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A new route for elaborating architectured materials with a spatially controlled 3D microstructure is proposed. A
combination of Electron Beam Melting (EBM) and Spark Plasma Sintering (SPS) is used to generate a microstruc-
tural composite made of Ti-alloys. A lattice structure made of Ti6AI4V is first fabricated by EBM. The lattice struc-
ture is then filled with another Ti-alloy powder before SPS. A bulk specimen is thus obtained with two different
microstructures: one inherited from the EBM process in the lattice and the other one resulting from sintering in

© 2016 Elsevier Ltd. All rights reserved.

Architectured materials are, according to the definition given by
Ashby in [1], combinations of two or more materials, or of materials
and space, assembled in such a way as to achieve properties (e.g. tough-
ness, work hardening capacity, ductility, electrical or thermal conduc-
tivity) not offered by a monolithic material. Exploring the potential of
architectured materials requires to emphasize the choice of compo-
nents, their relative volume fraction, their 3D arrangement as well as
the way they are connected to each other [2]. Most of the architectured
materials investigated in the literature have been cellular structures, i.e.
combining material and space. Architectured microstructures would
suggest that one can control in 3D the spatial arrangement of various
microstructures. Being able to produce architectured microstructure
could be of interest to achieve novel properties that would be impossi-
ble to obtain using only one microstructure.

In the present contribution we explore an innovative route to
achieve Ti-Ti architectured microstructures exhibiting a well-
controlled 3D arrangement of the different constituents by combining
two existing processes: Electron Beam Melting (EBM) and Spark Plasma
Sintering (SPS). Additive Manufacturing (AM) technologies have revo-
lutionized the production of Ti-alloys parts (e.g. [3-5]) making possible
the production of parts with a high degree of freedom in design. In ad-
dition, SPS enables to consolidate easily and quickly metallic materials,
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limiting microstructural evolution such as grain growth, see e.g. for Ti-
alloys [14-16] or pure Fe [17].

EBM is used to perfectly control the 3D spatial distribution of the first
constituent of the architectured microstructure, typically following the
frame of a lattice structure [3-13]. SPS is then used to fill in the remain-
ing space. We demonstrate through two different examples that the
combination of EBM and SPS turns out to be a very promising way of
elaborating Ti-Ti architectured microstructures with a well-controlled
3D arrangement. Through this new processing route spatially controlled
mixtures of hard and soft microstructures can be achieved.

The prealloyed Ti6Al4V powder was fabricated by plasma atomiza-
tion and provided by ARCAM. Two different batches of Ti6AI4V powders
were used. One powder batch will be denoted as-received and meets the
standard in terms of chemical composition for the Ti6AI4V alloy
(Table 1). The second batch will be denoted re-used and resulted from
as received powders that were re-used 20 times in the EBM process.
The as-received Ti6Al4V powder batch shows a near perfectly spherical
morphology (good flowability) with a limited number of satellites as
well as a particle size distribution between 45 and 100 pum. The re-
used Ti6Al4V powder batch (O-enriched) did not show significant dif-
ferences when compared to the as-received batch in terms of morphol-
ogy and size distribution. The main difference between both Ti6Al4V
powder batches was the oxygen content as shown in Table 1. Oxygen
contamination of the Ti6Al4V powders when using powders that have
been many times re-used is a well-known process in parts made by
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Table 1
Chemical composition in %wt of the powder batches used in the present investigation.
%Al %V %Fe %N %C %0
Ti6Al4V as-received 6.18 415 0.21 0.05 0.01 0.19
Ti6Al4V re-used 5.84 411 0.21 0.05 0.01 0.44
Ti-Grade 2 - - <0.3 <0.03 <0.10 <0.25

EBM [18,19]. Note that in the same time the aluminum content has
slightly decreased and that was attributed to the evaporation of Al dur-
ing the process [20].

