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Ñïåö³àëüí³ òåõíîëîã³¿ âèðîáíèöòâà äîçâîëÿþòü åêîíîì³÷íî îá´ðóíòîâàíî âèãîòîâëÿòè äåòàë³

ñêëàäíî¿ êîíô³ãóðàö³¿ ç ì³í³ì³çàö³ºþ öèêëó â³ä ðîçðîáêè äî âèðîáíèöòâà. Äëÿ âèêîðèñòàííÿ ö³º¿

òåõíîëîã³¿ äî âèñîêîíàâàíòàæåíèõ â³äïîâ³äàëüíèõ åëåìåíò³â êîíñòðóêö³é íåîáõ³äíî âèâ÷èòè

ñïåöèô³êó ¿¿ âïëèâó íà õàðàêòåðèñòèêè óòîìè îòðèìàíèõ ìàòåð³àë³â íà ì³êðî-, ìàêðî- ³ ìåçî-

ð³âí³. Äîñë³äæóºòüñÿ ì³öí³ñòü â³ä óòîìëåíîñò³ ïëîñêèõ çðàçê³â (ãëàäê³ ³ ç äâîñòîðîíí³ìè

íàï³âêðóãëèìè âèð³çàìè) ç³ ñïëàâó Ò³–6Al–4V, ÿê³ âèãîòîâëåíî çà òåõíîëîã³ºþ âèá³ðíî¿ ëàçåðíî¿

ïëàâêè. Äëÿ ³äåíòèô³êàö³¿ ì³ñöÿ çàðîäæåííÿ òð³ùèíè â³ä óòîìëåíîñò³ òà ìåõàí³çìó ðóéíó-

âàííÿ ôðàêòîãðàìè çðóéíîâàíèõ çðàçê³â äîñë³äæóâàëèñü ìåòîäîì ñêàíóâàëüíî¿ åëåêòðîííî¿

ì³êðîñêîï³¿. Óñòàíîâëåíî, ùî ì³öí³ñòü â³ä óòîìëåíîñò³ çðàçê³â ³ç êîíöåíòðàòîðîì íàïðó-

æåíü ó âèãëÿä³ äâîñòîðîíí³õ íàï³âêðóãëèõ âèð³ç³â òðîõè íèæ÷à, àí³æ ãëàäêèõ çðàçê³â. Ïîêà-

çàíî, ùî ÷óòëèâ³ñòü äàíîãî ìàòåð³àëó äî êîíöåíòðàö³¿ íàïðóæåíü äóæå íèçüêà ÷åðåç ñïåöè-

ô³êó ãåêñàãîíàëüíî¿ êðèñòàë³÷íî¿ ðåø³òêè çàãàðòîâàíèõ ïåðâèííèõ àëüôà-çåðåí ³ òåõíîëî-

ã³÷íèõ ïîâåðõíåâèõ äåôåêò³â, õàðàêòåðíèõ äëÿ âèá³ðíî¿ ëàçåðíî¿ ïëàâêè.

Êëþ÷îâ³ ñëîâà: ñïåö³àëüí³ òåõíîëîã³¿ âèðîáíèöòâà, íàï³âêðóãëèé âèð³ç, óòîìà, âèá³ðíà

ëàçåðíà ïëàâêà.

Introduction. Additive manufacturing (AM) is a process that allows a part to be built

layer-by-layer by using a combination of energy delivery and material deposition. Metallic

parts are obtained starting from powders that are melted by a laser or electron beam source.

This results in a high sensitivity of material properties to process parameters. According to

source parameters, the material can experience different thermal histories and thus different

microstructures [1–4]. The microstructure of AM parts can be highly anisotropic and can

reach a density greater than 99.5% [5, 6]. For example, columnar grains are shown to grow

epitaxially through the deposition layers due to cooling [5].

