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Abstract

The strength and plasticity of metallic materials usually exhibit a trade-off relation.
This study reports a simultaneous improvement in the ultimate tensile strength (UTS)
and uniform elongation (UE) of Ti-24Nb-4Zr-8Sn (Ti2448) fabricated by selective
laser melting (SLM), relative to those produced via forging. Detailed microstructural
characterization reveals that the outstanding tensile property may result from the
bi-model structure that formes during the rapid cooling associated with SLM. Coarse
grains are surrounded by fine grains within the melt pool, which causes a back stress
during tension. The back stress provides additional strain-hardening capacity, which
postpones the initiation of necking and then leads to the simultaneous improvement of
the strength and plasticity (SISP) of the Ti2448 alloy. Furthermore, the tensile
property of the SLM-fabricated sample is anisotropic which is strongly related to the

irregular shape of the melt pool.
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1. Introduction

The mechanical properties of structural materials are strongly related to their
microstructures [1-3]. Recently, several manufacturing techniques have been
developed in order to produce special microstructures in the pursuit of enhanced
mechanical properties. For example, severe plastic deformation (SPD) technique, such
as high-pressure torsion (HPT), has been used to prepare nanocrystalline metals with
very high strength [4-6]. Additionally, surface plastic deformation technique, such as
surface mechanical grinding (SMG), has been used to nanocrystallize the surface of
coarse-grained metals in order to obtain a better combination of strength and plasticity
[7, 8]. Recently, additive manufacturing (AM) has been subjected to much attention
because of the ability of AM to produce complex 3D structural components directly [9,
10]. Aside from the geometric advantages of AM, the materials prepared by AM are
becoming popular within materials science community as these materials often exhibit
unique microstructures and therefore can result in unusual mechanical properties

[11-13].

Selective laser melting (SLM) is a widely used AM technique for metallic
materials [14]. Different from traditional casting process, SLM involves line by line
melting of the metal powder with a high-power laser beam. Thus, the SLM-fabricated
sample consists of large number of substructures (i.e. micro melt pools) [15], while
the ingot produced by conventional casting is formed after a single solidification
process. As a result of this feature, the mechanical properties of various alloys
fabricated by SLM have been the topic of a number of studies [16, 17]. Many of these
studies have concentrated on the connection between the process parameters, resulting
microstructures and the mechanical properties, including tensile/compressive and

fatigue properties [18-20].

One of the most widely used alloys in SLM is Ti alloy, because of its biomedical
applications such as implantology and joint replacement [63]. Ti alloy is regarded as

the most appropriate implant metallic material as a result of its low Yong’s modulus,



high strength and corrosion resistance [64]. Recently, large amounts of studies have
been focused on the mechanical properties of AM-produced (a+p)-type Ti-6Al-4V.
Whereas, it has been reported that the toxic elements Al and V might lead to allergic
reaction and Alzheimer’s disease [65]. In addition, the large mismatch in Young’s
modulus between Ti-6Al4V implants and the bone leads to the “stress-shielding”
phenomenon [66]. Therefore, there is an urgent need to find alternative Ti alloys to
eliminate the drawbacks of Ti-6Al4V. B-type Ti alloys, such as Ti-35Nb-5Ta-7Zr,
Ti-29Nb-13Ta-4.6Zr and Ti-24Nb-4Zr-8Sn, are attracting increasing interest because
of their low Young’s modulus and non-toxicity [67]. For instance, Ti-24Nb-4Zr-8Sn
(abbreviated as Ti2448) exhibits a very low Young’s modulus of~42 GPa (half that of
Ti-6Al-4V alloy) and a high tensile strength of ~850 MPa [21]. The superior
mechanical properties make this material an attractive alternative to Ti-6Al-4V for the
next generation implants. Both solid and porous Ti2448 specimens have been
produced using SLM [22, 23]. However, there have been rare report about the
improvement in mechanical properties throng SLM, compared with conventional

manufacturing processes.

