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developed powder bed fusion based additive manufacturing processes. In this paper, 

fatigue properties of Ti-6Al-4V specimens built by EBM and SLM are compared. Several 

parameters are assessed: processes, manufacturing direction, surface roughness, HIP 

treatment. Fatigue properties are analyzed in relation with the crack initiation 

mechanisms identified on each specimen's post-mortem micrographs. Machined 

specimens show better fatigue properties as surface defects are removed. HIP treatment 
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veloped powder bed fusion based additive manufacturing processes. In this paper, fatigue

properties of Ti-6Al-4V specimens built by EBM and SLM are compared. Several param-

eters are assessed: processes, manufacturing direction, surface roughness, HIP treatment.

Fatigue properties are analyzed in relation with the crack initiation mechanisms identified

on each specimen’s post-mortem micrographs. Machined specimens show 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.
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1 Introduction

Additive manufacturing (AM) processes consist in building parts layer by layer,

starting from a 3D CAD model [1]. The first such manufacturing machines ap-

peared in the 1980s and were mainly used to build plastic prototypes. Nowadays,

the technology can be used to manufacture functional parts [2] and the industrial-

ization of AM is now in place for metallic components.

These processes are useful in many fields, including the aerospace industry, as they

allow the design and manufacturing of parts with additional functionalities and

lower weight, in a shorter time than conventional processes. Several AM technolo-

gies are now on the market. Selective Laser Melting (SLM) [3] and Electron Beam

Melting (EBM) [4] are two of them [5]. According to ISO/ASTM 52900, both are

powder bed fusion processes. This means that ”thermal energy selectively fuses re-

gions of a powder bed” [1]. Contrary to the SLM process, EBM manufacturing is

performed at elevated temperatures close to 700◦C which reduces residual stresses

due to temperature gradients and local cooling rates [6]. In the very recent years,

numerous alloys were processed by SLM and/or EBM, among them titanium al-

loys with an emphasis on Ti-6Al-4V [10]. This alloy is commonly used in the

aerospace and bioengineering industries because of its good mechanical properties,

low density, and good corrosion resistance. Therefore, Ti-6Al-4V obtained by SLM

or EBM was already studied with a particular focus on the obtained microstructures

and static tensile properties.
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The microstructure of Ti-6Al-4V specimens show generally an orthotropic mi-

crostructure with prior β grains oriented in the manufacturing direction [7,8]. At

a higher magnification, SLM samples show a martensitic structure with α′ acicular

grains [9] while EBM samples possess a lamellar microstructure composed of α

grains [10]. After a Hot Isostatic Pressing (HIP) treatment, SLM specimens show

the same lamellar structure as the one obtained with EBM, but with thicker grains

[11]. The tensile properties of such alloys are generally above the specification

coming from ASTM F2924 standard [12] and are similar to wrought specimens,

except for the SLM ductility [15,16,10]. A very low anisotropy is generally ob-

served when horizontal and vertical manufacturing directions are compared except

also for the ductility in the SLM case [15,9].

However, relatively few data are available on fatigue properties of Ti-6Al-4V spec-

imens obtained by EBM and/or SLM and more particularly, the effect of very im-

portant parameters as the manufacturing direction, roughness and heat treatments

are not deeply analyzed. One can note that improved surface quality by decreas-

ing roughness or machining appears to improve fatigue [17–21] as a HIP treatment

also does [22,23] and no major effect of the manufacturing direction is observed

[17,23]. However, to our knowledge, very few studies are trying to compare the ef-

fect of different AM processes on fatigue properties. One can cite the work of Zhai

et al. [24] with a comparison between LENS and EBM processes and the recent

study of Günther et al. [25] which compares SLM and EBM processes but in the

Very High Cycle Fatigue regime.
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In this article, the fatigue properties of Ti-6Al-4V specimens, built by both SLM

and EBM processes, are presented and compared. The influence of the process

type, the manufacturing direction, a surface machining and a HIP heat treatment

are discussed for both processes. Moreover, the mechanisms involved in crack ini-

tiation are analysed through post-mortem micrographs systematically performed

on all broken specimens. From this analysis, different critical situations are distin-

guished.

