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PROCESSING OF HYBRID STRUCTURES BY PARTIAL SINTERING
OF TI-6AL-4V POWDER INTO EBM LATTICES!

A new approach of coupling additive manufacturing and conventional sintering methods for
the fabrication of dense-porous hybrid structures with complex geometries and controlled porosity is
presented. The critical effects of the procedure used to fill host electron-beam printed dense structures
are investigated. The occurrence of flaws in the powder packing and their changes after different
sintering cycles are emphasized. It is concluded that manual filling of the printed boxes after their
complete de-powdering provides defect-poor structure with good interfaces between the dense and
porous zones.

Keywords: Additive manufacturing, controlled sintering, hybrid structures, titanium alloys,
microstructure.

1. Introduction

Fabrication of porous structures such as filters, bone implants or heat exchangers with adequate
mechanical properties and controlled porosity is a challenging domain extensively studied during the
last decade [1-3]. The final parts may need a complex architecture, with the coexistence of porous
and dense zones, the latest ensuring the mechanical strength. Due to the hybrid nature of the final
part, it is relevant to use a fabrication process mixing the recently developed additive manufacturing
techniques and the more classical methods such as controlled sintering.

Controlled sintering and space holding techniques are used for the fabrication of homogenous
porous structures [4-10] or structures with sharp gradients of porosity [11,12]. An important
advantage of these methods is their applicability for production of large parts, but the mechanical
strength of materials with high porosity can be rather low [8].

Metal additive manufacturing techniques, in which metal parts are printed by selectively
melting a powder bed with a focused beam following a sliced CAD model, have extensively been
developed during the last decade. The most common are Laser Beam Melting (LBM) and Electron
Beam Melting (EBM) techniques [13]. In number of studies [3,14-21], lattices with different
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geometries were fabricated and the effect of cell geometry and global porosity of printed structures
on their mechanical strength and fatigue resistance was investigated. EBM gives several advantages
while printing Ti-based alloys, as lower oxidation of final part surface and elimination of internal
residual stresses due to the vacuum level and the elevated temperatures during process, respectively
[22,23]. However, these techniques are limited by the size of the smallest controllable geometric
element (e.g., dense strut or pore), which is about 0.2 mm for LBM and 0.5 mm for EBM. A solution
that has been proposed for fabricating materials with smaller pores involves partial melting of the
powder by varying the beam intensity or the scanning speed [16,24], but the lack of process control
leading to non-homogeneously distributed porosity is reported.

Hence, the conventional sintering and additive manufacturing methods have important
limitations and cannot meet alone all the requirements for the fabrication of the aforementioned
hybrid structures. An interesting approach is to couple both techniques in order to overcome element
size restriction of additive manufacturing and mechanical strength issues of conventional sintering
techniques. In this case the lattice structure serves both as a load bearing architecture and as a hosting
structure for the porous part. Normally EBM process includes complete de-powdering stage but
recently Ikeo and Nakano [25,26] printed closed boxes with internal vertical walls and preserved the
inherited powder. The obtained hybrid structures were thermally treated in order to activate sintering
of the residual powder around the dense printed structure. Such treatment was reported to increase
the mechanical properties of the hybrid structure. Nevertheless, this approach may have some
deficiencies if the printed structures have complex geometries. Also, in this case, the sintered powder
is necessarily the powder of the AM process.

An alternative proposed in the present paper consists in filling the de-powdered lattice with a
given powder after the EBM process. It can be the same powder used for EBM or another powder of
different size, shape or chemical composition in case of suitable reactivity with the basic lattice
material. Ti-6Al-4V alloy has been chosen as it is frequently selected in various applications for its
lightness, biocompatibility, high strength, toughness and corrosion resistance [1,27-31]. In the
following we will compare two procedures for producing Ti-6Al-4V hybrid structures based on EBM-
printed lattices filled with powder: the Ikeo and Nagano procedure preserving the powder inherited
from EBM process and a novel one consisting in manual powder filling of the lattices. The resulting
microstructures and structures will be characterized by optical microscopy, scanning electron
microscopy and X-ray microtomography. The effect of the filling procedure and thermal treatment
will be investigated.