In this study, the Ti2448 alloy fabricated by SLM exhibits a simultaneous
improvement in strength and plasticity (SISP), compared with those of the forged one.
The connection between the microstructure of SLM-fabricated samples and their
tensile properties is explained and the mechanism for the SISP is revealed.
Furthermore, because of the irregular shape of the melt pool, the tensile property of
the SLM-fabricated sample is anisotropic and this anisotropy has been analysed

through finite element modelling.

2. Experimental procedures

2.1 Materials fabrication.

The Ti2448 powder was produced using electrode induction melting gas

atomization (EIGA) and was sieved to be 45 - 106 um in size, with an average size



(dsp) of 69 um. Parts were produced using a Realizer SLM100 with an alternating
scanning strategy (that is the scanning vectors were rotated 90° between layers and
the stripe size is 3 mm, as shown in Fig. 1), a scan speed of 1000 mm/s, laser power
of 200 W, a hatch spacing (distance between two scan lines) of 0.1 mm and a layer
thickness of 0.05 mm. A high purity (<1000 ppm O,) argon atmosphere was used to
minimise oxidation and parts were built on a titanium substrate, heated to 200 °C.
Cylinders with 7 mm diameter and 60 mm long were built at four orientations. As
shown in Fig. 1, the nomenclature for the orientations were: [001] direction — the
Z-axis (i.e. building direction); [100] direction — the X-axis of the machine (i.e.
parallel to the front of the machine and perpendicular to Z); [010] direction — the
Y-axis of the machine (i.e. perpendicular to X and Z). The samples were named after
the direction of their tensile axis. For example, 001 sample is strained along [001]
directionand 101 sample is strained along [101] direction. Some of the SLM samples
were annealed at 750 °C in argon for an hour and cooled with furnace. An ingot of the
Ti2448 alloy with diameter of 280 mm was fabricated by vacuum arc melting, using a
Ti-Sn master alloy and pure Ti, Nb and Zr as raw materials. The ingot was then hot
forged at 850°C to forma round bar with a diameter of 55 mm. Rod tensile samples

were then prepared along the axial direction with a nominal gauge section of 15x¢4
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Fig. 1. The nomenclature for the orientations and the tensile specimens. The
tensile specimens are named after the directions of their tensile axis.

2.2 Mechanical tests.

Tensile tests were carried out according to ISO 6892, using an INSTRON 5982
testing machine with a strain rate of 10 s at room temperature in air. Five tests were
conducted for each condition. In order to characterize the back stress,
loading-unloading-reloading tensile tests were performed. The microhardness of the
SLM-fabricated 100 sample was measured by a LECO AMH43 automatic hardness
tester fitted with a Vickers indenter, using a load of 100 gand a hold time of 13 s. The

distance between any two neighboring indentations was 50 pm.

2.3 Microstructural characterization.

The microstructure of the SLM-fabricated sample was characterized by laser
scanning confocal microscopy (LSCM) and electron backscattered diffraction (EBSD).
The samples for optical microscopy were mechanically polished and then etched in
boiling hydrochloric acid. EBSD samples were prepared by electro-polishing at 20 °C
ina 10:6:1 volume ratio of methanol, normal butanol and perchloric acid. In order to
study the dislocation configuration of the SLM-fabricated sample, TEM specimens
were produced by slicing the gauge section of the specimens after tensile tests
(parallel to the loading direction) using wire EDM. Specimens had an original
thickness of 500 um and were then mechanically reduced to ~50 pum thick. Final
polishing was performed using conventional twin-jet polishing. TEM observation was
performed on an FEI Tecnai F20 transmission electron microscope with an operating
voltage of ~200 kV. EBSD was used to get the crystal orientation information of a
strained specimen surface, in order to determine the nature of the deformation bands