2 Materials and methods

Fatigue test specimens made of pre-alloyed powder of Ti-6Al-4V were processed

using SLM and EBM and correspond to the geometry described in Figure 1. The

chemical composition of the Ti-6Al-4V corresponds to the ASTM F2924 standard

[12] which is given in Table 1. The SLM specimens were built on a SLM 250HL

machine with a layer thickness of 50 µm. These specimens were stress relieved

at 640◦C during 4 hours. The EBM specimens were built on an Arcam A2 ma-

chine, also with a layer thickness of 50 µm 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. A description of both machines can be found

in [13]. 96 cylindrical specimens were built in total, 12 specimens for each param-

eter as shown in Table 2. The manufacturing direction is designated according to

ISO/ASTM 52921 [26] and is described in Figure 1. 12 specimens for each process
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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 micrometers whereas it is 20-35

micrometers for EBM. The others were machined and then polished by tribofinish-

ing 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 during 2 hours.

As shown in [21,25], 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, gen-

erally smaller than the unmelted zones as associated to untrapped gazes. Therefore,

the effect of an initial polishing treatment conducts to a decrease of the surface

roughness value. The machining process conducts to the elimination of this initial

roughness but however, it can also conducts to the emergence of initial sub-surface

defects (porosities and/or unmelted zones). Finally, as it is shown in the literature,

HIP has an effect on the mechanical properties of parts produced by additive manu-

facturing (see [15]). For SLM process, HIP treatment decreases the ultimate tensile

stress and yield strength and improves ductility and fatigue properties. Indeed, HIP

reduces the size of the defects, which is beneficial for fatigue. It also modifies the

microstructure, going from an initial martensitic microstructure to a lamellar one

[11]. In the case of EBM process, the fatigue properties are improved by HIP be-

cause of the reduction of the defect size, but the tensile properties are not modified
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Element Ti Al V O N C H Fe

weight % rest 5.5-6.75 3.5-4.5 <0.2 <0.05 0.08 <0.015 0.3

Table 1

material composition given in ASTM F2924 standard [12].

Process Manufacturing Number of Thermal Surface

/ Machine direction specimens treatment finishing Total

SLM /

SLM

250

HL

Z 12 640◦C/4h Polishing

48

XY 12 640◦C/4h Polishing

Z 12 640◦C/4h None

Z 12 640◦C/4h + HIP Polishing

EBM

/ AR-

CAM

A2

Z 12 None Polishing

48

XY 12 None Polishing

Z 12 None None

Z 12 HIP Polishing

Table 2

list of fatigue tested specimens.

as the initial microstructure is already a lamellar one [14].
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Fig. 1. geometry of the fatigue test specimens.

Process Heat treatment E (GPa) σy (MPa) σu (MPa) A%

ASTM [15] - - 825 895 10

SLM 640◦C/4h 127 961 1032 2.7

EBM - 119 970 1045 10.9

Table 3

mean values of static properties of the studied alloy compared to ASTM F2924 [15]: E

describes the Young modulus, σy, the yield strength, σu, the ultimate stress and A% the

ductility in %. These data are obtained in the Z manufacturing direction (see Figure 1) and

after machining.

Initially, static tensile tests were conducted on similar specimens and the mechani-

cal properties obtained in the Z manufactured direction are given in the table 3 and

are compared to the ASTM F2924 [15]. High cycle fatigue tests were performed ac-
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cording to ISO 1099 [27]. Pure reversed stress controlled loading was 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

a 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 10
7 cycles. After the tests, the

crack initiation area were analyzed regarding post-mortem micrographs systemati-

cally performed on all broken specimens using a Nachet Vision optical microscope

and also an Hitachi S-3600N scanning electronic microscope.

3 Fatigue lifetimes

In this part, the fatigue test results obtained with the different parameters are pre-

sented 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 how-

ever systematic analysis and comparisons between parameters and/or processes.

