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Figure 4. Tensile stress-strain curves for single and double built LENS Ti-6Al-4V.
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Figure 5. Pores from tensile fracture surfaces of (a) a single built LENS, and (b) a double
built LENS Ti-6Al-4V specimen.

3.3 Fatigue Behavior

Figure 6 provides the strain amplitude versus reversals to failure for the single and double
built LENS Ti-6Al-4V specimens. It can be seen that the fatigue lives of the single built specimens
are longer than those of the double built specimens by approximately an order of magnitude in the
long life regime. Although the fatigue lives are much closer in the short life regime, the single
built specimens still exhibit longer fatigue lives. However, it is important to note that there is
scatter in the fatigue lives, particularly in the high cycle fatigue (HCF) testing of the single built
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specimens, due to the existence and distribution of the process defects, such as pores, which play
a more dominating role in long life regime [12] .It is interesting to note that the strain-life behavior
of the double built specimens contains much less scatter than that of the single built. This could be
due to the porosity levels of the specimens; while both sets of specimens contained porosity, the
double built specimens contained lack of fusion pores orders of magnitude larger than those found
in the single build specimens. Additionally, there was less percent variation in pore size for the
double built specimens (~50% mean deviation) than the single built specimens (~90% mean
deviation). This can explain the lesser variation in plastic zone size and stress concentration of the
double built specimens; corresponding to more consistent fatigue behavior.
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Figure 6. Comparison strain-life fatigue behavior for single and double built LENS Ti-6Al-4V.

Fractography analysis of the LENS specimens demonstrated that both sets displayed
fracture surface features significantly different that those found on wrought material. Rather than
regions of clearly defined crack initiation, crack propagation, and final fracture, the single built
LENS fracture surfaces, as shown in Figure 7(a), were rough and uneven, with small amounts of
crack propagation and with pores, usually close to the outer surface of the specimen, serving as
crack initiation sites. In contrast, the double built fracture surfaces, shown in Figure 7(b), were
smoother, with cracks initiating at large lack of fusion pores, and very little evidence of crack
propagation, most likely due to the lack of ductility in these specimens. This supports the argument
that the double built specimens possessed much less ductility due to having lack of fusion pores
and finer microstructure. Fractography also revealed that the double built specimens possessed
large lack of fusion pores and a greater number of spherical pores, with a larger average size, than
the single built tests. This supports the observation made during the microstructure investigation
that the double built specimens were more porous than the single built specimens. The orientation
of these larger pores in relation to the load axis created a larger projected area on the plane normal
to the loading axis than those formed by the smaller, spherical pores, leading to greatly increased
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stress concentrations. Research has shown that these larger projected areas can have more
detrimental effects on specimen fatigue life [20]. This larger effective area, along with the finer
microstructure, could be the cause of the shorter fatigue lives in the double built specimens.
Additionally, there was evidence of multiple crack initiation points on some of the single built
fracture surfaces in short life regime, as shown in Figure 7(a). This may be explained by more
ductility of single built specimens, and therefore, more plastic deformation in short life regime.
This will cause the specimens to spend more time in the crack propagation stage of fatigue; thus,
providing more opportunities for other cracks to initiate and grow [21, 22]. It is interesting to note
that the large lack of fusion pores in the double built specimens contained multiple partially melted
powder, as seen in Figure 7(b).

Figure 7. Representative fatigue fracture surfaces for (a) single built and (b) double built LENS Ti-6Al-4V
specimens.
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4. Conclusions

The goal of this study was to quantify the effects of inter-layer time interval during additive
manufacturing on the mechanical behavior of Ti-6Al-4V. It was found that the variation in the
inter-layer time interval leads to different microstructures, types (i.e. spherical or lack of fusion)
and levels of porosity in the build, which in turn results in different mechanical behavior. In
particular, the following conclusions can be made based on this study:

1. Longer inter-layer time intervals create lower bulk part temperatures and higher
temperature gradients between layers, leading to higher instantaneous and more
sustained/continuous cooling rates. This led to the specimens with longer inter-layer
time intervals (double built specimens) possessing higher porosity/defects and finer
microstructure in comparison to the single built specimens.

2. Of tested specimens, those with larger inter-layer time intervals possessed higher yield
strength and drastically reduced ductility, with failure occurring at or shortly after
yielding, due to their finer microstructure and existence of many lack of fusion pores.

3. Specimens produced with an increased inter-layer time interval (double built
specimens) exhibited much shorter fatigue lives than those produced with a smaller
inter-layer time interval (single built specimens), due to the different microstructure
associated with large lack of fusion pores resulting from the different thermal histories.

4. The single built specimens exhibited more scatter in fatigue life than the double built
specimens. This appears to be due to the greater relative variation in pore size found in
the single built specimens as compared to the double built specimens.

5. Any changes to the inter-layer time interval or geometry employed for a build, without
making a corresponding adjustment to the process parameters, can lead to significant
variation in specimen porosity, microstructure, and mechanical behavior.

This investigation further demonstrates that one can achieve significantly different
microstructural, tensile and fatigue properties in LENS Ti-6Al-4V parts by altering the inter-layer
time interval; while maintaining a constant set of process parameters. In other words, changes in
manufacturing strategy, i.e. geometry changes or increasing the amount of parts fabricated per
build, can result in different, and possibly undesired, mechanical properties, casting doubt upon
the representability of specimen properties in relation to the component-level performance (i.e.
property-performance relationships). Proper adjustments (i.e. scaling) of processing parameters,
such as laser power, scan speed, power feed rate are necessary in order to yield consistent
microstructures and mechanical properties for AM parts with different manufacturing strategies.
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