on the surface of SLM-fabricated sample.
3. Experimental results

3.1 Microstructural characterizations.



The SLM-fabricated samples consist of large amounts of microscale melt pools
which can be readily observed with an optical microscope, as shown in Fig. 2. The
three-dimensional structure of the melt pool is irregular and thus its profile on
different direction is different. Microhardness tests show that the hardness of the edge
of melt pools is higher (260 + 5 HV) than that of the center (240 + 5 HV), as shown in
Fig. 3(a). The difference between the hardness of the edge and the center of the melt
pool is likely a result of the particular distribution of coarse and fine grains in the
SLM-fabricated sample. This can be clearly seen in the EBSD image shown in Fig.
3(b). In this figure, it is clear that fine grains are distributed along the edge of the melt
pool and the coarse grains lie at the center. The fine grains along the melt pool edge is
approximate equiaxial with an grain size of ~10 um, while the coarse grains at the
melt pool center exhibit a columnar shape with the long axis parallel to the building
direction. The length and width of the coarse grains are ~200 um and ~100 pm,
respectively, and thus the aspect ratio is about 2. Therefore, the SLM-fabricated
sample consists of “hard-wraps-soft” structural units. This is quite different from the
homogeneous microstructure of the forged sample, as shown in Fig. 3(c). In order to
verify the effect of the unique microstructure on the tensile properties of the
SLM-fabricated sample, an annealing heat treatment (lhr at 750°C) was also
conducted on some SLM-fabricated samples to eliminate the “hard-wraps-soft”
microstructure. As a result of this heat treatment the unique grain arrangement has

changed to uniform coarse grains, as shown in Fig. 3(d).



Fig. 2. The profile of melt pools in the SLM-fabricated samples. (a) [001] direction;
(b) [110] direction; (c) [100] direction and (d) [111] direction.
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Fig. 3. Microstructure of Ti2448 before tensile tests. (a) Microscale melt pools
observed by LSCM. (b) The EBSD image of the SLM-fabricated sample. The fine



grains are distributed along the edge of the melt pool and the coarse grains are at the
center. (c) The EBSD image of the forged sample. (d) The EBSD image of the
annealed SLM-fabricated sample.

3.2 Tensile properties.

Fig. 4 compares the results of the tensile tests conducted on the SLM-fabricated
samples with those conducted on the forged and annealed material. The nomenclature
for the specimen is described in Fig. 1. It is apparent that, relative to the forged and
annealed samples, the SLM-fabricated samples exhibit higher ultimate tensile strength
(UTS) and larger uniformelongation (UE). It is also clear that the tensile properties of
the SLM-fabricated samples vary with direction, as shown in Fig. 4(a). The UTS, UE
and yield strength (YS) of the 100, 110 and 101 samples are similar, whereas, those of
the 001 sample are lower, which has been reported in other materials produced using
SLM [24]. Besides, the as-built SLM samples exhibit an upper yield point, followed
by a decrease in flow stress as strain increases. This yielding behavior is not presented
in either the forged material or the annealed SLM parts. In Fig. 4(b), the oy/E
(ultimate tensile strength and Young’s modulus ratio) and UE of several Ti-based
alloys fabricated through different manufacturing processes are summarized. It can be
seen that the SLM-fabricated Ti2448 exhibit a better combination of strength and

plasticity compared with other alloys or other manufacturing methods.
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Fig. 4. The results of the tensile tests. (a) The true stress-true strain curves of the
SLM-fabricated and the forged samples. The UTS and UE of the as-built SLM
samples are higher than those of the annealed SLM or forged material. (b) The



ow/E-UE plot (with the UE calculated from displacement) of Ti-based alloys
manufactured by conventional processes and SLM [40-52, 68, 69].

3.3 Post-tensile testing microstructure.

During tensile testing, some deformation bands appear on the surface, as shown
in Fig. 5(a). The plastic deformation mechanism of Ti-Nb alloys varies with
compositions. Saito et al. [25] reported that the plastic deformation of “gum metals”
occurs via “giant fault”. Plancher et al [26] found that the “giant fault” mechanism
appears to be a phase-transformation-assisted twinning mechanism. On the other hand,
a large number of studies [27-29] underlined the presence and activity of dislocations
in Ti-Nb alloys. In order to reveal the plastic deformation mechanism of the
SLM-fabricated Ti2448, EBSD analysis was carried out (overlay in Fig. 5(a)), which
provides the orientation information of the surface crystals of the sample. Based on
the orientation information, the direction of the slip plane of the BCC lattice on the
sample surface can be determined. The angle between the direction of the {110} plane
and the deformation bands is less than 5°. Thus, it seems reasonable to conclude that
the deformation bands observed on the surface of the sample are caused by
dislocation slip. TEM observation verifies the existence of dislocations, as shown in
Fig. 5(b), which shows the microstructure of the SLM-fabricated sample strained

