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Abstract: In this paper, the specificity and/or the common features of materials coming from such
new additive manufacturing processes will be compared to more classical one, like casting process.
Fatigue properties of Ti-6Al-4V specimens built by EBM and SLM are first compared depending on
several process parameters. Then, at the microstructure scale, it is shown that surface defects and
unmelted zones seem to be the dominant features. It will be shown that similarities can then be
drawn with casting processes where shrinkage and pores are also associated to damage
mechanisms.
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1. Introduction

With the fast development of additive manufacturing processes for metallic materials—powder
bed or direct powder projection with laser or electron beam energy sources, for instance—the
question of the optimal structure design can now be freely addressed, as practically all seems
possible to manufacture. The next question is then: optimal regarding what? One of the important
questions which has to be addressed is the durability of these structures regarding, for example,
fatigue and/or fracture phenomena, as these structures will be used in many industrial domains
(energy, aeronautics, aerospace, ground transportation ...). Recent papers addressed this aspect,
evaluating the effect of process parameters on fatigue lifetimes [1,2]. Following these works, fatigue
properties of Ti-6Al-4V specimens built by EBM and SLM are first compared in this communication.
Several parameters are assessed: processes, manufacturing direction, surface roughness, HIP
treatment. Fatigue properties are analysed in relation with the crack initiation mechanisms
identified on each specimen’s post-mortem micrographs. The results show that machined specimens
have better fatigue properties as surface defects are removed. HIP treatment improves fatigue
properties by decreasing the defects size. Small differences in lifetime are observed between
horizontal and vertical building directions because of different defect shapes regarding the loading
axis. Finally, EBM and SLM parts have approximately the same fatigue properties, which are
equivalent to conventional casting processes [3].

However, in most of the recent studies, there is a lack of analysis in terms of fatigue damage
mechanisms, in particular crack initiation. Therefore, in a second part, the type of defect conducting
to crack initiation is studied in the case of these Ti-6Al-4V specimens. At the microstructure scale, it
is shown that surface defects and unmelted zones seem to be the dominant features. As this type of
defect is close to casting ones, these fatigue crack initiation processes are then compared and
discussed with the ones identified in specimens obtained from casting processes [4-6]. In these
previous studies, the main interest was the possibility to observe, qualify and quantify on in-situ
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tests, the three dimensional mechanisms responsible of the crack initiation and the microcrack
growth. Then, it will be shown that similarities can be drawn.

2. Materials and Methods

The fatigue test specimens used in this communication are made of pre-alloyed powder of
Ti-6Al-4V and were processed using SLM and EBM. The SLM specimens were built on a SLM 250HL
machine with a layer thickness of 50 um. These specimens were stress relieved at 640 °C for 4 h. The
EBM specimens were built on an Arcam A2 machine, also with a layer thickness of 50 um but they
were not stress relieved as the EBM machine room is maintained at 680 °C. It is largely accepted that
residual stresses are negligible in this case. 96 cylindrical specimens (length: 64 mm gauge diameter:
4 mm, threaded head) were built in total, 12 specimens for each parameter as shown in Table 1. 12
specimens for each process had their surface left as-built. Roughness has not been measured on each
of these fatigue specimens but on specimens obtained in the same condition. For SLM, the typical
arithmetic roughness was found to be 15-25 um whereas it is 20-35 pm for EBM. The others were
machined and then polished by tribofinishing leading to a surface roughness Ra < 0.2mm.
12 specimens for each process were treated with a HIP treatment at 920 °C under 1020 bar for 2 h. All
details are given in [7].

As shown in [1,2], typical defects observed in a Ti-6Al-4V alloy manufactured by a powder-bed
additive manufacturing process are: (i) the as-built roughness of the surface, which can also be
associated to surface defects (unmelted zone on surface, open porosities), (ii) internal unmelted
zones, (iii) internal porosities, generally smaller than the unmelted zones as associated to untrapped
gases.

Table 1. List of Ti6Al4V fatigue tested specimens.

