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Abstract 
Optimizing the process window for an additively manufactured material using X-ray 

computed tomography (XCT) is a time-, labor-, and capital-intensive process where a large number 
of coupons need to be analyzed in the process parameter space. Hence, as a cheaper and faster 
alternative, this study assessed the relationship between relative density and hardness of laser 
powder bed fused (L-PBF) Ti-6Al-4V. Coupons with different levels of porosity were fabricated 
by changing the recommended laser power in the range of ±20% in an interval of 10%. The 
martensitic microstructure didn’t vary significantly with the change in laser power. On the other 
hand, Rockwell C hardness (HRC) did. HRC was observed to be in good correlation with the defect 
content in the coupons. Higher defect content in the coupons resulted in lower HRC and vice versa. 
Hence, the hardness measurement technique can be used to estimate the process window of L-PBF 
Ti-6Al-4V. 
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Introduction 
One of the major distinctions that separate the additively manufactured (AM) parts from 

the conventionally manufactured ones is the presence of a higher number of volumetric defects 
[1,2]. During loading, these defects act as stress risers and can deteriorate both tensile properties 
as well as fatigue performance of AM parts [3–6]. Generally, post-fabrication treatment such as 
hot isostatic pressing (HIP) is implemented to reduce the degree of porosity and its influence on 
the mechanical performance [7–12]. However, the complete removal of entrapped pores, as well 
as large-sized defects from AM parts, is difficult [4,13–15] if not impossible. Another way to 
improve the mechanical properties, especially fatigue, of AM parts is to minimize their formation 
during the AM process. 

 
To minimize defect formation, AM parts are fabricated utilizing a predetermined set of 

process parameters such as laser power, laser speed, hatch distance, etc., residing well within the 
process window for a specific material and AM process [16]. Typically, a process window is 
established based on the relative density of the parts fabricated using different process parameters 
[17–20]. Relative density is typically measured using different techniques such as Archimedes, X-
ray computed tomography (XCT), micrography of cross sections, etc. [21,22]. Among these 
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techniques, the high-resolution XCT has been observed to estimate the density and characterize 
the defects in the AM parts with good accuracy [22,23]. 

 
The XCT is an advanced imaging technique that utilizes an X-ray beam to detect the voids 

and foreign particles in a body/part [24]. Even though XCT is an accurate nondestructive 
evaluation (NDE) technique, its results are highly dependent on the voxel size used during the 
scans. The use of different voxel sizes has been observed to result in different defect information 
even for the same part [25]. Furthermore, performing an XCT scan and post processing the data is 
a time-and capital-intensive process. The emergence of new AM materials as well as techniques 
demands a fast and relatively robust approach to establish the process window. In this regard, 
considering the microstructure of the material is constant, the hardness has been observed to 
correlate well with the porosity level [26,27]. Hence, hardness measurements can be considered 
an appealing alternative to assess the porosity and estimate the process window for AM materials 
[28,29]. 

 
Few studies have been done to investigate the hardness of AM materials fabricated using 

different process parameters [26,27]. However, a thorough investigation correlating the porosity 
with the hardness of the AM material is still lacking. Hence, this study fabricated the coupons by 
altering the laser power from manufacturer recommended process parameters and obtained the 
process window via both XCT and Rockwell C hardness (HRC) measurements. This assessed the 
feasibility of process window estimation for laser powder bed fused (L-PBF) Ti-6Al-4V Grade 5 
material using the hardness measurements. 

Material and methods 

 Plasma atomized Ti-6Al-4V Grade 5 powder supplied by Advanced Powders and Coating 
(AP&C) with a size distribution in the range of 15 µm to 53 µm was used to fabricate coupons 
using EOS M290, a laser powder bed fusion (L-PBF) AM machine. The chemical composition of 
the feedstock powder as provided by the manufacturer is shown in Table 1. Different level of 
porosity was induced by altering the recommended laser power from +20% to -20% in the intervals 
of 10% (i.e., P+20%, P+10%, P0%, P-10%, and P-20%). The coupons were named Px% which suggests that 
the laser power was changed by x% during its fabrication with all other process parameters 
remaining constant. The EOS recommended process parameters for Ti-6Al-4V Grade 5 material 
include 280 W laser power, 1200 mm/sec laser speed, 30 µm layer thickness, 140 µm hatch 
distance, 67° inter-layer rotation, and 10 mm stripe width. The geometry and dimensions of the 
coupons used for XCT and hardness tests are shown in Fig. 1. The XCT scans were performed 
using ZEISS Xradia 620 Versa machine and hardness tests using the LECO LCR-500 HRC tester. 

Table. 1 Chemical composition of the Ti-6Al-4V grade 5 powder provided by AP&C [30]. 
 Al V Fe O C N H Y Ti 

Wt. % 6.260 3.910 0.210 0.140 0.010 0.010 0.002 <0.001 Bal. 
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Fig. 1 Geometry and dimension of L-PBF Ti-6Al-4V coupon in (a) as-built and (b) machined 
conditions. 

