Mechanics Research Communications 100 (2019) 103400

Contents lists available at ScienceDirect B =
Mechanics Research Communications '
journal homepage: www.elsevier.com/locate/mechrescom ""“"“*;'""“"“"
Anisotropy in the mechanical behavior of Ti6Al4V electron beam A

melted lattices

Check for
updates

Sarah N.M. Jenkins?, Thomas H. Oulton?, Everth Hernandez-Nava®?, Hassan Ghadbeigi®,

[ain Todd?, R. Goodall®*

2 Department of Materials Science and Engineering, the University of Sheffield, Sir Robert Hadfield Building, Sheffield S1 3D, UK
b Department of Mechanical Engineering, the University of Sheffield, Sir Frederick Mappin Building, Sheffield S1 3JD, UK

ARTICLE INFO ABSTRACT

Article history:

Received 28 June 2019

Revised 16 August 2019
Accepted 18 August 2019
Available online 19 August 2019

Keywords:

Ti6Al4V

Lattices

Additive manufacture
Mechanical properties
Anisotropy

With advances in additive manufacturing methods for metals with defined, complex shapes, the inves-
tigation of metallic lattice materials (metals with significant porosity and a regular arrangement of the
solid, frequently in the form of thin struts) has become more common. These materials may be highly
optimized for particular applications, and can show mechanical behaviors not displayed by other solids;
for this reason, they are often used as routes to create mechanical metamaterials. However, thermal
history experienced by the material in this novel process affects the microstructure produced, in partic-
ular making it highly directional. While understood for dense parts, the behavior in porous materials,
where the structure itself can alter the thermal history experienced locally, is more ambiguous. This
paper examines the mechanical properties of titanium alloy lattices based on the widely-used diamond
structure, fabricated by electron beam melting (EBM). Related forms, distorted to alter the symmetry
(from cubic to tetragonal) are tested and compared to more clearly elucidate the anisotropy in their
mechanical properties. For the distorted lattices, the elastic modulus along the stretched direction is
increased by a factor of over three, and the yield strength is more than doubled. In both lattices the
orientation is found to have a much less significant effect than seen for bulk materials, likely to be due
to the high proportion of the lattices that are influenced by free surface.

Crown Copyright © 2019 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Additive manufacturing (AM) techniques [1, 2], have the ability
to create porous metal structures with great control over the
form. Such materials may have specific behaviors; the ability to
be crushed, to permit fluid transport or to allow an extra level of
tailorability (that of the structure) to obtain the desired properties
for the material [3]. Complex, highly engineered structures can
be made (e.g. [4-6]) and regular lattices can display combinations
of mechanical properties and density that are not found in other
materials (see e.g. [7] and the review in [8]). This has led to
lattice designs being one route explored towards mechanical
metamaterials [9].

Metallic metamaterials have a number of potential advan-
tages, particularly mechanically, due to the enhanced strength,
ductility and operating temperature over other material classes.
Such materials can only be processed by a limited subset of AM
techniques, and of these, powder bed methods (where selective
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areas of sequentially-deposited powder layers are melted to build
up the structure) have an advantage for complex structures with
fine detail over direct deposition techniques in that the structure
does not have to have the same degree of self-support during pro-
cessing. While different powder bed methods may have different
strengths (e.g. laser-based techniques for fine scale structures and
surface finish), the electron beam melting (EBM) technique has
the significant advantage of reduced processing times, compared
to some other AM techniques.

Whatever the manufacturing technique, analysis of mechanical
performance of as-manufactured metal AM parts is vital; the
manufacturing method and processing conditions influence the
microstructure, potentially in concert with the lattice geometry.
For example, the dissipation of heat from the part will affect the
solidification and thus the microstructure (in the absence of a
post-processing heat treatment); the density and even the struc-
tural form of the lattice could influence the pathways available for
heat dissipation. Different microstructures have been observed in
different areas within the same lattice and correlated to thermal
conditions during the AM process [10], and such variations will
have potential impact on the overall lattice behavior.
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It is known that solid samples made from metal via EBM can
display varying mechanical properties depending to some extent
on the orientations in which they were built and tested [11-15], as
is the case for AM techniques in general [16]. In tests on lattices,
the same behavior is often suspected, and has been used for
example to explain differences between theory and experiment
in the properties of auxetic lattice structures made by EBM [17].
In investigations that specifically explore the effect, Heinl et al.
[18] found that symmetrical lattices were both stronger and stiffer
when tested along the build direction. This effect was attributed
to the layer-by-layer fabrication, without the precise mechanism
being identified. Wauthle et al. [19] investigated the compressive
mechanical properties of diamond structure lattices made by se-
lective laser melting (SLM) in a variety of orientations. They found
no significant differences between horizontal and vertical orien-
tations relative to the build direction (although structures rotated
by 45° in the build chamber were found to be weaker, due to
particular problems of high defect density in the horizontally-built
struts that resulted).