Process Manufact. Direction Number of Specimens Thermal Treatment Surface Finishing

V4 12 640 °C/4 h Polishing
SLM X-Y 12 640 °C/4 h Polishing
V4 12 640 °C/4 h None
Z 12 640 °C/4 h + HIP Polishing
Z 12 None Polishing
EBM X-Y 12 None Polishing
Z 12 None None
V4 12 HIP Polishing

High cycle uniaxial fatigue tests were performed with pure reversed stress controlled loading
applied with a constant stress amplitude and a loading ratio R =-1. An Amsler vibrophore was used
with a frequency between 85 and 96 Hz. Some specimens were loaded with stress amplitude above
700 MPa. In these cases, the frequency was decreased to 20 Hz to prevent the specimens from
self-heating. The fatigue tests were conducted until the failure of the specimen or when attaining
107 cycles. After the tests, the crack initiation area was analyzed regarding post-mortem micrographs
systematically performed on all broken specimens using a Nachet Vision optical microscope and
also a Hitachi 5-3600N scanning electronic microscope.

3. Fatigue Lifetimes

In this part, the fatigue test results obtained with the different parameters are presented in
classical S-N curves form. In the S-N curves, all the stresses shown are divided by the same constant
value in order to get relative ones, permitting however systematic analysis and comparisons
between parameters and/or processes. The maximal stress is chosen in order to allow comparisons
with [8]. All these results are compared in Figure 1 to tendencies extracted from [8] obtained by
casting and wrought processes and for which load ratio is not precise. The results from reference [8]
were placed in this normalized graph by dividing them also by the same constant as for the other
S-N curves. This figure enables to summarize all the results and observations and one could
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underline that: (i) machining and polishing improve the fatigue properties, i.e., the stress amplitude
for 107 number of cycles, of about 100%, (ii) performing an HIP treatment improves again the fatigue
properties of about 80%, (iii) the effect of the manufacturing direction is more difficult to observe,
but XY specimens seem to have slightly better fatigue properties than Z specimens and (iv) after
surface polishing, fatigue properties are at the same level of those obtained for a classical casting
process and even wrought samples after HIP treatment. The last important conclusion is that no
major effect of the additive manufacturing process (EBM versus SLM) can be observed in all these
results: whatever the condition (as-built, machining, Z or XY and HIP), specimens obtained by EBM
and SLM have similar lifetimes, regarding the scatter associated to the experimental results. All
these results are detailed in Chastand et al. [3] and in [7].
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Figure 1. Comparison of fatigue lifetime obtained for both SLM and EBM processes with more classical
casting and wrought processes (tendencies extracted from [8]).

4. Damage Mechanisms

4.1. Observations on Ti6Al4V Specimens

After the tests, crack initiation areas were analysed regarding post-mortem micrographs
systematically performed on all broken specimens. Different types of defects were identified to be at
the origin of crack initiations and are shown in Figure 2. These defects are similar to those presented
in [2]. Figure 2a,b corresponds to small internal defects, i.e., residual small porosities, residual small
unmelted zones after HIP treatment (Figure 2a) or a-phase (Figure 2b) as shown in [2]. Internal
unmelted zones, as observed in Figure 2c,d are typical to these powder-bed processes. The
orientations of these unmelted zones are parallel to the layers. Then, depending on the building
directions, these unmelted zones can be parallel (see Figure 2d) or perpendicular (see Figure 2e) to
the loading direction. Cracks can also initiate from the surface, due: (i) to the initial as-built
roughness or (ii) from initially sub-surface defects, which intersect the surface after the machining
and polishing steps. All the broken specimens surfaces were observed and analysed and the crack
initiation associated defects were determined following the previous classification (surface, internal
un- melted zones, small internal defects). Results are synthesized in Figure 3 where each type of
defect conducting to crack initiation has been associated to a specific symbol. One can clearly
distinguish three main domains: (i) shorter lifetime are mainly associated to crack initiations on
surface defects, (ii) intermediate lifetime to internal unmelted zone and (iii) longer lifetime to small
internal defects, even if a relative scatter is observed.
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Figure 2. Different types of defects identified to be the crack initiation origin: porosities on (a) EBM Z
polished omax = 50, Nr =163,000 and (b) EBM Z HIP polished omax = 65, Nr=1,721,160, lack of fusion
zones on (¢) SLM Z polished omax = 30, Nr = 7,128,212 and (d) EBM XY polished omax = 30, Nr =
9,610,224 and surface defects on (e) SLM Z as-built omax = 14,5, Nr = 278,380 and (f) EBM Z HIP
polished omax = 60, Nr =412,3148.

