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HIGH CYCLE FATIGUE PROPERTIES OF AS-BUILT TI6AL4V (ELI) PRODUCED BY DIRECT METAL
LASER SINTERING
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1 INTRODUCTION

Work done by the Centre for Rapid Prototyping and Manufacturing (CRPM) of the Central University
of Technology Free State on the manufacture of parts using direct metal laser sintering (DMLS) of
Ti6Al4V (ELI) powder has thus far been based on the static mechanical properties of such DMLS parts
that have been stress-relieved. These static mechanical properties were found to conform to the
properties of standard wrought Ti6Al4V (ELI) [1, 2]. However, for DMLS Ti6Al4V (ELI) parts that are
expected to experience cyclic loading, there is uncertainty that they will last their full operational
life. This is due to limited available fatigue life data for the DMLS-produced alloy.

This study presents baseline data and analyses on as-built DMLS Ti6Al4V (ELI), as a precursor to
studies of DMLS Ti6Al4V (ELI) that is heat treated in order to tailor its microstructure to give the
best high cycle fatigue (HCF) properties possible.

1.1 Sources of fatigue failure in as-built DMLS of Ti6Al4V (ELI)

DMLS is a selective laser melting (SLM) process that fuses metal powder in an inert atmosphere
(typically argon). The process uses a scanning laser beam to form three dimensional objects in a
layer-upon-layer build-up, based on three-dimensional computer aided design (CAD) model data
input [3]. DMLS of Ti6Al4V is increasingly used in the biomechanical, aerospace, and automotive
industries because of its ability to produce custom geometrically complex designs to high tolerances
and with minimal material waste [4]. Ti6Al4V is used in the aforementioned industries because it is
corrosion resistant, has a good strength-to-weight ratio and is bio-compatible [5, 6]. The Ti6Al4V
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powder used in DMLS is a pre-alloyed gas atomised powder that exists as an alpha/beta (a + ) alloy
at room temperature [7].

SLM of Ti6Al4V (ELI) results in the formation of a martensitic microstructure (a') of the alloy, and
generates thermally induced residual stresses in the parts built. Both the &' microstructure and the
residual stresses are effects of the high temperature gradient of the process arising from the rapid
solidification of layers as they are formed. The a' microstructure is supersaturated a resulting from
a non-equilibrium phase transformation of Ti6Al4V (ELI) [8]. When each layer is built, the solidified
underlying layers are re-melted and subsequently cooled. The contraction of these re-melted layers
upon cooling is restricted by the underlying solidified layers, imposing tension within them as they
solidify [9]. The re-melting of underlying layers is repeated several times as the layers are built up,
and there is a decrease in temperature with increasing depth of the layers from the surface. This
temperature gradient results in a thermal stress gradient that starts from compression at the lowest
layers to tension at the surface [9, 10]. The stress gradient follows the temperature gradient, based
on the following equation:

Otherm = AEAT (M

The thermal stresses are locked within the SLM parts because of the high cooling rate inherent in
the DMLS process [11]. Tensile residual stresses are unfavourable in tension-tension fatigue loading
because they promote crack initiation and propagation.

Apart from residual stress, SLM parts can also have a level of porosity and display uneven surfaces
in the manufactured parts. Pores and surface roughness act as stress concentration sites, and
therefore lower the fatigue properties of SLM-processed Ti6Al4V (ELI). Surface roughness is not a
concern of this paper, as it is based on the investigation of machined and polished SLM Ti6Al4V (ELI)
fatigue specimens, thereby eliminating the negative effect of surface roughness on fatigue. Porosity
arises from un-melted or semi-melted metal powder; the pores are normally oval-shaped and located
between two consecutive layers during the SLM process [12]. Thus their major axis is always
horizontal, which brings about anisotropy between horizontally and vertically built SLM parts. Work
carried out in CRPM shows SLM Ti6Al4V (ELI) parts to have a porosity of about 0.0022 per cent [1].
This high densification minimises the possibility of fatigue cracks initiating from pores.