It should be noted that the concept of orientation in lattices
can cover several different aspects of how the structure is posi-
tioned in a larger envelope or component, and how it is fabricated
(all AM processes involve sequential deposition, and the final part
retains aspects of this in its structure). Other work has explored
the effect of changing the orientation of the lattice within a cylin-
drical sample (where the lattice structure is used to fill the space
within the cylinder, rather than being an integral number of unit
cells), and found strong effects, but these orientation dependencies
can mostly be referred to the design methodology used and the
manner in which it fills the sample shape, since build and test
directions were identical [20].

In the present research the effect of sample orientation on the
build stage is tested in EBM manufactured Ti6Al4V lattices through
compression tests of conventional and modified diamond lattices.
These lattices are created by taking the conventional diamond
structure, based on a repeating unit cell with cubic symmetry (all
sides orthogonal, side lengths a=b=c), and distorting it in such
a way as to reduce this symmetry to that of a tetragonal structure
(all sides orthogonal, side lengths a=b # c). The distortion thus
amplifies the difference between the angles at which struts meet
the build direction when fabricated in different orientations,
encoding a greater response to orientational change in the inter-
nal structure. The compression tests give values for the elastic
modulus, the 0.02% yield strength and the first peak stress in the
compressive stress-stain curve, and thus show the difference in
mechanical results produced by the structure distortion and also
the effect of build orientation in each case.

2. Methods

Key to the understanding of the interaction of structure and
mechanical properties in additively manufactured lattice materi-
als is the orientation in both the lattice and the manufacturing
process (with each processing operation termed a build). In this
paper, orientation in manufacture is described with reference to
the build direction (the direction in which the layers are built
up), with three orthogonal directions (x, y and z) defined, x and
y lying within the plane of the build, and z normal to the plane,
i.e. along the build direction (see Fig. 1a). Where reference to the
particular lattice structures is required, this is done by describing
the different directions in the unit cell, indicated as a, b and c (see
Fig. 1b). Lattices were based on a “diamond” lattice (an arrange-
ment where the struts are positioned as the interatomic bonds in
the unit cell of diamond) with cylindrical struts, Fig. 1. In order to
explore the interaction between lattice structure and orientation
and the build direction, the lattice was taken and distorted to
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Fig. 1. Schematic diagram of the lattices used for the cubic and tetragonal lattices.
Nodes are exaggerated as spheres for clarity; the build file consisted of struts only.

alter the symmetry. Both the conventional cubic and tetragonal
versions of the lattice were then manufactured. Specification of
the tetragonal lattices began with the diamond structure lattice
cubic unit cell and doubled the c-axis length, reducing the sym-
metry from that of the cubic case. The fractional coordinates of
the nodes of strut intersections (lattice points) in the new unit cell
remain unchanged, but the lengths of the struts and the angles at
which they meet at the nodes were altered. For the conventional
diamond lattice, (cubic symmetry), the angle between a strut
axis and the build direction, z, will be 54.7° whichever lattice
direction is aligned with the build direction. For the tetragonal
configuration the orientation will affect the angle of the struts to
the build direction, which should accentuate orientation effects
due to interaction of the processing method and the lattice design.
The angle between the struts and the build direction will be 35.3°
when the c-axis aligns with z, and 65.9° when perpendicular to it
(when z is parallel to a or b). Thus, testing both lattice types built
in different orientations will show if there is any anisotropy due
to processing, and if the structure of the lattice contributes to this
(where the anisotropy would be larger for the tetragonal lattice).

18 tetragonal lattices and 12 cube samples were made from
Ti6Al4V powder using an Arcam AB® A2 machine (commercially
available EBM equipment). The Ti6Al4V preheat for 50 pm layers
was followed by the standard Arcam Ti6Al4V 50 pum layer net
theme, comprised of three contour passes followed by a hatch.
All samples were composed of 4 unit cells in each direction to be
above the limit found for consistent properties in metallic lattices
[21], with unit cell size of 6mm, and struts nominally 1 mm in
diameter.