The hardness tests were performed in accordance with ASTM E18-20 [31]. For hardness 
tests, the as-built coupons (see Fig. 1(a)) were mounted in a cold set epoxy resin and polished 
using sandpapers with grit sizes ranging from P280 to P360. Furthermore, it was polished from 
both sides to make the coupons flat as well as to let hardness coupons touch the tester platform. 
Eight indents were made using a diamond spheroconical indenter in the transverse plane; i.e., 
perpendicular to the build direction in the top cylindrical portion of every coupon. According to 
ASTM E18-20, a 150kgf total test force was applied for each indentation. The microstructural 
analysis of these coupons was performed using Zeiss 550 scanning electron microscope equipped 
with a back-scatter electron (BSE) detector. Similar to the hardness tests, the BSE imaging was 
performed on the transverse plane. Regarding XCT, the coupons were machined to a geometry 
seen in Fig. 1(b). The smaller-sized coupon enables the high-resolution scans (i.e., voxel size of 1 
µm) in its center. The scans were performed using 160 kV voltage and 25 W power X-ray source. 
After the scan, the reconstructed absorption data were post-processed using Dragonfly and ImageJ 
software [32,33] to calculate the relative density of the fabricated coupons. 

Results and discussion 

Process window obtained via XCT 

Different level of porosity was induced in coupons fabricated by altering the laser power 
as seen in Fig. 2. The underheated (i.e., laser power lower than recommended) coupons mostly 
consisted of irregularly shaped lack of fusions (LoFs), while overheated (i.e., laser power higher 
than recommended) ones had small-sized gas-entrapped pores (GEPs). The size and number of 
defects in the underheated coupons increased with a decrease in the laser power during the 
fabrication process. In the case of P0% coupon, small-sized spherical defects and one irregular-
shaped defect, shown using a green arrow in Fig. 2 were observed. The levels of porosity in 
recommended and overheated ones seemed to be similar. No keyholes (KHs) were observed in the 
overheated coupons. The volume of the defects observed in Fig. 2 was quantified and the relative 
density of the coupons is presented in Fig. 3. According to the observation made using Fig. 2, the 
relative density of the underheated coupons decreased with decreasing energy inputs during the 
fabrication process. In addition, the relative densities of the recommended and overheated coupons 
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were observed to be approximately equal. It was attributed to the sufficient melt-pool overlaps in 
between the adjacent laser track as well as layers—prevents the formation of LoFs—and also, not 
enough energy to induce KHs. 

 
Fig. 2 Visualization of defects induced in coupons fabricated using different laser power. The 
green arrow points toward an irregular-shaped defect, most likely an LoF in P0% coupon. The scale 
bar corresponds to all coupons. 

 
Fig. 3 Relative density of coupons fabricated using different laser power. 

Process window obtained via hardness measurements 

The HRC of the Ti-6Al-4V coupons fabricated by different laser power is shown using a 
box plot in Fig. 4. The HRC was observed to follow a similar trend as the part density of the 
coupons as seen in Fig. 3. The average HRC of the recommended coupon was the highest among 
the considered coupons. In underheated coupons (i.e., P-10% and P-20%), the mean of the HRC 
decreased and its range increased with the decrease in the energy input. In other words, the HRC 
values decreased with the increase in the defect content in the underheated coupons. Similarly, in 
the case of overheated coupons (i.e., P+10% and P+20%), the absence of defects led to similar HRC 
values as recommended ones. Fig. 4 illustrates a significant overlap in the range of HRC between 
recommended and overheated coupons. It is in agreement with the density measurements 
performed via XCT. 
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Fig. 4 Comparison of HRC among the coupons fabricated using altered laser power. In the 
legend, IQR denotes the interquartile range. 

In order to understand the role of microstructure on the hardness of the fabricated coupons, 
BSE imaging was performed and the resulting images are shown in Fig. 5. The martensitic 
microstructure was observed in all the coupons. The lath thickness did not vary significantly with 
the variation in the laser power used during fabrication. The hardness of Ti-6Al-4V material is 
dependent on the grain size [27]. The hardness value decreases with the increase in the grain size 
and vice versa. The similarity in the microstructure of the coupons fabricated using different laser 
power (see Fig. 5) suggests its minimal influence on the variation of their hardness values as shown 
in Fig. 4. Hence, the variation in the hardness values was attributed to the defect content in the 
coupons. As seen in Fig. 2, the increase in the defect content in the underheated coupons resulted 
in their lower hardness. In addition, the increase in the number and size of the defects in P-20% 
coupon as compared to P-10% has increased the range of variation in their hardness values. On the 
other hand, the overheated and P0% coupons have similar hardness values due to the similar level 
of defect content (see Fig. 2). 
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Fig. 5 BSE images of L-PBF Ti-6Al-4V coupons fabricated using different laser power. 

Conclusions 

The feasibility of the hardness measurement technique to correlate the defect contents as 
well as to estimate the process window for L-PBF Ti-6Al-4V material was studied. Throughout 
this study, the following conclusions were drawn: 

1. Hardness was in good correlation with the defect content in the material. The hardness 
was observed to decrease with an increase in the defect content and vice versa. 

2. The rate of decrease in the hardness was higher for underheated coupons as compared 
to the overheated ones for the same percentage change in the laser power. 

3. The martensitic microstructure of the as-built L-PBF Ti-6Al-4V didn’t vary 
significantly with the change in the laser power. 
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