The foregoing phenomenon alone or in combination with residual stress may lower the fatigue
properties of as-built DMLS Ti6Al4V (ELI) parts.

2  EXPERIMENTAL PROCEDURE

In this study, the as-built DMLS Ti6Al4V (ELI) fatigue specimens were first turned to size and then
polished using a Morrison specimen polishing machine, thereby eliminating the effect of surface
irregularities on the fatigue properties.

2.1  Preparation of specimens

Thirty rectangular bars of width (W) = 11 mm, height (H) = 11 mm, and length (L) = 60 mm were
manufactured using an EOSINT M 280 DMLS machine set to the standard parameters of the supplier.
Figure 2 shows the DMLS build platform, with four rectangular bars representing the four build
directions with reference to the re-coater arm movement. In this study, test specimens were built
along the X-, Y- and Z-build directions. For the X-build direction, the length of the bar is built
parallel to the re-coater arm movement in the X-Y plane. For the Y-build direction the bar length is
built perpendicular to the re-coater movement in the X-Y plane, and for the Z-direction the length
is built vertical to the X-Y plane. A total of 30 rectangular bars were built: samples 1-10 in the X
direction, samples 11-20 in the Y direction, and samples 21-30 in the Z direction.
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Figure 1: lllustration of a DMLS machine’s base plate with rectangular specimens built in the X-
, Y-, 45-, and Z-build directions

2.2  Machining and polishing of the samples

The DMLS Ti6Al4V (ELI) rectangular bars were turned to the dimensions of fatigue test specimens
recommended in ASTM E466-15 and ISO 1099. The grip ends of the specimens were threaded to
minimise slip between the specimens and the gripping device on the fatigue test frame. Polishing of
the fatigue specimens was done on a Morrison specimen polishing machine in the laboratories at the
CSIR in Pretoria, in order to achieve a surface roughness not exceeding 0.1 um.

2.3 Tension-tension fatigue testing

HCF tension-tension fatigue tests of the machined DMLS Ti6Al4V (ELI) specimens were carried out at
the same CSIR laboratories under the test criteria tabulated in Table 1.

Table 1: Tension-tension fatigue test criteria

Test standards ASTM E466-15 and 1SO 1099

Equipment 50 kN Instron 1342, axial, servo hydraulic
R- ratio 0.1

Control mode Stress control mode

Frequency 10 Hz

Temperature 20+2 °C

Run-out 5% 10

The maximum stress (0,,4,) l0ading regime from which the semi-log S-N curves were drawn was set
between 675 MPa and 360 MPa in each set of specimens built in each one of the three mutually
orthogonal DMLS build directions. The first test specimen in each set of specimens was tested at 675
MPa, which is 60 per cent of the as-built DMLS Ti6Al4V (ELI) yield strength [1]. This is a stress level
at which failure was expected to occur after a fairly short number of cycles [13]. The second
specimen in each set of specimens was tested at 360 MPa (30 per cent of SLM as-built Ti6Al4V (ELI)
tensile strength), where a run-out (5,000,000 load cycles) was expected. The remaining specimens
were cycled at g,,4, levels set at intervals between 675 MPa and 360 MPa.

3 RESULTS AND DISCUSSION

The fatigue loads of polished (R, = 0.1 um) as-built DMLS Ti6Al4V (ELI) specimens built along the X-
,Y- and Z-build directions and their respective lives were tabulated and presented on a semi-log S-
N curve. The data from the fractured specimens in each of the three build directions was linearised
on the semi-log S-N curves in accordance with equation 2.

S =aN? 2)

where a is the S intercept and b is the gradient. The linearised fatigue data curves of each set of
specimens from the three orthogonal DMLS build directions portrayed an inverse relationship
between the maximum stress and the logio number of life cycles to failure, until a point where each
reached its respective fatigue endurance limit. At these endurance limits, the respective curves
turned horizontal.