Samples were mechanically tested in compression on a Zwick
Roell Z050 test rig with a 50 kN load cell under a displacement-
controlled regime, ensuring an initial strain rate of 10~3 s=1 until
the load was seen to consistently fall (identified with the first
collapse of a layer in the structure). Displacement of the platens
was measured with a Zwick Roell VideoXtens video extensometer
with a data capture rate of 25 frames per second.

In all cases samples were compressed along the c-axis direction,
which ever orientation this had in the build.

3. Results and discussion

Example compressive stress-strain curves of the tested Ilat-
tices, Fig. 2, and the data extracted, Table 1, show that loading
orientation has little effect on the lattice structure performance.

Direct comparison between cubic and tetragonal lattices is not
straightforward as the density is altered by the distortion process
(average measured porosity of the fabricated lattices was 90.9%
and 91.4% for cubic and tetragonal respectively). However, the
change in properties with orientation can be compared, assessing
anisotropy according to Eq. (1) with an index derived from the
structural properties (P) measured for samples built with the ¢
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Table 1

Mean values (and standard deviation in parentheses) of mechanical properties for cubic and tetragonal lattices, tested for processing in the
orientations with c aligned to the build direction, z (c || z) and the in-plane direction, x (¢ L z). Recall that all tests were performed with

compression along the c-axis direction.

Lattice Orientation  Young's modulus (MPa)  0.02% Yield strength (MPa)  First peak compressive strength (MPa)
Cubic diamond clz 173.7 (15.3) 5.9 (0.8) 6.9 (0.4)

c|z 181.0 (3.5) 5.2 (0.8) 7.1 (0.3)
Tetragonal diamond ¢ Lz 737.0 (38.3) 12.1 (0.7) 17.0 (0.9)

c|z 713.4 (20.9) 11.7 (0.9) 15.9 (0.7)

z orientation

X orientation

Stress (MPa)

0 0.005 001 0.015 0.02 0.025 0.03 0.035
Strain (-)
Fig. 2. Example engineering stress-strain curves produced from compression test
data of tetragonal lattices, tested for processing in the orientations with c aligned
with x and z.
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Fig. 3. Anisotropy indices (Eq. (1)) calculated here for additively manufactured lat-
tices from this work and the literature (Heinl et al. [18], Wauthle et al. [19] and
Ataee et al. [22]).

direction perpendicular (1) and parallel (||) to z.

B, —P
Anisotropy = (lpl> (1)
Il

Fig. 3 shows the calculated anisotropy indices obtained from
the present research compared with those calculated here for the
data given by similar studies in the literature.

The anisotropy is clearly low for most cases in this work,
indicating no significant systematic trend for one orientation to
produce superior values. Indeed, the tetragonal lattice shows no
significant difference to the regular diamond lattice. When the
tetragonal samples are made with the c-axis parallel to the build
direction, z, the struts are at a low angle to this direction, 35.3°,
and a correspondingly high angle to the plane of the layers. This
means that deposited material is mostly directly formed on top
of previously-melted solid. When the c-axis of the samples is
perpendicular to the build direction, the struts are at a high angle

to that direction (65.9°), lying closer to the plane of the layers, and
more of the deposited material is positioned on top of unmelted
powder. This will influence the formation of the strut, extraction
of heat and development of the microstructure (the influence of
strut angle on strut formation is discussed in detail in Ref. [15]).
In comparison, for a regular diamond lattice, the orientation has
no effect on this angle, with struts being at 54.7° to the build
direction in either orientation. It would therefore be expected that
any anisotropy arising from the interaction of the characteristics of
the processing method with the particular lattice structure would
be amplified for the case of the tetragonal lattice. The fact that it
is not, and that anisotropy values observed in all lattices tested
here are low, shows no significant orientation-based effects in this
particular instance.