2. Experimental

The hosting structure is an open cubic box of 12 mm side with 1 mm thickness walls containing
an octet-truss unit cell [19,32] with strut diameter being around 2 + 0.1 mm (Figure 1a). This structure
has been produced by Electron Beam Melting with an Arcam AB® A1 machine. The EBM process
has been widely described in the literature, see e.g. [13]. It occurs under vacuum, typically 2x107
mbar. An important feature is that each layer undergoes a preheating stage, maintaining the building
temperature around 700°C. This preheating leads to a slight sintering of the powder, which prevents
local accumulation of negative charges and holds in place the powder. The starting powder is a Ti-
6Al-4V plasma atomized spherical powder provided by ARCAM. The particle size is in the range 45
- 110 pm, with a median size of 75 pm and a tapped relative density around 0.63. It is customary to
re-use particles that are not been melted in the EBM process. This means that the powder considered
in the following had underwent several preheating stages.

The first type of hybrid structure was obtained by de-powdering the non-melted particles all
around printed boxes and preserving them inside the boxes (Figure 1b). Such structures with powder
inherited from EBM process (and thus slightly sintered) are denoted as in-process filled (IP)
structures. The second type of hybrid structure was obtained by completely de-powdering the cubic
boxes and subsequently filling them manually with the same ARCAM Ti-6Al-4V powder used for
the EBM fabrication. Thus this powder underwent the same thermal treatment prior to the filling
operation as in the previous case. The filling procedure consisted in gradual adding of powder while
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tapping it in order to achieve compact packing of spherical particles inside the printed boxes. Such
structures are denoted as after-process filled (AP) structures.

We have thus two kinds of components with the same hosting structure, filled with the same
powder. For the first ones (IP) the powder has been slightly sintered during the EBM process, whereas
for the second ones (AP) the powder has been simply poured and tapped. These two structures will
be called as “as-received” and respectively denoted IP AR and AP AR. A subsequent heat treatment
was then performed in a metallic furnace under a controlled atmosphere. In order to limit the amount
of oxygen, the chamber was purged with pure argon and pumped until a vacuum of 1 x 10 Pa was
attained. Two different thermal cycles were applied in order to activate sintering: one at low
temperature (LT) with holding at 900°C for one hour and the other at high temperature (HT) with
holding at 1300°C for one hour (Figure 1c). In both cases, the temperature rate during heating and
cooling was 10°C/min.

In order to get a reference material, re-used Ti-6Al-4V powder has been poured and tapped in
a cylindrical zirconia crucible (AR state) and sintered following both sintering cycles.
""""""""""""""""""""""""""""" I _C_ Sintering under vacuum 1x10 Pa |
I 1h
I TA >
8 InT13o0c | : ,

1 I LT900°C . ___

o

\
o

Fig. 1. Experimental route of producing hybrid structures: initial EBM-printed boxes with
octet-truss lattice inside them (a), IP and AP filled structures (b) and thermal treatment profiles (c).
Puc. 1. ExcnepuMeHTanbHUI METO1 BUPOOHUIITBA T1IOPUIHUX CTPYKTYp: moyatkoBi EBM-
JAPYKOBaHi KOpOOHU 3 OKTETHOIO I'PATKO0 BeepeauHi (a), CTpyKTypH 3amoBHeHi mija yac apyky (IP) ta
nicis apyky (AP) (b) Ta mpodini ix Tepmiunoi 00poOKH (C).

The powder densification in the boxes was observed by X-ray tomography using Phoenix V
system. The voxel size was equal to 6 um, allowing 3D reconstruction of elements larger than 12 pm
with use of the ImageJ software and in-laboratory developed plugins. Such resolution is sufficient to
detect the appearance of high porosity zones (referred to as flaws in the following) with a size at least
equal to the average particle size. For particle packing and microstructure investigation the samples
were cross-sectioned, prepared by conventional metallographic methods and observed by optical
microscopy (OM) and SEM operating in backscatter mode.