about 10%.
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Fig. 5. Plastic deformation mechanism of the SLM-fabricated 110 samples. (a)
The surface of the SLM-fabricated sample with a strain of 10% overlaid with the
EBSD images showing that the deformation bands are dislocation slip planes. (b) The
TEM image of the SLM-fabricated sample with a strain of 10%. Dislocations

distribute randomly.
4. Discussion

Based on the experimental results above, it can be concluded that the
SLM-fabricated Ti2448 shows outstanding tensile properties in two aspects: 1) higher
YS; and 2) higher UTS and larger UE, accordingly displaying SISP. The mechanisms

of the outstanding tensile property are discussed below.
4.1 The origin of higher yield strength.

The higher YS of the SLM-fabricated Ti2448 can be related to the
“hard-wraps-soft” structure of the microscale melt pools. Based on the model of
double piling-up of dislocations, the number of piled-up dislocations (n) in one array
with a piling-up space L under a shear stress z can be written as [30]:

_mrl(1-v)

"= 1)

in which v is the Poisson's ratio, x is shear modulus and b is the Burgers vector. At the
very beginning of plastic deformation, dislocations rarely entangle with each other
and can glide freely for large distances. On the basis of an average assumption, the
piling-up space L can be the half of the grain diameter, 0.5d. Based on Orowan
estimation of the strain relaxation after the sweeping over of a dislocation [31], the
spacing between dislocations can be expressed as:

b
h= 0 2
27 @

Thus, the expression hL represents the average area occupied by one array of piled-up

dislocations. In terms of yielding theory of polycrystals, when vyield occurs,



dislocations pile up at grain boundaries with a concentration stress 7 = Nz [30],

whose value should be approximately constant for all microstructures, irrespective of
their grain size. Therefore, the effect of grain size on the dislocation density p at the

yield point can be estimated as:

n r/r_ﬂd_l

hL ~ hL b ®)

A similar reciprocal relationship between grain size and dislocation density was also

obtained in a recent theoretical study of Ni alloys [32]. By combining this with the
Taylor equation (r:ayb\/;), the Hall-Petch relation can be derived. According to

Eq. (3), with the decrease of grain size, the density of dislocations required for
yielding increases. Therefore, at yield point, the flow stress of fine grains should be
higher than that of coarse grains. For the SLM-fabricated samples, although some
coarse grains exist, they are surrounded by fine ones, as shown in Fig. 3(b). In this
case, only when the applied stress is high enough to trigger large amounts of
dislocations in the fine grains that the whole specimen can deform uniformly.
Therefore, the YS ofthe SLM-fabricated sample may be mainly controlled by the fine
grains, which should be the origin of the higher YS. This strengthening mechanism is
consistent with the previous observations [11, 12]. The higher YS is followed by a
decrease in stress as strain increases, which can also be explained by the
“hard-wraps-soft” structure of the microscale melt pools. Once the applied stress is
high enough to trigger dislocations in the fine grains, the whole specimen yields. After
that, plastic deformation will be mainly undertaken by the soft region (i.e. the coarse
grains) and therefore the required flow stress decreases. This is quite different from
the dislocation-starvation mechanism which has previously been proposed in other
alloys [33, 34]. The reason for this is that the dislocation-starvation mechanism would
not explain the disappearance of the upper yield point upon annealing, as annealing

would result in a lower dislocation density than in the as-built condition.

4.2 The higher strength and larger plasticity.



According to the Considére criterion [35], necking initiates when the value of

true stress equals to that of strain-hardening rate (@zg—g ) during tension. At this
(4

point, the UTS and the UE are reached. Thus, if the strain-hardening capability of the
tensile sample can be improved, necking will be postponed and the UTS and UE will
both be improved. An increase in the strain- hardening capability of the as built Ti2448
may be a result of the “hard-wraps-soft” structure of the melt pool and will be

discussed as below.