The commercially pure titanium powders (CP-Ti Grade 2) were fab-
ricated using the Plasma Rotated Electron Process (PREP) by STARMET.
The CP-Ti Grade 2 which chemical composition is shown in Table 1, ex-
hibits a spherical morphology but with a coarser size distribution (150-
300 pm) compared to the one of the Ti6AI4V alloy (45-100 pm).

Lattice structures were first fabricated by electron beam melting
starting from Ti6Al4V re-used powder (O-enriched) using an ARCAM
A1 EBM machine (Fig. 1a-c). The structure of interest is the octet truss
lattice structure made of 1 mm diameter struts [12,21], see Fig. 1c. The
EBM process has been widely described in the literature, see e.g. [22,
23]. The process occurs under vacuum, typically 2.10~3 mbar. The
Ti6Al4V re-used powder, denoted powder A in Fig. 1a, is dispersed by
raking on a 10 mm thick stainless steel start plate by layers of 50 pm.
Then each powder layer is slightly sintered using a strongly defocused
electron beam and subsequently selectively melted according to the
input geometry. The lattice structures were fabricated using standard
process parameters recommended by ARCAM.

A lattice structure was then introduced into a graphite die with
20 mm internal diameter and powder B was subsequently added to fill
in the die, see Fig. 1c-e. The powder was finally consolidated by spark
plasma sintering (SPS) at 900 °C for 10 min under vacuum
(~1072 mbar) and applying a pressure of 60 MPa, see Fig. 1f. If one
wants to avoid to plastically deform the lattice structure during the
SPS thermomechanical path, the latter has to be selected and sized ade-
quately. The heating and cooling rate during sintering were set to
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100 °C/min. The temperature was measured by pyrometry. It would
be worth mentioning that a temperature difference of about 50 °C
may exist between the actual temperature reached by the powder dur-
ing spark plasma sintering and the temperature measured by
pyrometry.

Microstructural characterizations were performed using optical mi-
croscopy as well as EBSD. Specimens were prepared by grinding and
polishing using 1200-grit SiC paper and a solution consisting of 70% col-
loidal silica suspension (0.04 um) and 30% H,0,. The microstructures
were revealed using Kroll's reagent (2 ml HF + 4 ml HNO3 in 100 ml
of distilled H,0). EBSD characterizations were performed using a step
size of 0.2 pm. Based on the existence of the Burgers orientation rela-
tionship between the body-centered cubic 3 phase and the hexagonal
« phase, a numerical reconstruction of the parent 3 grains, from the
room temperature o phase EBSD data, was performed. A detailed de-
scription of the reconstruction procedure can be found in [24,25].

The mechanical properties of the microstructural composites were
evaluated by microhardness measurements using a Wilson Tukon
1102 Vickers Tester. 12 x 12 mm Microhardness maps were performed
using a 300g load on as polished 2D sections of the samples. The step
size was set to 200 pm resulting in 3600 microhardness measurements
covering the region of interest.

The struts constituting the lattice structure were almost fully dense
(>99.5%) with only a few spherical pores (entrapped gas inherited
from the atomization process [22]). The struts exhibit surface irregular-
ities which have been attributed to unmelted powder particle stuck to
the melt pool during the EBM process, see Fig. 2a-b. The microstructure
of the a-phase was found to be similar whatever the strut orientation
with respect to the build direction. The microstructure of the as-built
octet truss lattice structure fabricated by EBM is lamellar, with fine
Widmanstatten o laths oriented in various directions, see Fig. 2c. Al-
though some « colonies - i.e. parallel o laths belonging to the same var-
iant of the Burgers relationship - can be observed, most o platelets are
individual, which is indicative of a relatively fast cooling rate during the
{3 to o phase transformation. Their average width was measured to be
about ~1.6 + 0.2 um. A continuous g layer can be observed along
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Fig. 1. Overview of the innovative route to produce Ti-Ti architectured microstructures. (a) Raw material for producing lattice structures (powder A). (b) EBM process. (c) Lattice structure
produced by EBM. (d) Raw material for the matrix (powder B). (e) Introduction of the lattice structure into the die and filling with powder B. (f) SPS process. (g) Ti-Ti architectured

microstructures.
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Fig. 2. (a) Unit cell of the octet truss lattice structure fabricated by EBM. (b) SEM
micrograph showing powder particle stuck to a strut. (c) Typical microstructure
observed in the as-built lattice structure.