4.2. Discussion and Comparison with Casting Processes

Despite the relative scatter observed in Figure 3, it is observed that as-built specimens, which
posses the highest roughness, generally conduct to the shorter lifetimes domain with a crack
initiating from the surface. This is a common observation in fatigue that cracks initiate generally
from the surface. But this conclusion must be relativized when sub-surface or internal defects (as
porosities or unmelted zones) are present as in the present case or also in the case of casting process
(as porosities or shrinkages) [6]. Therefore, when machining and polishing as-built specimens,
surface defects are mostly removed. As they are the most critical defects, lifetimes are generally
larger than for as-built specimens as already shown in [1,9,10]. However, one can also observed in
Figure 3 machining and polishing specimens with shorter lifetimes. In fact, surface machining can
conduct to the emergence of initially internal defects (porosities and/or unmelted zones) on the
surface, which increases their criticality.
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Figure 3. Influence of the defects on the lifetimes obtained for both EBM and SLM processes.

But beyond such particular cases, the intermediate domain in Figure 3 corresponds mainly to
crack initiation on unmelted zones as soon as the specimens are machined and polished. Such
unmelted zones are observed in the bulk or in sub-surface areas. As the position of the defects
respectively to the surface is an influencing parameter on the crack initiation time, as shown in the
case of shrinkage in casting alloys [4,5], this has an impact on the criticality and the lifetimes. In the
case of unmelted zones, one can observe in Figure 3 that the fatigue properties are qualitatively
slightly better for the specimens built in the XY direction. Indeed, as unmelted zones preferably
appear between two layers, the orientation of such defect is mainly perpendicular to the building
direction. Then, for the specimens built in the XY direction, unmelted zones are certainly mainly
parallel to the loading direction, which is qualitatively less critical than to be perpendicular to the
loading direction in the case of the Z building direction. This could explain the observed difference
in fatigue properties between XY and Z-building directions but unfortunately, this assumption has
not been confirmed by experimental observations. Finally, the last domain with the longer lifetimes
corresponds mostly to HIP specimens, as HIP is known to reduce the size of most of the defects
(porosities or unmelted zones).

However, in this study, as in other ones as [1], only post-mortem observations were conducted
and no quantification of defects size and/or morphology were done, which could improve the
proposed qualitative analysis. In fact, in the case of casting alloys, it has been shown that a simple 2D
analysis (size, morphology) from data extracted from surface images of such complex 3D defects is
generally not sufficient to understand and quantify their impact on crack initiation mechanisms and
on lifetime, even if some statistical corrections are possible [11]. Therefore, a systematic 3D
quantitative analysis of the specimens microstructure by CT-tomography (as conducted in [6]) could
be a direct perspective of this work, associated to in-situ fatigue tests as in [4,5].

5. Conclusions

In summary, fatigue tests have been performed on additive manufactured specimens with two
powder bed fusion processes (EBM and SLM). The effects of manufacturing direction, HIP treatment
and roughness have been observed and analysed according to micrographs performed on each
broken specimen. Three types of defects have been observed and could be sorted from the most to
the less critical: surface defects, unmelted zones and small internal defects. Machining and polishing
steps improve the fatigue properties by removing surface defects and initial roughness. HIP
treatment improves fatigue by decreasing the defects size. The effect of the manufacturing direction
depends on the presence of unmelted zones. Finally, the effect of the process—EBM and
SLM —seems to be negligible because defects are of the same type in both cases. Depending on the
post-treatment applied to the specimens, parts coming from additive manufacturing with these both



Proceedings 2018, 2, 474 6 of 6

processes show similar fatigue properties than cast or wrought parts. The qualitative conclusions
about crack initiation mechanisms could be challenged by performing 3D CT-tomography
associated to in situ tensile tests on several specimens; real-time analysis could then be performed in
order to observe the crack initiation and propagation phenomenon as alreadydone on casting
alloys [4-6].
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