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Abstract 

In this study the geometry-process-material characteristics of the Ti6Al4V thin wall features 
fabricated by the EOS M270 laser melting powder bed fusion (LM-PBF) additive manufacturing 
(AM) was investigated. Samples with varying wall thickness, orientation, scanning speeds and 
laser power were fabricated and analyzed. The dimensional accuracies, microstructural 
characteristics and mechanical properties of the samples were evaluated experimentally. The 
results clearly indicated the significant coupling effects between the geometry design of these thin 
wall features and their material properties, which is critical to the design and manufacturing of 
many AM lightweight structures. By identifying significant design and process parameters for the 
thin wall structures, this study will enable further investigations of the integrated design theories 
for the AM lightweight structures. 

1. Introduction

The use of cellular structures for engineering applications has been subjected to extensive
research in recent decades [1-10]. These structures are highly attractive for an extremely broad 
range of applications from aerospace, automobile and defense to energy and biomedicine. Cellular 
structures exhibit a range of exceptional characteristics including high mechanical properties-to-
weight ratios (e.g. elastic modulus, bending strength, shear modulus, shear strength, energy 
absorption, indentation resistance) [11-13], unique thermal and fluid flow properties that can be 
tailor-controlled [14-16], and large surface area-to-volume ratios [17, 18]. With the combinational 
design of both base materials and the geometries, unique functionality can be potentially achieved 
for cellular structures to be used for more efficient design integrations. Examples that demonstrate 
the potentials of cellular structure based designs are shown in Figure 1. Figure 1a shows the 
redesign of an aircraft engine bracket, which achieved 80% weight reduction with no loss of yield 
strength [19]. Figure 1b shows an integrated lightweight design of a hydraulic intake manifold for 
the V-22 Osprey aircraft, which also achieved an impressive 70% weight reduction with improved 
fluid flow performance [20, 21].  
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a. Engine bracket design optimization [19] b. Hydraulic intake manifold [20]
Figure1 Lightweight cellular designs in aerospace and Naval applications 

Various design theories have been developed for the design and optimization of lightweight 
structures. These design tools, which largely fall into two categories, namely cellular structure 
designs and topology optimization designs, generally define the design problems using base 
materials with known properties. Due to the complexity of the geometries, these lightweight 
designs are largely infeasible for traditional manufacturing technologies, which makes additive 
manufacturing (AM) the only practical option. However, the unique process characteristics of AM 
also impose challenges to the design of lightweight structures, particularly in the representation of 
material properties.  

Generally AM materials exhibit anisotropy due to the layer-wise based process. For powder 
bed fusion AM (PBF-AM), which has been extensively used in the direct manufacturing of metal 
structures, there are also additional factors that contribute to the material property heterogeneity, 
such as the choice of scanning strategies, the amount of input energy and the use of powder 
feedstock that exhibits intrinsic size stochasticity. As a result, the properties of PBF-AM-fabricated 
materials exhibit more complex anisotropic characteristics as well as more significant variability. 
For the fabrication of lightweight designs with small feature dimensions, it could be expected that 
such process-induced property and quality issues are even more signified. However, relatively 
little studies have been carried out to thoroughly investigate these unique “materials”. Therefore, 
the aim of this study was to initiate the efforts of establishing a more comprehensive understanding 
of the material properties of PBF-AM lightweight features. In this study, various geometry factors 
including the build orientation and dimensions of the features, as well as identify key process 
parameters, were  investigated for their effects on the dimensional accuracy,  defect sand 
mechanical properties of the Ti6Al4V thin-wall features fabricated via laser melting PBF (LM-
PBF). The results were intended to not only provide preliminary database for these materials but 
also help establishing knowledge about the critical design factors for successful fabrication of these 
structures.  

2. Experimental Approach

In this study, the thin wall samples as shown in Figure 2 and Figure 3. The thin wall features
extend out from bases that are also part of the structures, so that during the fabrication process the 
effect of the build substrate is minimized. The LM-PBF system used in this study is the EOS M270. 
In order to investigate the potential coupling effects among the geometry and process input 
variables, a full-factorial experimental design was adopted for the study. Table 1 shows the input 
variables investigated as well as their levels. The laser power and scan speed parameters were 
chosen based on an earlier study with the Ti6Al4V thin strut features in order to provide additional 

446



references for comparison in the future. The 9 combinations of process parameters are further 
shown in Table 2. It is noted that parameter set 3 is currently used by the EOS M270 system as the 
default support structure parameters, which was considered to provide a baseline for this study. 4 
batches of samples were fabricated, and each batch includes 135 samples. The total number of 
samples fabricated for this study is 675. 