The fractured specimens were analysed in a scanning electron microscope (SEM); all showed features
similar to those shown in the schematic in Figure 3, which is typical of metal, and in particular of
Ti6Al4V fatigue fracture surfaces [14, 15, 16]. All the fractographs showed areas of crack initiation,
slow crack propagation, fast crack propagation, and final fracture. The fatigue cracks of all the
fractured specimens initiated either from a surface or sub-surface micro-pore related to the DMLS
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process. From this micro-pore, the fatigue failure crack propagated at a stable rate over an area
that exhibited bright river-like tear ridges. The tear ridges originated from the micro-pore crack
initiation sites, and spread out to the stable crack propagation (slow crack propagation) area. Their
elevation increased with depth into the stable crack propagation area. This is evident from the
fading of the tear ridges with movement towards the immediate area around the micro-pore crack
initiation site, as seen in the overall fractographs of the specimens. Fatigue striations were located
on the faces of the tear ridges on some specimens, and were oriented perpendicular to the directions
of crack propagation. This signifies a bow-out (retreat) of the crack from the crack initiation sites,
as observed by Joshi [17] and Milella [18]. The tear ridges died out at the overload zone, an area of
unstable crack propagation (fast crack propagation). In this area, crack propagation is consistent
with that of a monotonic loading, and is characterised by shallow dimples. After the unstable crack
propagation area, the crack reaches a plastic area in which the specimen finally shears.

Slow crack propagation

Final
fracture area

Fast crack
propagation area

Figure 2: Schematic representation of SLM Ti6Al4V (ELI) fractograph features

3.1 X-build direction specimens
Table 2: Tension-tension loads and fatigue lives of X-build direction specimens
Specimen Maximum Mean stress Stress Fatigue life N, Width of the
designation stress (Opax) o,, (MPa) amplitude o, (cycles) crack initiation
(MPa) (MPa) flaw (um)
X-1 612 336.6 275.4 179,794 35
X-2 675 371.3 303.8 896,033 20
X-3 549 302 247 .1 478,851 29
X-4 486 267.3 218.7 181,753 40
X-5 423 232.7 190.4 5,000,000 -
X-6 671 371.3 303.8 43,107 44
X-8 450 247.5 202.5 5,000,000 -
X-9 486 267.3 218.7 281,508 67
X-10 360 198 162 5,000,000 -

Figure 3 presents a semi-log curve of the maximum stress against the number of load cycles (5-N) of
the X-build direction DMLS Ti6Al4V (ELI) specimens, based on the data shown in Table 2.
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Figure 3: Semi-log S-N diagram for X-build direction specimens
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Linearisation of the curve shown in Figure 3 for the X-build direction specimens was carried out
without taking into account the outliers (specimens X-2 and X-4, encircled in the figure). The
correlation coefficient (R) of -0.791 indicates a strong inverse linear pattern between g,,,, and logio
N, which continues until the knee point of the curve at g,,,, = 450 MPa, where the curve turns
horizontal. The horizontal part of the curve represents the fatigue endurance limit, which is
estimated from the highest g,,4, of the run-out specimens indicated by arrows [19].

Specimen X-2 showed a high number of cycles to failure at high loads, whereas specimen X-4 showed
a low number of cycles to failure at low loads. These results are converse to expectations, and their
fracture surfaces were therefore studied in the SEM in an attempt to identify the causes of this
unexpected behaviour. The results are shown in Figures 4 and 5.

Figure 4 shows fractographs of specimen X-2, which was cycled at a maximum stress of 675
MPa and fractured after 896,033 cycles.
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Figure 4: (a) Overall fractograph of specimen X-2; (b) a magnified area around the crack
initiation site; (c) further magnification of the area around the crack initiation site; (d) high
magnification of crack propagation path showing fatigue striations; and (e) a magnified crack

propagation area with DMLS process related pores
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Fatigue failure of the specimen initiated from the 20 um wide and 46 um deep surface pore encircled
in Figure 4(c). Fatigue striations shown in Figure 4(d) bow-out from the crack initiation pore in the
direction indicated by the arrow in the micrograph. The fatigue striations were magnified from the
face of the tear ridge encircled in Figure 4(b). From the overall fractograph in Figure 4(a) it can be
seen that the tear ridges run across the entire crack propagation area until the final shear fracture
area, indicating a fairly stable crack propagation rate throughout. Across this crack propagation
area, internal pores were located and were found to be aligned in the direction of the river ridges,
as indicated by arrows in Figure 4(e).