Compared to traditional shaping processes, AM offers different advantages such as a

shorter time-to market, a near-net-shape fabrication without the need of expensive moulds

and tools, a high efficiency in material utilization, the possibility to directly produce
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geometries with high level of flexibility based on CAD models. On the other hand, AM

parts suffer the presence of defects often related to non-optimal scan parameters (unmolten

particles, spherical entrapped gas bubbles, lack of fusion) [7]. Among the AM processes, a

particular attention is paid on selective laser melting (SLM), a powder bed fusion-laser

(PBF-L) method [8, 9]. The possibility to create structures with complex geometries out of

high performance materials has made SLM particularly interesting for aerospace and

biomedical industry, where titanium alloys, and in particular Ti–6Al–4V, are widely used.

Titanium alloys are in fact characterized by excellent corrosion resistance, high specific

strength, low density and low elastic modulus.

Both in aerospace and biomedical applications, fatigue is the primary mechanism of

rupture in components such as turbine blade, hip prosthesis and mechanical heart valve

[10–12]. For this reason, the fatigue strength of additive manufactured parts is widely

studied in literature. In their work about high cycle fatigue (HCF) behavior of SLM-

processed Ti–6Al–4V, Leuders et al. [13] found that porosity acts as strong stress raiser and

lead to failure. In order to improve the fatigue strength of titanium alloy Ti–6Al–4V

manufactured by SLM, reduction of porosity was thus considered by authors much more

important than microstructure optimization. In a more recent work [14], Kasperovich and

Hausmann found a reduction in fatigue resistance of SLM processed TiAl6V4 compared to

the wrought alloy due to a combination of the unfavourable martensitic microstructure,

unmolten particles, pores, and microcracks. Finally, they found that in order to restore the

fatigue resistance of the conventionally processed TiAl6V4, SLM-processed, specimens

need to be subjected to hot isostatic pressing (HIP), which reduces porosity, and surface

machining which reduces surface roughness. As a matter of fact, for AM parts that cannot

be machined on all surfaces, the rough ‘as built’ surface should be considered as crack

initiator in the fatigue design process leading to their lower fatigue strength. Finally, in that

work, heat treatments were found to give no significant improvement on HCF strength.

Due to some specific design requirements such as connecting different parts together

and repairing cracked or damaged structures, the majority of engineering components and

structures contain notches of different shapes. By their utility, notches are prone to crack

nucleation due to the intensified stress at their neighbourhood. Nucleated cracks may

propagate and lead to final failure of the notched component. Hence, it is commonly

attempted in design of notched components to prevent or delay the crack nucleation from

the notch edge [15–19]. For this aim, failure mechanisms in presence of notches should be

deeply studied.

Examination of the state-of-the-art shows that fatigue assessment and quality assurance

of additively manufactured components cannot be performed accurately due to a lack of

bespoke methodologies allowing the specific microstructural features as well as the specific

mechanical/cracking behavior of additively manufactured materials to be modelled

effectively. Therefore, owing to the growing importance of additive manufacturing

technologies, fundamental theoretical understanding of fatigue properties and behavior of

additively manufactured metals is a necessary step that must be taken as a matter of

urgency. In this challenging scenario, the problem is complicated by the fact that, as far as

components having complex geometries are concerned, no specific design criteria have

been proposed so far to take into account stress concentration phenomena arising from

geometrical discontinuities/features (here termed notches). Further, no fatigue data generated

by testing additively manufactured notched metals can be found in the technical literature.

This lack of specific knowledge makes it difficult for industry to take full advantage of the

unique features of adittive manufacturing, with this preventing this powerful technology

from being injected effectively into every-day manufacturing practises. In this context, this

work aims to contribute to the fundamental understanding of the mechanical/cracking

behavior of additively manufactured Ti–6Al–4V specimens weakened by circular notches

and subjected to fatigue loading.
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1. Material, Geometries, and Experimental Procedure. The analyzed Ti–6Al–4V

specimens were produced by means of SLM by using optimized process parameters that

guaranteed a density greater than 99.7%. After specimens’ production, specimens were

sandblasted at 6 bar using corundum sand with a mean grain size of 220 �m. They were

then stress relief heat-treated in non-controlled atmosphere (heating rate: 10.8 �C/min;

holding time: 3h at 650�C; cooling rate: 2 �C/min) and after cutting off the base plate they

were re-sandblasted at 6 bar using corundum sand. All specimens were obtained by using a

layer thickness of 60 �m. Figure 1 shows the geometries of smooth and circular notched

specimens. The radius at the notch is 5 mm while the thickness of the specimens is 3 mm.