some grain boundaries of the prior > grain boundaries. This observation
is in agreement with the literature [26-28] though some authors have
reported the presence of o’-martensite in thin struts fabricated by

(d) 2mm 100Hm ey

EBM [10]. In the present work, o’-martensite was not observed in the
fabricated lattice structures.

As a proof of concept, two different Ti-Ti architectured microstruc-
tures were generated using the innovative fabrication route summa-
rized in Fig. 1. Both samples were almost fully dense (>99%), only a
few pores were still observed in 2D cross sections, see e.g. Fig. 3a. Sur-
prisingly, there was not any preference for the pores to be located. In
other words, pores were not preferentially located at the interface be-
tween the lattice and the matrix. This is clearly highlighted in Fig. 3e
where an EBSD Index Quality (IQ) map showing the interface between
the lattice and the matrix is displayed. In Fig. 3e, we can see that the ma-
trix fits closely the surface irregularities (unmelted powder particles) of
the struts.

The first Ti-Ti architectured microstructure was fabricated using a
lattice structure made of Ti6Al4V re-used powders (%0 = 0.44) filled
with CP-Ti Grade 2 powders, see Fig. 3a. Within the lattice, the micro-
structure obtained after the SPS thermomechanical path (900 °C/
10 min under 60 MPa) is very similar to that of the as-built material,
in terms of morphology and size, see Fig. 3c. It means that the EBM mi-
crostructure is preserved after SPS. This was assessed by comparing the
average thickness of the Widmanstatten a-laths before and after spark
plasma sintering in the lattice. After SPS, Widmanstatten a-laths have
an average thickness of ~1.8 + 0.2 pm. In the EBM as-built microstruc-
ture, i.e. before SPS, the Widmanstatten a-laths exhibit a typical thick-
ness 1.6 4= 0.2 um). No significant microstructural evolution such as o
laths coarsening was observed. The relatively short duration of the
thermomechanical treatment (only 10 min at 900 °C) was not sufficient
to achieve significant coarsening of the a-laths and the cooling rate of
100 °C/min was enough to achieve similar a-lath thickness (1.8 +
0.2 um). However, the matrix made of CP-Ti Grade 2, shows a signifi-
cantly different microstructure compared to the one of the lattice. The
matrix consisted of o coarse lamellae (width ~9 4+ 1 um) separated
by very fine residual 3, see Fig. 3b. Note that unlike the lattice, only
one or two a colonies (same orientation) were observed within the

100 pm R A it 4

Fig. 3. Ti-Ti architectured microstructure consisting of a lattice made with re-used Ti6Al4V powder and a matrix made of CP-Ti Grade 2 powder. Multiscale optical micrographs:
(a) macroscopic view (b) microstructure within the matrix and (c) within the lattice. (d) Microhardness map. EBSD characterization of the interface between the lattice and the

matrix: (e) IQ map and (f) IPF Map of the room temperature o phase.
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(d)

Fig. 4. Ti-Ti architectured microstructure consisting of a lattice made with re-used Ti6Al4V powder and a matrix made of as-received Ti6Al4V powder. Multiscale optical micrographs:
(a) macroscopic view (b) microstructure within the matrix and (c) within the lattice. (d) Microhardness map. EBSD characterization of the interface between the lattice and the
matrix: (e) IPF Map of the room temperature o phase and (f) IPF map of the reconstructed high temperature (3 grains.

