufacturer (OEM). In the following sections, a
detailed experimental program and results and discussion will be presented.

Experimental Procedure

Witness coupons and round bar specimens were fabricated using an EOS M290 (EOS
GmbH, Germany) L-PBF machine in the center region of the build plate with plasma atomized Ti-
64 powder, supplied by AP&C, a GE Additive company. The coupons/specimens were fabricated
in multiple builds from virgin/unused Ti-64 powder. After fabrication, the witness coupons were
removed from the build plate, and the specimens were stress relieved on the build plate at 700° C
in an argon atmosphere for an hour and then furnace-cooled to room temperature. The round bar
specimens (of 10 mm in diameter and 100 mm in height) were machined to tensile specimens
according to ASTM E8M [28]. The geometry of the witness coupon and machined tensile
specimen can be seen in Figure 1.

To study the KPV drift in the L-PBF system, only laser power and hatch distance were
varied based on the recommendation from EOS. The combined effect of different process variables
is usually shown using the energy density, where the energy density is proportional to the laser
power and inversely proportional to the hatch distance. In the current study, KPV drift conditions
where concurrent changes in both laser power and hatch distance may lead to a cancellation effect,
were not considered. A total of seven KPV drift conditions (as shown in Table 1) were thus
considered for the experimental matrix. X-ray computed tomography (XCT) was conducted using
a Zeiss Xradia 620 Versa to obtain the porosity information within the witness coupons. 140kV
voltage and 150 current were used to capture the defects with a voxel size of 5 um. The X-ray
projections were reconstructed into 3D volume information via Scout and Reconstruct, ImageJ,
and Dragonfly software [29,30].

Additionally, the witness coupons were used to conduct hardness testing using a Rockwell
hardness tester (Leco LCR500) in accordance with ASTM E18-20 [31]. The specimens were
polished using sandpaper before the indentation test was conducted. At least eight indentations
were made on the rectangular part of the witness coupon using a Rockwell C setup. The uniaxial
tensile testing of the machined specimens was conducted at ambient temperature in an MTS
landmark servo-hydraulic testing machine equipped with a 100 kKN load cell. An extensometer was
used to record the strain in the gage section. At least two specimens were tested for each KPV
variation condition to obtain tensile properties.
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Figure 1: (a) The geometry of witness coupons used for XCT and hardness measurement, and (b)
the geometry of machined tensile specimens based on ASTM E8M. All dimensions are in mm

Table 1: Designations used for coupon/specimen fabrication of different KPV drift conditions and
related process variables

Laser Power Hatch Distance Laser Speed Layer Thickness

Condition " yy) (nm) (mm/s) (um)
P+h- 291.2 143.4
P+h0 291.2 140.0
POh+ 280.0 143.4
POhO 280.0 140.0 1200.0 30.0
POh- 280.0 136.6
P-h0 268.8 140.0
P-h+ 268.8 143.4

Results and Discussion

XCT scans are conducted on the cylindrical part of the witness coupons. It should be noted
that defects with equivalent spherical diameter (defined as the diameter of a sphere of equivalent
volume as the defect) less than 15 um are not considered during the analysis to avoid false-positive
detection of defects. The summary of the quantitative porosity inspection can be seen in Table 2,
and the defect distribution within the coupons is displayed in Figure 2 with respect to the
equivalent-volume sphere diameter. Evaluation of the different KPV condition coupons reveals
that the porosity of the fabricated coupons has a similar response to the changes in laser power and
hatch distance. However, for all inspected coupons, there is not a significant change in the porosity
since there was only a slight variation in the energy density for all KPVs. As shown in Figure 2,
equivalent-volume sphere diameter distribution is found to be similar in most cases.
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Table 2: Quantitative levels of porosity evaluated from the XCT coupons fabricated at different
KPV condition

Condition P+h- P+h0 POh+ POhO POh- P-h0 P-h+

Energy Density so0  57.78 5692 5556 5425 5333 5208
(J/mm3)

Porosity (%) 0.0002 0.0004 0.0003 0.0003 0.0004 0.0004 0.0009
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Figure 2: Comparative column chart of equivalent-volume sphere diameter distribution in witness
coupons for different KPV conditions

The summary of Rockwell hardness test results is shown in Figure 3 as a box and whisker
plot. The mean and range of hardness measurements is similar in all seven cases. To identify the
variation of the KPV and their impact on the hardness, a one-way analysis of variance (ANOVA)
has been conducted using the SAS software. The summary of the ANOVA analysis can be seen in
Table 3. The ANOVA analysis looks into the variance within the different groups and finds if the
variations are significantly different [32]. Since the p-value was larger than the critical value of
0.05, it can be estimated that there is no significant difference in hardness for different KPV
conditions.
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Figure 3: Rockwell hardness (C-scale) test result of different KPV conditions

Table 3: One-way ANOVA for hardness within different groups

Sou_rce_ of Degree of Sum of Mean E Value o-value
Variation Freedom Squares Square
Between groups 6 9.43 1.57 1.01 0.43
Within groups 49 76.51 1.56
Corrected Total 55 85.95

The summary of the uniaxial tensile test results is shown in Figure 4 in terms of yield
strength (), ultimate tensile strength (UTS), and elongation to failure (EI%). Similar to the
hardness results, the tensile properties of the fabricated specimens do not vary significantly.
Although there is a slight difference in strength, the material's ductility remained almost the same
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for different KPV conditions. The results are consistent with the ones found for porosity and

hardness.
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Figure 4: A summary of tensile properties for different KPV conditions. The error bars indicate
the variability of observations for different conditions

Conclusions

The present study explored the impact of KPV drift within the tolerance bands on porosity
and the resultant mechanical behavior of L-PBF Ti-64. The major conclusions from this study are
as follows:

e Defect formation is influenced in a similar manner for both laser power and hatch distance
in L-PBF Ti-64.
e Porosity is somewhat comparable for all the KPV conditions.

¢ No general trends in hardness or tensile properties are observed due to the KPV drift during
fabrication.

e The one-way ANOVA does not show a significant impact of KPVs on hardness results.
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