The “hard-wraps-soft” structure provides additional strain-hardening capability.
During tensile tests, the soft coarse grains start plastically deforming first. However,
as they are constrained by the surrounding hard fine grains, causing dislocations to
pile up at grain boundaries in the coarse grains [36], which is known to produce a
long-range back stress [37-39]. As discussed above, the flow stress of the fine grains
is higher than that of the coarse ones, and thus the plastic strain will largely occur
within the softer coarse-grain region. Incontrast, it is expected that the fine grains will
not deform significantly. As such, a plasticity mismatch will appear at the interface
between the coarse and fine grains, which needs to be accommodated by
geometrically necessary dislocations (GNDs). The existence of these dislocations is
determined by the shape of the plasticity mismatch region and thus, unlike the
statistical storage dislocations (SSDs), they cannot be easily annihilated. Thus, these
GNDs will be largely conserved during plastic deformation. In contrast specimens
with uniform grains would not contain such plasticity mismatch and therefore the
GNDs are not needed. Therefore relative to a uniform structure, the accumulation of
the GNDs in the “hard-wraps-soft” structure will lead to an additional improvement in

the flow stress and thus in the strain hardening.

To verify the existence of the back stress, cyclic loading-unloading tests were
conducted on both the SLM-fabricated and forged Ti2448 and the results are shown in
Fig. 6(a). It is clear that, relative to the forged material, the SLM-fabricated sample

shows a stronger Bauschinger effect; that is, the unloading curve does not overlap the



reloading one and a large hysteresis loop is observed. In addition, the hysteresis loop
for the SLM-fabricated sample becomes larger as the strain increases. From the shape
of the hysteresis loop, a value of the back stress at the unloading point can be
calculated as shown in Fig. 6(b). Using this approach, the back stress of the
SLM-fabricated sample was calculated to be ~545 MPa at a strain of ~6.5% and ~558
MPa at a strain of ~9.5%, while the back stress of the forged sample is around 375
MPa and its increase with strain is negligible considering the calculation err. Also
shown in Fig. 6(a) is the fact that the flow stresses of the forged and the
SLM-fabricated samples were nearly the same at the first unloading point (at a strain
of ~6.5%), while at 9.5% strain, the flow stress of the SLM-fabricated sample was
about 10 MPa higher than that of the forged sample. This improvement in the flow
stress can be attributed to the increase of the back stress. The fact that the back stress
increases with increasing strain may also be explained by the accumulation of the
GNDs between coarse and fine grains. During plastic deformation, the flow stress in
the fine grains is higher than that in coarse grains, because of the difference in their
flow stresses at yielding. As such, plastic deformation would still be undertaken by
the soft coarse grains, and mismatch dislocations are still needed to account for the
plasticity mismatch. Thus, as long as the difference of the flow stress exists between
coarse and fine grains, GNDs will be increasingly as the strain increases. Therefore,
the back stress in the ‘“hard-wraps-soft” structure is expected to increase with the

strain. The flow stress in the “hard-wraps-soft” structure can be written as:
O = Ograin T Gdis T Oback, 4)

Where Ggrain, Odis and Ghack are the stresses contributed by grain boundaries, dislocation
densities and back stress, respectively. The sum of ogrin and cgis can be regarded as
the flow stress in uniform structures. As mentioned above, the additional back stress
in the “hard-wraps-soft” structure increases as increasing strain. Therefore, the
“hard-wraps-soft” structure exhibits additional strain hardening relative to the uniform
structures, which serves to postpone the initiation of necking and improve the UTS

and UE of the SLM-fabricated samples.
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Fig. 6. (a) The loading-unloading-reloading curves of the forged and SLM-fabricated
samples, which suggests an increasing back stress of the SLM-fabricated sample
relative to the forged one. (b) The schematic illustration of the calculation method of

back stress.

In order to exhibit the improvement of the strain-hardening capability, the
strain-hardening rate curves of the both SLM-fabricated and forged samples are
plotted in Fig. 7. It is clear that the ® value of the SLM-fabricated sample is larger
than that of the forged one and thus the necking of the SLM-fabricated samples occurs
later. Therefore, the SISP observed in the SLM-fabricated Ti2448 can be attributed to
the high strain-hardening capability caused by the ‘“hard-wraps-soft” structure. The
results reported in this work are expected to provide new directions in the
microstructure design of metallic materials through AM techniques to achieve unique

mechanical properties.
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Fig. 7. The strain-hardening rate of the SLM-fabricated and forged sample.
“Hard-wraps-soft” structure provides additional strain-hardening capability and then

postpones the initiation of necking.