Fatigue tests were carried out by using a universal MTS machine (250 kN). All tests

have been carried out under load control, using a sinusoidal signal in uniaxial tension with

a frequency of 10 Hz and load ratio R � 0. The run out limit was set equal to 106 cycles.

The microstructure and the fracture surface of the specimens were investigated by optical

microscope (OM) and environmental scanning electron microscope (ESEM) (FEI

QUANTA 400), respectively.

Kroll’s Reagent (2 ml HF, 2 ml HNO3, 100 ml H2O) was used as metallographic

etchant. The alpha prime and acicular alpha structures of titanium alloy will appear white

after etching while intergranular beta structure and beta grains will be darkened.

A numerical model under plain stress condition was carried out using ANSYS®

numerical code, in order to calculate the stress concentration factor, K t . The Young

modulus and Poisson’s ratio were set equal to 110 GPa and 0.34, respectively. By taking

advantage of the double symmetry, only one fourth of the specimen was modelled by using

a mapped mesh (Fig. 2a). Figure 2b shows the principal stress distribution induced by a

remotely applied tension (� n ) of 213 MPa.

2. Results.

2.1. Fatigue Test Results. Results obtained from the statistical elaboration of fatigue

tests data for smooth and notched specimens are reported in Figs. 3 and 4, respectively.

Values of stress amplitude related to a survival probability of 50%, the slope of the Wöhler

curve and the scatter index T� (the ratio between the stress amplitudes corresponding to 10

and 90% of survival probability) are reported in the above figures. Specimens survived

Fatigue Assessment of Ti–6Al–4V Circular Notched Specimens ...

ISSN 0556-171X. Ïðîáëåìû ïðî÷íîñòè, 2017, ¹ 3 107

Fig. 1. Geometries of smooth and circular notched specimens and built axis (Z) (dimensions in mm).
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Fig. 2. Mesh of the specimen with a double circular notch (a) and principal stress (S1) distribution

induced by a remotely applied tension (�n) of 213 MPa.

Fig. 3. Fatigue curve of Ti–6Al–4V smooth specimens.

Fig. 4. S–N curve of Ti–6Al–4V double blunt V-nothced specimens.



over 1 million cycles are considered as run out and marked up with an arrow. It can be

noted that the difference between the Wohler curves are related only to the mean value of

the stress amplitude at 1 106� cycles, but not to the scatter index T� . The fatigue strength of

double circular notched specimens at 1 million cycles was 213 MPa compared to a value of

243 MPa related to the fatigue strength of smooth samples

2.2. Microstructure and Fractography. A preliminary microstructure investigation by

means of OM showed an almost porosity-free material. Some occasional porosity was

found which dimension was less than 50 �m. OM and ESEM micrographs are shown in

Fig. 5. The grains appear acicular with a prevalence of �� plates surrounded by a little

percentage of 	 phase. In Fig. 5a the primary equiassic morphology of 	 phase prior to the

	 �
 � transformation can be also observed. In Fig. 5b the Al-reach black zones correspond

to �� phase, tempered by stress-relief heat treatment, while the white zones, reach in

vanadium, correspond to 	 phase. Such a microstructure is due to the high cooling rate that

characterizes the SLM process and the subsequent heat treatment below 800�C.

ESEM fractographs of the smooth and blunt circular notched specimens are shown in

Figs. 6 and 7, respectively. It is noted that fatigue cracks nucleate at the specimen surface

both in smooth and double U-notched specimens where severe intrusions (Fig. 6d), due to

the roughness induced by the process, act as crack initiation points (Figs. 6d and 7). The

fracture nucleates at one point at the surface of the smooth specimen (Fig. 6d) and

propagates towards the opposite edge covering almost the entire cross section of the

specimen until the final rupture. The final fracture surface, characterized by dimples

(Fig. 6c), was found to be inclined by about 45� with respect to the load direction (Fig 6a).

No porosity was observed on fracture surface of all specimens. In a similar way, fatigue

cracks nucleate at both the notch tip of the double circular notched specimen. Thus, the

final fracture surface appears in between the two propagation zones and still inclined by

about 45� with respect to the load direction. Figure 7 shows a typical deep intrusion where a

crack nucleated.