The OM and SEM images were analyzed in order to calculate the fractions of observed phases,
including the relative density, pr, of the partially sintered powder in central flaw-free zones. The
relative density is defined as the volume (or area, assuming the material is isotropic) of solid phase
divided by the total volume (or area). To quantify the volume of previously reported flaws, the
following dimensionless parameter, called relative flaw volume, is defined:

Vir = (Vpt = Vpn) / Vipt (1)
where Vt is the total pore volume of the filled structure and Vpn is the volume of the porosity of the
flaw-free zone including normally packed particles. Vpt has been measured by saturating the filled
structure with ethanol and Vp, has been calculated by weighting the mass of the filling powder and
measuring the average packing density from OM cross-section images.
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3. Results and discussion

3.1. The reference material microstructure

In Figure 2 the reference material is observed by OM in the as-received state and after either
sintering cycle. This re-used powder has a spherical morphology and a similar size distribution as the
powder received from ARCAM (Figure 2a). It was kept inside the chamber at elevated temperature
around 700°C for several hours, which was sufficient for the development of acicular o +
microstructure inside it with appearance of misoriented submicronic o needles (dark phase on
micrograph built in Figure 2a) [33].

After the LT cycle the general microstructure consists of partially sintered spherical powder
with interparticle necks having a diameter less than 10 um (Figure 2b). The relative density, o,
deduced from the micrograph is 0.644, which is a little higher that the nominal tapped density. After
the LT cycle (Figure 2b) the internal microstructure exhibits misoriented a plates with a size in the
range 2-5 um decorated with the p phase. The fraction of the a phase is measured to be ~ 80%.

After the HT cycle (Figure 2b), interparticle necks have significantly grown, some of them
reaching 50 um diameter, and the relative density is pr = 0.71. The internal microstructure is lamellar,
with o lamellas having a width of 3-12 um and the a-fraction being equal again to ~ 80%. It indicates
that an o + 3 equilibrium is attained during cooling below the B transus temperature.

Fig. 2. Optical and SEM micrographs showing cross sections of representative
microstructures of the reference material in the as-received state (a), after LT (b) and HT (c) cycles.
In the built-in micrographs of the internal microstructure, the white zones are the § phase and the
dark zones are the o - phase.

Puc. 2. Ontiuni Ta SEM MikpodoTtorpadii, 1o AeMOHCTPYIOTh IEpEPi3H MPeICTaBICHUX
MIKpPOCTPYKTYp €TaJIOHHOT'O MaTepialy B OYaTKOBOMY cTaHi (), micns nukiaiB Hu3bko (LT) (b) Ta
BUcokoTemmnepaTypHoi 00poOku HT (c). Ha MikpodoTtorpadisx BHyTpIlIHbOI MIKPOCTPYKTYPH,
61J11 30HM BINOBIAaOTh B-(asi, a TeMH1 — o-a3si.

3.2. The hybrid material microstructure

Figures 3a-c display virtual cross sections extracted from X-ray tomography images of the IP
material in the AR state and after both sintering cycles. The relative density px is 0.56, 0.58 and 0.65
in the AR state, after 900°C sintering and after 1300°C sintering, respectively. It means that the
particle packing in AR structure is much looser than the regular packing. Flaws are found below every
inclined strut in AR state. As it can be seen from local 3D rendering (see the upper part of Figure 3)
these flaws have a thickness around 130 pm for the sample in AR state and they are curved in
accordance with the surface of the struts above them. Their average thickness has increased to 150
um after LT treatment and to 350 pm after HT treatment. Meanwhile the relative flaw volume, Vs,
defined in Eq. 115 0.35,0.37 and 0.51 in AR, LT and HT structures, respectively. These values point
out on the large volume taken by flaws and the loss of homogeneity of the porous part of the hybrid
structure.