Factor Level 
Laser Power (W) 60, 80, 100 
Scan Speed (mm/s) 300, 400, 500 
Build Orientation (°) 15, 45, 75 
Scanning Strategy Contour + Hatch 
Beam Offset (µm) 40 
Thickness (mm) .1, .3. .5, .7, .9 

Table 1: Sample experimental design 

Parameter Set Power (W) Scan Speed 
(mm/s) 

Layer Thickness 
(mm) 

Hatch Spacing 
(mm) 

Energy 
Density 
(J/mm3) 

1 60.00 400.00 0.03 0.01 500 
2 60.00 300.00 0.03 0.01 666.6667 
3 80.00 400.00 0.03 0.01 666.6667 
4 100.00 500.00 0.03 0.01 666.6667 
5 100.00 300.00 0.03 0.01 1111.111 
6 60.00 500.00 0.03 0.01 400 
7 80.00 300.00 0.03 0.01 888.8889 
8 80.00 500.00 0.03 0.01 533.3333 
9 100.00 400.00 0.03 0.01 833.3333 

Table 2: Process parameter sets for sample fabrication 

Figure 2. Optical microscopy sample design, 
75°. Dimensions of (10mm X 10mm X design 

thickness). 

Figure 3. Three-point bending sample design, 
75°. Dimensions of (15mm X 5mm X design 

thickness). 

After fabrication, all samples were then cut using a low speed saw from their rectangular base. The 
wall thickness of the fabricated samples was measured by caliper and compared with the nominal 
design thickness for dimensional accuracy. The porosities of the samples were obtained by using 
optical microscopy (Olympus MX51) after the samples were polished to mirror finish. All the 
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samples were cut and mounted along the YZ plane (Figure 2). To bring the samples to mirror, the 
optical microscopy samples were organized into similar parameter sets and orientation angles, then 
arranged from least to greatest thickness. The samples where then mounted in an acrylic molding 
mixture for a total of 27 individual pucks, 9 parameter sets in three different orientation with five 
individual samples per puck. The pucks were then ground and polished using the Allied High Tech 
MetPrep 3 Automatic Polisher using their recommended polishing procedure. The samples were 
then imaged on a high-resolution light microscope. The images were analyzed using ImageJ for 
porosity analysis.  Additional samples with larger overall length and shorter overall height (Figure 
3) were fabricated for the mechanical testing. For mechanical property evaluation, the samples
were subjected to three-point bending in order to evaluate the ultimate strength. For the three-point
bending test, a custom micro three-point bending fixture was designed, and the testing was carried
out on an Instron 5569A universal testing system using 50N load cell. The test setup is shown in
Figure 4.

Figure 4. Three-point bending fixture setup with alignment tool and mount 

Results and Discussion 

The results for the porosity measurements of the optical microscopy samples, the ultimate 
shear stress from the three-point bending and the dimensional accuracy taken from the measured 
thickness of the specimens and compared to the design thickness, print orientation and processing 
parameters to check for significant correlations.  

As shown in Figure 5, the dimensional accuracy exhibits significant dependency on both 
the design thickness and build orientation. It appears that the process reaches resolution limit with 
thicknesses smaller than 0.2mm. The dimensional variability of the samples also exhibit significant 
increasing trend as the design dimensions decreases. This could be readily explain in that for the 
fabrication of small-dimension features, the effect of surface sintering and melt-track trajectory 
fluctuation becomes more significant relative to the actual feature. Thin walls at higher print 
orientation angles also exhibit lower overall relative errors. This is probably attributed to the fact 
that the support structure is absent for lower orientation angle and that the relatively large melt 
pool resulted from the oblique cross section exhibits more significant gravity-induced distortion. 
This shows that for thin wall structures the use of support structure might still be beneficial or even 
necessary.  
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Figure 5. Dimensional accuracy relative percent error vs. deign thickness and print orientation 

Figures 6 compares the thickness characteristics of all the thin wall samples at the highest 
energy density level versus the lowest energy density level. There is no significant difference 
between the highest and lowest energy density in terms of the thickness of fabricated thin walls. 
Even though the high-energy density parameter set appears to result in slightly higher overall 
dimensions, when standard deviation was factored in the difference becomes insignificant. 
Therefore, within the range of values investigated in this study, process parameter settings do not 
appear to have significant impact on the dimensional accuracy of the thin wall structures. 