Specimen X-2 showed the mentioned high number of cycles to failure at a high maximum stress load
because it had the smallest micro-pore crack initiation site of all the specimens built along the X-
build direction. This implies that the stress concentration factor imposed by porosity on this
specimen was the lowest. This conclusion is drawn from the theory of fatigue, which states that the
majority of the fatigue life of a specimen lies in the crack initiation stage [12, 13].

Figure 5 shows fractographs of specimen X-4, which was cycled at maximum stress of 486 MPa and
fractured after 181,753 cycles.
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Figure 5: (a) Overall fractograph of specimen X-4; (b) a magnified area around the crack
initiation site; (c) further magnification around the crack initiation site; (d) high magnification
of fatigue striations in a stable crack propagation area; (e) micrograph showing shallow
dimples in an unstable crack propagation area
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Fatigue failure in this specimen initiated from the 40 um wide and 44 um deep surface pore encircled
in Figure 5(c). The crack propagation area is divided into the stable and unstable crack propagation
zones indicated in Figure 5(a). The fatigue striations depicted in Figure 5(d) were found on the face
of a tear ridge in the stable crack propagation area and bow-out from the crack initiation pore in a
direction indicated by an arrow. Internal micro-pores were located in both crack propagation areas.

The stress concentration factor of the crack initiation pore in this specimen is relatively higher than
that in the previous case, and leads to accelerated local plastic deformation that initiates
propagation of the crack. The pores located in both the stable and the unstable crack propagation
areas provided an easy path for the propagating crack, accelerating its rate of propagation and thus
the small number of cycles to failure at a low maximum stress load. The small number of cycles to
failure on the fracture surface can also be identified by the coarse striations seen in Figure 5(d), as
opposed to the fine striations located on specimen X-2, which endured a high number of cycles to
failure.

3.2  Y-build direction specimens

Table 3: Tension-tension loads and fatigue lives of Y-build direction specimens

Specimen Maximum Mean stress Stress Fatigue life Width of a crack
designation stress (Opmax) (o) (Mpa) amplitude Ny (cycles) initiation flaw
(Mpa) (94) (MPa) (um)
Y-11 675 371.3 303.8 72,925 28
Y-12 612 336.6 275.4 297,396 20
Y-13 549 302 247.1 1,110,187 100
Y-14 486 267.3 218.7 3,295,499 67
Y-15 423 232.9 190.4 5,000,000
Y-16 549 302 247 .1 287,984 67
Y-17 486 267.3 218.7 5,000,000 -
Y-18 549 302 247 1 83,464 42
Y-19 500 375 225 130,072 38

Figure 6 presents a semi-log curve of the maximum stress against the number of load cycles of the
Y-build direction DMLS Ti6Al4V (ELI) specimens, based on the data shown in Table 3.
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Figure 6: Semi-log S-N diagram for Y-build direction specimens

A linear curve was fitted to the data in Table 3, ignoring the outliers Y-14, Y-18 and Y-19, which are
indicated by data points enclosed in squares in Figure 6. The data points show a strong inverse linear
relationship with a correlation coefficient (R) of -0.9115. The linear curve turns horizontal at g,,,
= 486 MPa, which is the estimated fatigue endurance limit for the highest a,,,, of the run-out
specimens, indicated by arrows in Figure 6.

Specimen Y-14 was excluded because it failed at 3,295,499 cycles while loaded at the estimated

fatigue endurance limit. Specimens Y-18 and Y-19 showed exceptionally low numbers of cycles to
failure at stress loads that are above the estimated endurance limit. The fracture surfaces of
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specimens Y-18 and Y-19 were studied in the SEM in an attempt to identify the causes of their
unexpected behaviour. Their fractographs are displayed in Figures 7 and 8.