Finally, despite the several detected high intrusions at the surface that act as easy

crack nucleation zones, it was found that fatigue cycles spent for crack nucleation were

much higher than those spent for crack propagation (Fig. 8).

In Fig. 8 the stiffness of both a smooth and a circular notched specimen loaded with

the same remotely applied stress (� n � 360 MPa) was plotted against the cycles number. It

is noted that the stiffness of both specimens remains constant for about 90% of the fatigue

life. In particular, the crack nucleation period was set equal to the number of cycles beyond

which all the experimental points fall down under the interpolation straight line shown in
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Fig. 5. Optical microscope (a) and environmental scanning electron microscope (b) micrographs of

the analyses material.



Fig. 8. By analyzing all specimens with this procedure, it was found that the percentages of

fatigue life spent for crack nucleation were 93 and 81% for smooth and circular notched

specimen, respectively.

3. Discussion. By using the obtained experimental data, the notch sensitivity has been

calculated. The notch sensitivity (q) is defined by Eq. (1):

q
K

K

f

t

�
�

�

1

1
, (1)
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Fig. 6. ESEM fractographs of the smooth specimen (�� � 360 MPa, N � 106,374 cycles).

Fig. 7. ESEM fractographs of the double circular notched specimen (�� � 360 MPa, N � 64,427

cycles).



where K f is the fatigue notch factor (K f A
smooth

A
V nothc� �� �� � ) and K t is the stress

concentration factor defined by maximum local stress to nominal stress ratio (K t �
� � �max )nom [20]. The nominal stress is defined as the mean stress across the reduced

cross-section of the specimen in the presence of the notch. In general, 0 1
 
q . When the

theoretical stress concentration factor equals the fatigue notch factor (i.e., K Kf t� ), q� 1. If

the notch has no adverse effect on the fatigue limit (i.e., K f � 1), q� 0. By using the fatigue

data obtained in this work, K f � 1.141. K t was found equal to 3.925 by a numerical

simulation. This results in a q value equal to 0.048.

A low notch sensitivity of the wrought Ti–6Al–4V alloy was already observed by

Hosseini [20]. She justified such alloy behavior through alpha hexagonal close packed

(hcp) crystal lattice characteristics. Compared to cubic lattices, such as face central cubic

(fcc) or body central cubic (bcc) lattice, the slip planes in hcp lattice are all parallel to each

other (planes (0001) in Miller–Bravais system). The slip systems number for dislocations in

a hcp lattice are thus very low if compared to those in a cubic crystal (CC). Now,

dislocations play a key role in the fatigue crack nucleation phase. It has been revealed that

after a large number of fatigue loading cycles, dislocations pile up and form structures

called persistent slip bands (PSB). Such PSB can be formed more easily in a crystal grain

that has an unfavourable orientation of its slip planes relative to the planes of maximum

applied shear stresses (Fig. 9). Because of its few slip systems, for a hcp lattice, such

unfavourable orientations are very few. In this situation, many potential damage initiation

sites occur within the volume of a smooth specimen but, at the sharp notch, it is possible

that almost no damage initiation site occurs in the small region around the notch tip where

the stress is near its peak value. Hence, considering the local notch stress, the notched

member can be more resistant to fatigue.

As shown in Figs. 6 and 7, fatigue cracks were observed to initiate on severe surface

intrusions due to the high roughness induced by the process itself. Such intrusions are

covered by an oxide layer which was formed during the stress-relief heat treatment and

non-cleaned up by the grinding treatment. Now, the number of potential crack initiation

intrusions is thought to be much higher in smooth specimens than in the sharp V-notch

specimen where there is the possibility that no such critical surface defects occur in the

small region near the notch tip. It is thought that this effect and the alpha prime hcp lattice

characteristics may justify the very low notch sensitivity of the SLM-processed Ti–6Al–4V

alloy observed by experiments.
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Fig. 8. Specimen stiffness as a function of cycles number of a smooth and a circular notched

specimen, both loaded with a nominal stress (�n) value of 360 MPa.