The bottom parts of Figures 3a-c show details of the interface between the upper surfaces of
the lower lattice struts and the porous parts of the hybrid structures. As it can be seen in Figure 3a,
tiny necks with a few microns diameter can be found in these zones, which is due to the preheating
at 700°C in the EBM machine chamber. After LT and HT sintering cycles these necks are growing in
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diameter with size being similar to the interparticle necks developed during same thermal treatments
of the reference material.

A very fine, basket-weaved, Widmaénstatten-type microstructure is developed inside as-built
lattices (see bottom part of Figure 3a). The observed a laths have an average width ~ 0.5 = 0.2pm
similar to the microstructure reported in previous studies [19,34]. As it can be seen from Figures 1b,c
the a-plates observed inside the sintered powder of hybrid structures and inside the printed lattice
struts are identical to the ones observed in the reference material. It means that the thermal treatments
not only yield the mechanical consolidation of the dense and porous parts of the hybrid structures,
but also lead to the certain homogeneity of the microstructures developed inside these materials.

5

Fig. 3. Virtual cross sections of X-ray tomography images of IP produced structures and 3D
rendering of flaws in AR state (a) and after LT (b) and HT (c) sintering cycles. White arrow
indicates the build direction. The upper parts display the 3D rendering of flaws found below the
inclined struts of lattice structures. The bottom parts show the microstructures inside the partially
sintered particles and the printed lattice in the contact zones.

Puc. 3. BipTyanbHi nonepeuHi rnepepizu Ha OCHOBI peHTTeHIBCbKOi ToMOrpadii cTpykTyp
3anoBHeHHX B nporieci apyky (IP) i 3D-pennep nedekris B mouatkoBomy crani (AR) (a) Ta micns
uusbko (LT) (b) Ta Bucokormmneparyproro (HT) (C) mukiny crikanss. bina cTpinka Bkazye Ha
HarpsMm apyky. Ha BepxHix 300pakeHHs X mpuBeneHo 3D-pennep nedexTiB moOam3y moXuanx
€JIEMEHTIB BHYTpIIIHIX rpaTok. Ha HIKHIX 300pa’keHHSIX MPUBEICHO MIKPOCTPYKTYPY YaCTKOBO
CIIEYCHUX MOPOIIMHOK 1 IPYKOBAHOI IPAaTKX B KOHTAKTHIN 30HI.

In Figure 4 virtual cross sections of tomography images of the AP structures are presented. The
relative density, pr, is 0.63, 0.64, 0.7 in the AR state, after 900°C sintering and after 1300°C sintering,
respectively. These values are very close to the ones found for the reference material, which proves
that the AP process results in a dense packing and that the sintering course is not affected by the
presence of the struts. No significant flaw is observed in the AR structure nor in the LT sintered one.
However, slight packing faults are detected just below the upper and bottom strut junctions (see the
dashed arrows in Figure 4a,b), which can be due to the difficulty to fill manually all the hardly
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accessible zones. These packing faults resulted in a value Vi = 0.14 for LT structure, which is 2.5 and
2.65 times lower than the respective values obtained for as-received and LT sintered IP-filled
structures. After the HT cycle, needle-like flaws with thickness linearly increasing up to 250 um is
found under the upper parts of the inclined struts and the total flaw volume has got more significant
(V& = 0.36).

Fig. 4. Virtual cross sections of X-ray tomography images of AP-filled structures in AR state
(a) and after LT (b) and HT (c) sintering cycles. The dashed arrows indicate the packing faults
below upper and bottom strut junctions in as-received state and after LT sintering cycle. The 3D
rendering of a flaw developed after HT sintering cycle is in the right built-in image.

Puc. 4. BiptyanbHi nonepeuHi nepepizu 3a JaHUMH PEHTIeHIBCbKOT ToMorpadii CTpyKTyp
3anoBHeHHX micyist ApyKy (AP) B mouatkoBomy ctaHi (AR) () Ta micns Huseko (LT) (b) ta
Bucokormneparypaoro (HT) (C) mukiy crikanus. Bina cTpinka BKa3ye Ha HAmpsM IPYyKY.