The maximal stress is chosen in order to allow comparisons with [28]. In Figure

2, a comparison between vertical building direction (Z) and horizontal one (XY)

is done for both SLM and EBM processes. A relatively large scatter is observed,

particularly in the XY direction but nevertheless, the results displayed in Figure 2

show that this XY direction is mainly associated to the more important lifetimes for

both processes, even if the effect is moderate. This building directions have already
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been evaluated for static properties and seem to have an effect on the ductility in the

SLM case (see [15,9]). To our knowledge, it seems that no systematic evaluation

has already been conducted in fatigue for these two processes.

Fig. 2. comparison between vertical building direction (Z) and horizontal one (XY) for both

SLM and EBM processes.

In Figure 3 a comparison between as-built and machined test specimens is done,

which shows the important effect of roughness on fatigue lifetime, as already shown

in [17–21]. Machining and polishing test specimens drastically improve the fatigue

strength for both processes with the same impact whatever the lifetime.

In Figure 4 the effect of these machining and polishing steps are then compare

to specimens submitted to an additional HIP treatment. This last one has also an

important positive impact on the fatigue lifetime and this effect is more pronounced

for longer lifetimes.

All these results are compared in Figure 5 to tendencies extracted from [28] ob-

tained by casting and wrought processes and for which load ratio is not precise.
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Fig. 3. comparison between as-built and machined test specimen for both SLM and EBM

processes.

Fig. 4. effect of machining and polishing steps compared to specimens submitted to an

additional HIP treatment for both SLM and EBM processes.

The results from reference [28] were placed in this normalised graph by dividing

them also by the same constant as for the others S-N curves. This figure enables

to summarize all the results and observations and one could underline that: (i) ma-

chining and polishing improve the fatigue properties, i.e. the stress amplitude for

10
7 number of cycles, of about 100 %, (ii) performing an HIP treatment improves
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again the fatigue properties of about 80 %, (iii) the effect of the manufacturing di-

rection is more difficult to observe, but XY specimens seems to have slightly better

fatigue properties than Z specimens and (iv) after surface polishing, fatigue prop-

erties 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.

Fig. 5. comparison of fatigue lifetime obtained for both SLM and EBM processes with

more classical casting and wrought processes (tendencies extracted from [28]).

4 Crack initiation mechanisms

As already stated, typical defects observed in this titanium alloy with these pro-
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cesses are: (i) the as-built roughness of the surface, which can also be associated

to surface defects (unmelted zone on the surface, open porosities), (ii) internal un-

melted zones, (iii) internal porosities, generally smaller than the unmelted zones

as associated to untrapped gazes. After the tests, crack initiation areas were anal-

ysed 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 on Figure 6. These defects are similar to those presented

in [25]. Figures 6a and 6b correspond to small internal defects, i.e residual small

porosities, residual small unmelted zones after HIP treatment (Figure 6a) or α-

phase (Figure 6b) as shown in [25]. In fact, as already stated, the effect of HIP

treatment is to close most of the initial defects. In this case, it has been shown

[25] that small residual porosities as well as α-phase can be also responsible of

the fatigue crack initiation. Internal unmelted zones, as observed in Figures 6c and

6d 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 6d) or perpendicular (see Figure 6d) to

the loading direction. Cracks can also initiate from the surface, due: (i) to the ini-

tial as-built roughness or (ii) from initially sub-surface defects, which intersect the

surface after the machining and polishing steps. Indeed, even if the objective of a

surface machining is the elimination of the initial roughness, it can also conducts to

the emergence of initially sub-surface defects (porosities and/or unmelted zones)

on the surface. All the broken specimens surfaces were observed and analysed

and the crack initiation associated defects were determined following the previ-

12
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Surface Internal unmelted zones Small internal defects

As-built 10 0 3

XY and Z polished 4 25 12

HIP-polished 5 0 10

Table 4

types of defect conducting to crack initiation (surface, internal unmelted zones, small in-

ternal defects) associated to the post-treatment parameters (as-built, XY and Z polished,

HIP-polished) whatever the process (SLM, EBM).

ous classification (surface, internal unmelted zones, small internal defects). Results

are synthesized in Figure 7 where each type of defect conducting to crack initi-

ation has been associated to a specific symbol. One can clearly distinguish three

main domains: (i) shorter lifetime are mainly associated to crack initiations on sur-

face defects, (ii) intermediate lifetime to internal unmelted zone and (iii) longer

lifetime to small internal defects, even if a relative scatter is observed. In order to

quantify this observation, in Table 4, types of defect conducting to crack initiation