In order to better comprehend the mechanism of crack nucleation in alpha phase, the

fatigue test of a specimen with double circular notch was interrupted when its stiffness

values started to fall down. The resulting fatigue cracks were then observed by means of

electron backscattered diffraction (EBSD) technique. Figure 10 shows SEM and EBSD

micrographs of a fatigue crack and corresponding alpha grains orientation at the initiation

and propagation zones. It is observed how the basal slip planes of the alpha grain at the

crack initiation zone are oriented about 45� compared to the load direction.
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Fig. 9. Schematic representation of PSB formed in a crystal grain that has an unfavourable orientation

of its (0001) slip planes relative to the planes of maximum applied shear stresses.

Fig. 10. SEM and EBSD micrograph of a fatigue crack in a circular notched specimen.



Conclusions. The fatigue strength of Ti–6Al–4V circular notched specimens produced

by SLM was assessed. Results were compared with those corresponding to smooth

specimens and scanning electron microscopy have been used to investigate the fracture

surface of broken specimens in order to identify crack initiation points and fracture

mechanisms. Despite the fatigue specimens were weakened by the sharp circular notch, a

very low notch sensitivity was measured. This was attributed both to the hexagonal crystal

lattice of tempered alpha prime grains and to the high roughness detected on specimen

surface.

Ð å ç þ ì å

Ñïåöèàëüíûå òåõíîëîãèè ïðîèçâîäñòâà ïîçâîëÿþò ýêîíîìè÷åñêè îáîñíîâàíî èçãî-

òîâëÿòü äåòàëè ñëîæíîé êîíôèãóðàöèè ñ ìèíèìèçàöèåé öèêëà îò ðàçðàáîòêè äî ïðî-

èçâîäñòâà. Äëÿ ïðèìåíåíèÿ ýòîé òåõíîëîãèè ê âûñîêîíàãðóæåííûì îòâåòñòâåííûì

ýëåìåíòàì êîíñòðóêöèé íåîáõîäèìî èçó÷èòü ñïåöèôèêó åå âëèÿíèÿ íà õàðàêòåðèñ-

òèêè óñòàëîñòè ïîëó÷åííûõ ìàòåðèàëîâ íà ìèêðî-, ìàêðî- è ìåçîóðîâíå. Èññëåäóåòñÿ

óñòàëîñòíàÿ ïðî÷íîñòü ïëîñêèõ îáðàçöîâ (ãëàäêèå è ñ äâóõñòîðîííèìè ïîëóêðóã-

ëûìè âûðåçàìè) èç ñïëàâà Ti–6Al–4V, èçãîòîâëåííûõ ïî òåõíîëîãèè èçáèðàòåëüíîé

ëàçåðíîé ïëàâêè. Äëÿ èäåíòèôèêàöèè ìåñò çàðîæäåíèÿ óñòàëîñòíîé òðåùèíû è ìåõà-

íèçìà ðàçðóøåíèÿ ôðàêòîãðàììû ðàçðóøåííûõ îáðàçöîâ èññëåäîâàëèñü ìåòîäîì

ñêàíèðóþùåé ýëåêòðîííîé ìèêðîñêîïèè. Óñòàíîâëåíî, ÷òî óñòàëîñòíàÿ ïðî÷íîñòü

îáðàçöîâ ñ êîíöåíòðàòîðîì íàïðÿæåíèé â âèäå äâóõñòîðîííèõ ïîëóêðóãëûõ âûðåçîâ

íåçíà÷èòåëüíî íèæå, ÷åì ãëàäêèõ îáðàçöîâ. Ïîêàçàíî, ÷òî ÷óâñòâèòåëüíîñòü äàííîãî

ìàòåðèàëà ê êîíöåíòðàöèè íàïðÿæåíèé î÷åíü íèçêàÿ èç-çà ñïåöèôèêè ãåêñàãîíàëüíîé

êðèñòàëëè÷åñêîé ðåøåòêè çàêàëåííûõ ïåðâè÷íûõ àëüôà-çåðåí è òåõíîëîãè÷åñêèõ

ïîâåðõíîñòíûõ äåôåêòîâ, õàðàêòåðíûõ äëÿ èçáèðàòåëüíîé ëàçåðíîé ïëàâêè.
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