a. Highest energy density level b. Lowest energy density level
Figure 6. Thickness of walls at different energy density levels 

Figure 7 shows groups samples from the same process parameter set and at three varying 
orientations. The thickness of the samples increases from lower left to upper right in each group. 
It is immediately clear that as the orientation angle increases the surface roughness also improves 
dramatically. This is expected to be also closely related to the absent of support structures and 
the consequent “mesoscale distortion” with the thin walls. Also for the lower-orientation thin 
walls the top section of the walls exhibit additional defects, which might be partly attributed to 
multiple factors. As the residual thermal stress accumulation over layers causes the thin wall to 
gradually exhibit more significant warping distortion, the “branch-out” type of shaping defect 
might occur at the top layer. Also, the thin wall feature could distort or fail due to the shear stress 
from the recoater blade as it passed over the part distributing more powder, as is obvious in the 
case of the 75° group (Figure 7), in which the 0.05mm sample failed to be built successfully. On 
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the other hand, there was a 100% build success rate for the 15° and 45° samples. The build 
failure was observed for all the 0.1mm 75° samples and was even observed for some 0.3mm 
samples. This, along with the branch-like defect, points to the limitations of the PBF-AM to 
manufacture parts with this type of thin geometry.  

Figure 7. Optical microscopy images of thin wall samples in the three various print 
orientations 

Figure 8 shows the three-point bending data. Most samples exhibit typical yielding and 
fracturing except the thinner 0.1 and 0.3 mm samples. For 0.1 mm samples, the samples exhibit 
bending yielding but no clear fracture, which might be attributed to the slipping and rotation of the 
samples relative to the two supports. Similar behavior can also be observed in the 0.3mm thick 
samples, while there was eventual fracture the samples would continue to yield past the maximum 
bending point and slowly tear instead of sudden shear. This can be observed in Figure 8 as the 
gradual decrease with a negative slope to a 0N load for sample 1-15-A-3 (parameter set 1, 15° 
print orientation, batch A, .3 mm thickness). For most other samples, as the thickness increases, a 
greater load could be supported by the thin wall prior to the catastrophic failure.  

Figure 8: Typical three-point bending data received for samples across all print orientations 
and parameter sets 
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Figure 9 shows the ultimate shear stress for all of the samples. There is a slight positive 
trend that as the thickness of the sample increases so does the ultimate shear stress of the sample. 
On the other hand, the effect of orientation angle is more significant. The results show that as the 
print orientation angle increases the ultimate shear stress of the thin wall also increases.  

Figure 9: Ultimate shear stress plotted against measured thickness for all parameter sets across 
the three varying orientation angles 

Figure 9 further illustrates the strength of the samples at different orientation angle under 
different process parameter set. There are two major conclusions to be drawn from this data. 
Firstly, it appears that as orientation angle increases the ultimate strength clusters of the samples 
becomes more scattered. This dispersion may mean that process parameter settings have more 
significant effect or that a higher orientation angle is detrimental to quality. Secondly, there does 
not appear to be a single parameter set that provides the highest ultimate shear strength across the 
varying sample thicknesses. Also, the effect of the process parameters appears inconsistent and 
relatively insignificant.   

Figure 10. Ultimate shear stress plotted against measured thickness, divided up by orientation 
angle and grouped by parameter sets 

Fig.11 shows the relative density values of the samples from the optical microscopy image-
based analysis. From the results there is no apparent correlation between orientation angle or 
thickness and the porosities. As the orientation angle increases, there appears to be a general 
increase of porosity value variability, although the 45° group appears to exhibit considerably larger 
porosity variability compared to the other groups. Further studies are being carried out to 
investigate into this unusual observation.   
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Figure 11. Percent density vs. the measured sample thickness 

3. Conclusion

In the present study, thin wall samples manufactured on the EOSINT M 270 in Ti6Al4V 
were investigated for their quality and properties under varying geometry and process conditions. 
The results suggest that there is a positive correlation of the mechanical bending strength and 
dimensional accuracy against the orientation and design thickness of the thin wall. As the 
orientation angle or the thickness of the sample increases both the mechanical strength and the 
dimensional accuracy increases. No noticeable trend between the process parameter settings used 
in the study and any quality characteristics was observed. Also, no noticeable correlation was 
observed between the porosity and the geometrical or mechanical qualities of the parts. With the 
current system/material combination, the thin wall features with thickness below 0.3mm exhibits 
large quality variability and therefore should be avoided during the designs.  
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