(surface, internal unmelted zones, small internal defects) have been associated to

the post-treatment parameters (as-built, XY and Z polished, HIP-polished) what-

ever the process (SLM, EBM) as the process seems to have a minor effect on the

fatigue properties. This table confirms these three domains.
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Fig. 6. different types of defects identified as the crack initiation zone: small defects and/or

porosities on a) EBM, Z-direction, polished, σmax=50 MPa, Nf=163000 cycles and b)

EBM, Z-direction, HIP, polished, σmax=65 MPa, Nf=1721160 cycles, unmelted zones on

c) SLM, Z-direction, polished, σmax=30 MPa, Nf=7128212 cycles and d) EBM, XZ-direc-

tion, polished, σmax=30 MPa, Nf=9610224 cycles and surface defects on e) SLM, Z-direc-

tion, as-built, σmax=14.5 MPa, Nf=278380 cycles and f) EBM, Z-direction, HIP, polished,

σmax=60 MPa, Nf=4123148 cycles

5 Discussion

The criticality of the defects as described in the previous section can now be dis-

cussed. As classically observed in fatigue, a relative scatter is observed in Fig-
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Fig. 7. influence of the defects on the lifetimes obtained for both EBM and SLM processes.

A green point corresponds to a crack initiation on a surface defect, a pink one, on a lack of

fusion zone and a yellow one, on porosities.

ure 7 and is confirmed in Table 4. Despite this scatter, 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 obser-

vation in fatigue that crack initiates generally from the surface. But this conclusion

must be relativised 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) [33].

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 [17–21]. However, one can also

observed in Figure 7 machining and polishing specimens with shorter lifetimes. In

fact, surface machining can conduct to the emergence of initially internal defects
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(porosities and/or unmelted zones) on the surface, which increases their criticality.

But beyond such particular cases, the intermediate domain in Figure 7 corresponds

mainly to crack initiation on unmelted zones as soon as the specimens are machined

and polished, as clearly shown in Table 4. 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 [33,34], this has an impact on the criticality

and the lifetimes. In the case of unmelted zones, one can observe in Figure 7 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. Complementary tests could be necessary with 3D real-

time analysis.

Finally, the last domain with the longer lifetimes correspond mostly to HIP spec-

imens, as HIP is known to reduce the size of most of the defects (porosities or

unmelted zones). Also in this later case, a relative scatter is observed in lifetimes

and Table 4 shows that this is due to residual surface defects.
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From these analysis based on post-mortem observations as in [21], and despite a

relative observed scatter, the main conclusions are that surface defects are generally

more critical in fatigue than unmelted zones which are more critical than small bulk

defects as porosities or α-phase. Moreover, the study also shown that the type of

defects as described previously are the same for both processes. Therefore, EBM

and SLM, fatigue properties are quite similar as confirmed in [24]. In this work,

Günther et al. are conducting fatigue tests in the Very High Cycle regime and it

can be observed that for lifetime greater that 107 cycles, internal defects are mostly

associated to the crack initiation process where surface defects are the dominant

mechanisms for lifetimes lower than 10
7 cycles. These observations are consistent

with the results obtained in the present study and show that crack initiation mecha-

nisms depend also on the fatigue regime.

However, in this study, as in other ones as [21], 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 cast-

ing 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 [30,31]. There-

fore, a systematic 3D quantitative analysis of the specimens microstructure by CT-

tomography (as conducted in [32]) could be direct a direct perspective of this work,

associated to in-situ fatigue tests as in[33–35].
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6 Conclusion

In summary, fatigue tests have been performed on additive manufactured specimens

with two powder bed fusion processes (EBM and SLM). The effects of manufac-

turing direction, HIP treatment and roughness have been observed and analyzed

according to micrographs performed on each broken specimens. Three types of de-

fects have been observed and could be sorted from the most to the less critical: sur-

face defects, unmelted zones and small internal defects. Machining and polishing

steps improve the fatigue properties by removing surface defects and initial rough-

ness. 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 processes

possess the 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 already done on casting alloys [33,32,34,35].
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