high temperature (> grains of the matrix, see the EBSD map shown in
Fig. 3e-f. Prior 3 grains are decorated by agg and can be easily seen in
Fig. 3b. The relatively coarse (> grains suggest that the temperature
achieved by the powder during the SPS operations was most likely
higher than the B-transus of CP-Ti Grade 2 which is about 910 °C. The
microhardness map that was performed on a 2D cross section is
shown in Fig. 3d. The measurements are represented as a color map cor-
responding to different Vickers hardness values. The pattern of the lat-
tice structure is well defined indicating that a Ti-Ti architectured
microstructure with controlled heterogeneous mechanical properties
was successfully fabricated. A pronounced mechanical contrast be-
tween the lattice (395 + 15 HV) and the matrix (190 + 15 HV) is
found as highlighted in Fig. 3d. This result was expected based on the
difference of alloying elements between the lattice fabricated using
Ti6AI4V powders (%0 = 0.44) and the matrix made of CP-Ti Grade 2,
see Table 1.

The second Ti-Ti architectured microstructure was fabricated using a
lattice structure made of Ti6Al4V re-used powders (%0 = 0.44) filled
with Ti6AI4V as-received powders (%0 = 0.19), see Fig. 4a. This differ-
ence in %0 should enable to achieve a difference of hardness between
the lattice and the matrix. Indeed, solid solution hardening by intersti-
tial oxygen is a well-known phenomenon in Ti-alloys [19,29]. Oh et al.
[29] reported that an increase of 0.1%0 in the Ti6Al4V alloy led to an in-
crease of hardness of about 30 HV. Similar microstructures were ob-
served within the lattice and the matrix, see Fig. 4b-c. The
microstructure observed in the lattice and within the matrix were
very similar to the one of the EBM as-built material, i.e. a two phase mi-
crostructure with fine Widmanstatten o-laths (width ~ 1.8 4= 0.2 pm)
separated by fine regions of residual 3 (Fig. 4b-c). The matrix micro-
structure, resulting from the consolidation of the as-received Ti6Al4V
powder, consisted of a similar microstructure, i.e. a fine o« + p
Widmanstatten microstructure with a-laths about 1.8 4+ 0.2 pm in
width. The main difference between the microstructure within the lat-
tice and within the matrix could only be revealed by the numerical

reconstruction of the B grains, see Fig. 4e-f. The lattice structure
resulting from the solidification during the EBM process exhibits rela-
tively coarse (3 grains (>50 pum). Within the matrix, the prior 3 grains
have a much smaller size (~10 um) because sintering was performed
at 900 °C, i.e. below the B-transus of the Ti6AI4V alloy. The correspond-
ing microhardness map is displayed in Fig. 4d. There was a difference of
hardness between the lattice and the matrix: the average hardness
value within the lattice was found to be about 405 4 15 HV whereas
within the matrix it was about 350 4 15 HV. This hardness difference
between the lattice and the matrix was expected based on the oxygen
content which was significantly higher in the Ti6Al4V powder batch
used for the lattice (%0 = 0.44) compared to the one used for the matrix
(%0 = 0.19). This result is consistent with the results reported by Oh
etal. [29].

An innovative route for the fabrication of architectured
microstructures by coupling additive manufacturing and spark
plasma sintering has been described. This process was demonstrated
to be efficient for generating architectured microstructures made of
Ti alloys.

Two different Ti-Ti architectured microstructures were successfully
fabricated: one combining two different powder batches of the
Ti6Al4V alloy differing from their oxygen content, and a second one
combining the Ti6Al4V alloy with a CP-Ti Grade 2. For both composites,
different microstructures and hardness were observed in the lattice and
in the matrix. This new process definitely opens new avenues to achieve
complex architectured microstructures when using the same material
for the lattice and the powder, as well as to manufacture multi-
materials when using different materials for the lattice and the powder.
In addition it has to be highlighted that numerous additional options are
available to generate a high variety of materials and microstructures. For
instance, different microstructures between the lattice and the matrix
can be generated by applying a pre-heat treatment on the lattice or by
milling the powder before sintering. Exploring all these possibilities is
the aim of an ongoing research.
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