Figure 7 shows the fractograph of specimen Y-19, which was cycled at a maximum stress of 500 MPa
and fractured after 130,072 cycles.
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Figure 7: (a) Overall fractograph of specimen Y-19; (b) high magnification of an area around
the crack initiation site; and (c) and (d) high magnification of DMLS process-related internal
pores

The fatigue fracture features of specimen Y-19 are similar to those of specimen X-4 (shown in Figure
6). The crack initiated from a 38 um wide and 75 um deep surface pore shown in Figure 7(b). The
crack propagated at a slow rate (stable crack propagation area) across the specimen, as shown in
Figures 7(c) and (d). Multiple comparatively smaller pores with reference to the crack initiation pore
of similar geometry to those depicted in Figures 7(c) and (d) were located in the slow crack
propagation area.

The specimen Y-19 fractured from a relatively large pore initiated crack. However, multiple internal
pores located across the stable crack propagation area locally accelerated the stable crack
propagation. The increased crack propagation rate is evident from the relatively small stable crack
propagation area seen in Figure 7(a). This gave rise to a low number of cycles to failure at the low
maximum stress levels prevailing during cyclic loading of this specimen (approaching the endurance
limit).

Figure 8 shows the fractographs of specimen Y-18, which was cycled at a maximum stress of 549
MPa and fractured after 83,464 cycles.

The fatigue failure crack of specimen Y-18 initiated from a 42 yum wide and 29 um deep surface pore
that is shown in Figure 8(b). The failure surface had fatigue features of the crack initiation site,
stable crack propagation, and unstable crack propagation similar to that of specimen X-4 (discussed
in section 3.1 above).
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Figure 8: (a) Overall fractograph of specimen X-18; (b) high magnification of crack initiation

The stress concentration factor from the surface pore that initiated the crack for this specimen was
lower than those of specimens Y-13 (width = 100 um and deep = 56 ym) and Y-16 (width = 67 um
and depth = 42um), which were cycled at the same maximum stress but failed at higher numbers of
cycles. A total of eight micro-pores were located on the fracture surface of specimen Y-18, but such
numbers of flaws were not found in specimens Y-13 and Y-16. These internal micro-pores are likely
to have contributed to the fracture of this specimen at a lower number of cycles than specimens Y-
13 and Y-16 for the same maximum stress load. This is because, upon contact of the crack tip with
a pore, subsequent merging of the two accelerates the growth of the cracked area towards its critical

area (overload area on the specimen).

3.3  Z-build direction specimens

site

Table 4: Tension-tension loads and fatigue lives of Z-build direction specimens

Specimen Maximum stress Mean Stress Fatigue life N; Width of a crack
designation (Omax) (Mpa) stress g, amplitude o, (cycles) initiation flaw

(Mpa) (MPa) (um)

Z-21 675 371.3 303.8 28,348 M

7-22 612 336.6 275.4 57,891 50

Z-23 549 302 247.1 399,838 59

7-24 486 267.3 218.7 92,862 55

Z-25 423 232.7 190.4 97,743 100

Z-26 360 198 162 5,000,000 -

7-27 423 232.7 190.4 5,000,000 -

Z-28 486 267.3 218.7 5,000,000 -

Z-29 549 302 247.1 822,565 13

Z-30 612 336.6 275.4 76,252 38

Figure 9 presents a semi-log curve of the maximum stress against the number of load cycles of the

Z-build direction DMLS Ti6Al4V (ELI) specimens, based on the data shown in Table 4.
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Figure 9: Semi-log S-N diagram for Z-build direction specimens




Linear curve fitting through the fatigue data for these specimens was done without including the
fatigue data from specimens Z-25 and Z-29, indicated by data points enclosed in pentagons in Figure
9, because they were considered to be outliers. The correlation coefficient (R) of -0.6037 given by
these scattered data points is moderate. The curve forms a knee at 486 MPa, where it turns
horizontal, given by the highest ¢,,,, of run-out specimens, indicated by arrows in Figure 9.

Specimen Z-25 showed a low number of cycles to failure at relatively low load, whereas specimen
Z-29 showed a high number of cycles to failure at high load. The fracture surfaces of these outliers
were studied in a SEM to identify the reason for their unexpected behaviour. Their fractographs are
shown in Figures 9 and 10.