[TyHkTHpHI NiHIT BKa3yl0Th Ha Ie(eKTH MaKyBaHHS B HYDKHIN 1 BEpXHil 30H1 3'€JHAHD €IIEMECHTIB
rpatok. Ha BOynoBanomy 300pajeHi 3 mpaBoro 60ky noka3ano 3D-pennep nedekry, skuii
YTBOPHUBCS TICIIsi BACOKOTMIIEPATOPHOTO CITIKaHHSI.

A comparison of Figures 3 and 4 clearly indicates the benefit of the manual powder filling. This
method allows reaching the theoretical packing density of powder inside the printed boxes, leading
to the better control of the partial sintering of the powder at low temperatures (sintering at T/Tm-
(solidus) ~ 0.54 leads to a densification of 1.5% in 1 hour). Hence, the best result in terms of defects
was obtained when applying the LT profile to the AP filled structures (see Figure 4b).

Nevertheless, attention should be paid to the completeness of the filling procedure as some
zones might be hardly accessible to the powder particles. We believe that such difficulties may be
resolved by applying long-time vibrations on the open boxes over-filled with a given powder.

4. Conclusions

A method for fabricating Titanium alloy based dense-porous hybrid structures by coupling
EBM printing of boxes with internal lattices and partial sintering of powder filled inside has been
presented. Two different filling procedures and two sintering temperatures have been compared. It
has been found that the faster procedure that consists in keeping the powder inherited from the EBM
process inside the boxes has serious limitations : loose particle packing and formation of large defects
below the inclined lattice struts and their further growth during sintering. In its turn, manual filling
of the printed boxes after their complete de-powdering resulted in dense and defect-poor packing with
good interfaces between the dense and porous parts of the hybrid structure. Formation of the lamellar
structures with similar colonies of a-phase in the contact zones between porous and dense parts of
hybrid structure has been displayed. The results of this study can be applied to fabricate mechanically
reliable filters or heat exchangers as well as novel hybrid multimaterials with complex geometries.
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BUPOBHHUITBO I''bPUHUX CTPYKTYP 3A 1OIIOMOI'OIO YHACTKOBOI'O
CIIIKAHHSA ITOPOUIKIB TI-6AL-4V Y EJJEKTPOHHO HAIMUJIEHUX I'PATKAX

AHoTtauisi. /lpooemoncmpogarno HOBUli NIOXIO NOEOHAHHSA MEXHON02Ii Nouapoo2o OpyK)y
Memany 3 mpaouyiuHUMu Memooamu NOPOUK080i Memanypeii 0Jisl BUC0MOBIeHHL WINbHUX 2IOPUOHUX
CMpYKmyp 3i CKIAOHOI 2eoMempiclo ma KOHMpOAb08AHOW nopucmicmio. J{ocnioxceno KpumuyHi
epexmu npoyedypu 3an08HeHHs O00'€EMHUX CMPYKMYP HAOPYKOBAHUX 3d OOHNOMO2010 NJIABIEHHS
NOPOWIKY eNeKMPOHHUM NyuKom. OnucaHi HasaeHicmb 0eghekmie 8 ynakosyi NOpouwiKy ma ix egonoyis
nio uac pi3Hux Yyuxnié cnixauus. Pyune 3anoenenus opykoeanux Kopobig nicjisi NHOBHO20 GUOAIEHHS
nopouwiKy 3abesneuye bezoepexmuy cmpykmypy 3 bezoeghekmuum inmepghetcom Mixe WinbHow ma
NOPUCIOI YACMUHAMU 2IOPUOHOT CIMPYKMYDU.

KurouoBi cjioBa: TexHOJNOTIS MOIIAPOBOTO JPYKY METajioM, KOHTPOJbOBAHE CIIKAHHS,
riOpHIHI CTPYKTYpH, TUTAHOBI CIJIaBH, MIKPOCTPYKTYpa.
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