There is nevertheless inconsistency of findings in this regard
for lattice materials, as shown by the literature data included in
Fig. 3. The results obtained in this work are in accordance with
the results of Wauthle et al. [19], obtained for the Selective Laser
Melting (SLM) method of manufacture. However, they disagree
with the earlier results of Heinl et al. [18], who used the same
EBM technique as applied here, and found significant anisotropy.
This could be due to several factors which might lead the different
sample sets not to be comparable, such as shrinkage issues in EBM
materials [23], different surface finishes which may provide sites
for failure initiation [24]| or potential differences in processing
parameters (a previous version of the processing equipment was
used in the Heinl et al. investigation (Arcam S12), for example).
The precise conditions in additive processes have a great effect
forming microstructure, such as leading to a strong texture in
the growth direction [25]. Another potential reason for variance
is indicated by the results of Ataee et al. [22]. As shown in
Fig. 3, the work of Ataee et al., on EBM-processed cubic gyroid
lattices, finds significant anisotropy (of inverse sign to that of
Heinl et al.) for smaller unit cell sizes, diminishing as the lattice
size in increased. Ataee et al. find that the quality of CAD model
reproduction improves with increasing unit cell size (i.e. as the
features being processed get larger), with the smaller size ranges
showing some distortion. This anisotropy therefore arises from a
processing-induced structural anisotropy in the samples; when
this is absent (as for their 3 mm cell size data) the lattices show
isotropic behavior, within experimental error.

Despite the potential sources of disagreement with other stud-
ies on lattices, the results obtained in these tests face a greater
inconsistency compared to what has been established for dense
metallic materials processed by AM methods, where anisotropy in
structure and properties in the as-built condition is well known
(see [11-13] for examples specific to EBM). Furthermore, the
existence of non-uniform microstructure in such lattices has been
found previously [10], so some degree of orientation effect would
perhaps be expected. The absence of this could be explained by
the fact that in a lattice, a much higher proportion of the material
is in a position which will be influenced by the surface than in a
bulk component.

The surface in EBM-processed Ti6Al4V can show a different
microstructure to the rest of the material (a “skin”, with a depth
of ~0.7-0.8 mm), typically with reduced grain size and weaker
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Fig. 4. Polarized light optical microscope images of (a) a Ti6Al4V cubic diamond lattice structure, and (b) a dense block produced under the same conditions for comparison.
Both show alignment of microstructural features with the build direction, ¢ in the figure.

texture, due to the different thermal conditions caused by the con-
tour mode of beam motion used for the edges, compared to the
hatch used to fill interior spaces, and heterogeneous nucleation of
B grains from the surface [26]. In tests on another manufacturing
method, direct metal laser sintering (DMLS) of 316L stainless steel
was used to produce single strut members of various thicknesses,
inclined at different angles to the build direction [27]. This also
showed a skin layer, of reduced depth (~0.15 mm), indicating
that this can be highly dependent on material and processing
conditions.

Struts here were 1 mm in diameter, and optical microscopy
showed some directional character to the microstructure, aligned
with the build direction, Fig. 4 (these observations are consistent
with other similar lattices made by the same method [10]). So
while a skin effect may reduce the anisotropy of the microstruc-
ture, it is not eliminated. The reason for the absence of an observ-
able effect on the mechanical properties may be due to the me-
chanical properties of the Ti6AI4V. As titanium and titanium alloy
lattice samples tend to show a limited degree of plasticity only, it
may be that the behavior of these materials is dominated by brit-
tle, defect-dependent failure, controlled by surface-dependent fea-
tures, such as the high roughness (as theorized in [24]). A skin ef-
fect combined with failure before there is significant plasticity may
limit visible effects of microstructure and texture in such materials.

4. Conclusions

The impact of build orientation on the mechanical properties of
additively manufactured (electron beam melting) titanium lattices
with the diamond structure under compression has been investi-
gated by the manufacture of related specimens, distorted to alter
the symmetry. Compression tests have revealed the elastic mod-
ulus, 0.02% yield strength and first peak compressive strength of
the structures, showing that the distortion increases the modulus
along the stretched direction by a factor of more than three, and
doubles the yield strength. Furthermore, comparison of the results
of samples made in different orientations, via the calculation of
the anisotropy in these properties, shows that build orientation
does not contribute to the mechanical properties in the same
way that AM solid structures are affected. This is somewhat at
variance with some other studies of lattices in the literature,
though it agrees with others. The effect observed here may stem
from a higher proportion of the material being influenced by the
surface (roughness, cracks, or a skin effect on microstructure) in

a lattice. Indeed, lattice materials would appear to be a good way
of studying the effects of the differences caused by the surface in
Additively Manufactured processes of all types.
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