Figure 9 shows the fractographs of specimen Z-29, which was cycled at a maximum stress of 549 MPa
and fractured after 822,565 cycles.
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Figure 9: (a) Overall fractograph of the specimen; (b) high magnification of an area around the
crack initiation site; and (c) high magnification on a tear ridge showing fatigue striations

Specimen Z-29 fractured after a relatively high number of cycles at high stress load because the
crack initiation was from a very small stress concentration resulting from a 11 um wide and 57 um
deep sub-surface pore, encircled in Figure 9(b). Fatigue striations were located on the face of a tear
ridge and bow-out from the direction of the crack initiation pore, indicated by an arrow in Figure
9(c). This crack initiation pore had the smallest length of all the crack initiation pores for this series
of specimens. No other internal pores were located on its fracture surface. Due to the absence of
internal pores that would have accelerated the crack tip to the crack’s critical length
(overload/unstable crack propagation area), specimen Z-29 showed a fairly large area of an unstable
crack propagation zone. However, the crack propagation area was similar to that of specimen X-4,
which is divided into an area of stable crack propagation and an unstable crack propagation area,
depicted in Figure 5.

Figure 10 shows the micrographs of specimen Z-25, which was cycled at a maximum stress of 423
MPa and fractured after 97,743 cycles

Fatigue crack fracture of specimen Z-25 initiated from a 120um wide and 68 um deep pore, which
was the longest length of pore to initiate a crack in Z-build direction specimens. A couple of smaller
micro-pores were located on both the slow and the fast crack propagation areas. Contact of the
crack tip with a pore locally accelerates the crack propagation rate towards the overload monotonic
fracture zone. The stable crack propagation area covered the major part of the fatigue crack
propagation area. Thus the relatively large crack initiation pore, together with the internal pores,
resulted in specimen Z-25 fracturing after only a small nhumber of cycles at a low stress.
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Figure 10: (a) Overall fractograph of specimen Z-25; (b) high magnification of an area around
the crack initiation
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Figure 11: Fatigue S-N curves of DMLS Ti6Al4V (ELI) specimens built in the X-, Y- and Z-build
directions

In Figure 11 the different S-N curves for the as-built X-, Y-, and Z-build direction Ti6Al4V (ELI)
specimens are presented.

Table 5 presents the estimated fatigue endurance limits for the as-built X-, Y- and Z-build direction
DMLS Ti6Al4V (ELI) specimens, derived from the curves in Figure 11.

Table 5: Maximum stress fatigue endurance limit for X-, Y- and Z-build direction specimens

X-build direction fatigue Y-build direction fatigue Z-build direction fatigue
endurance limit (0,,,, MPa) endurance limit (0,,,, MPa) endurance limit (6,,,,MPa)
450 486 486

4  CONCLUSIONS
The following conclusion are derived from the foregoing work:

. The endurance limits determined here for the as-built DMLS Ti6Al4V (ELI) are the same for the
Y- and Z-build directions, and slightly higher than the values determined for the X-build
direction. However, the difference is small and statistically insignificant, given the spread of
the data points. Anisotropy that might result from the DMLS process does not reflect in the
fatigue properties of parts.

. Fracture surfaces of the fatigue specimens tested here displayed all four regions of fatigue
failure - i.e., crack initiation, slow and fast crack propagation, and final fracture. Fatigue crack
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initiation resulted from stress concentration sites formed by micro-pores located at the surface
or sub-surface of the specimens.

. The specimens with sub-surface crack initiation pores (specimens Y-14 and Z-23) exhibited
higher numbers of cycles to failure than those with surface pore crack initiation sites, despite
having relatively larger crack initiation pores.

. Inconsistencies in the behaviour of the tested specimens could be traced to the size of crack
initiation and internal pores for all three build directions. Thus the HCF strength of polished
as-built DMLS Ti6Al4V (ELI) specimens may be said to depend on the size, orientation, and
distribution of the internal pores.
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