4.3 The anisotropy of the tensile property.

Previous studies attributed the anisotropy in mechanical properties of
SLM-fabricated samples to the inhomogeneous microstructures. Yang et al. [60]
presented a detailed study on the effect of heat treatment on the anisotropy in the
mechanical properties of SLM-fabricated A357 alloy and concluded a homogenous
distribution of particles and microstructures leads to a reduction in anisotropy in
strength and ductility. AlIMangour et al. [61] emphasized the role of texture on the
anisotropy in mechanical properties of SLM-fabricated TiCp/316L stainless steel.
Alsalla et al [62] attributed the anisotropy in mechanical properties of
SLM-fabricated Ti-6Al4V to the different microstructure along different build

orientation. The anisotropy in the tensile property of the SLM-fabricated Ti2448 may



also be explained by the inhomogeneous microstructure of the as-bulit sample. As
mentioned above, the “hard-wraps-soft” structure provides additional strain hardening,
which is caused by back stress. We propose that the back stress of the SLM-fabricated
samples varies along different directions, which will be illustrated by finite element
modelling (FEM) as below. For simplicity, the melt pool was modelled as two
different phases: the edge with a higher YS and lower ® and the center with a lower
YS and higher ®. The remaining material inside the box was given the same
properties as the centre of the melt pool. As discussed above, the soft center will
plasticly deform first but is constrained by the surrounding hard edge. Only when the
hard edge yields can the entire specimen plastically deform. This leads to increased
strain hardening in the soft centre, which reflects the back stress of the
“hard-wraps-soft” structure at yielding. The dual phase melt pool model was strained
along two directions, i.e. [001] and [100], until the edge had mostly yielded (see Fig.
8(a) and (b)). The average von-Mises stresses of the soft centre were then calculated
for the two loading directions and the results are shown in Fig. 8(c) and (d). It is
apparent that the average stress inthe (soft) centre grains was approximately 15 MPa
higher when the material was loaded in the [100] direction (Fig 5(d)) than along the
[001] direction (Fig 5(c)). That is, the back stress along the [100] direction is higher
than that along [001] direction. As discussed above, the higher back stress leads to a
greater amount of strain hardening and therefore the strain-hardening capability of the
“hard-wraps-soft” structure along [100] direction is higher than that along [001]
direction. This leads to the higher UTS and UE of the 100 sample relative to those of
the 001 one (Fig 4(a)).
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Fig. 8. The FEM results of the melt pool strain along [001] and [100] directions.
(@) and (b) show the Mises stress distribution of the edge strained along [001] and
[100] direction, respectively. The edge strained along [001] has fully yielded while the
edge strained along [100] mostly yields. (c) and (d) show the von-Mises stresses of
the center strained along [001] and [100] direction, respectively. It is obvious that the
average Mises stress of the center strained along [100] is higher than that along [001]
direction, which suggests a larger back stress along [100] direction for the melt pool

structure.
5. Conclusions

In summary, the yield strength, ultimate tensile strength and uniform elongation
of the SLM-fabricated Ti2448 are all superior to those of the conventional forged
material. The simultaneous improvement of strength and plasticity has been attributed
to the unique structure formed during selective laser melting, ie. “hard-wraps-soft”
structure of the microscale melt pools. The hard, fine grains distributed along the edge

of the melt pool contribute to the higher yield of the SLM-fabricated Ti2448. The



“hard-wraps-soft” structure provides additional strain-hardening capability, which
postpones necking and therefore improves the ultimate tensile strength and uniform

elongation simultaneously.
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Highlights:

1. Melt pools with a bi-model structure are formed in a biocompatible Ti
alloy through selective laser melting.

2. The as-built Ti alloy exhibits a better combination of strength and
plasticity, relative to traditionally forged counterpart.

3. For the first time, the back stress of the melt pool along different

directions are studied through finite element modeling.



