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Abstract:

The production by Spark Plasma Sintering (SPS) of parts with high complex shapes is difficult
due to the die pressing which imposes adapting the die and punches in a too complex and fragile
configurations. To overcome this problem, a patented approach called “DEFORMINT?”, allows
the production of fully dense complex shape parts by coupling 3D printing and SPS
technologies. Thus, an assembly of two-powder beds, one constitutive of the desired complex
shape part while the second one is sacrificial, separated by a 3D printed interface sinter
simultaneously. The easiest way to avoid any shape distortions of the part is to use the same
powder for both the complex shape and the sacrificial parts. However, for high added value
parts, the cost of the materials and the high quantity of sacrificial material needed in this method
reduces its inherent economic interest. To circumvent this issue particularly for Ti-6Al-4V, a
low-cost ceramic-metal powder mixture that mimics its sintering was identified and tested in
this study. SPS experiments were used to determine a densification model of this sacrificial
powder and to predict the densification distortions of two shapes: a thick cone and a thin and
complex turbine blade. The simulated and experimental distortions were compared and showed
a good correlation with the predicted shape distortions. Microstructural analysis revealed a high
hardness globular microstructure and a skin effect in the contact with the interface. This process
provides valuable outcomes for prototyping, as well as for complex structural parts with thick
geometries that are less sensitive to the skin effect (in contrast to SLM, which is more effective
for thin shapes). It can create significant opportunities in the space, aeronautics, and engine
industries.
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Nomenclature and abbreviations

6 Porosity

6 Porosity elimination rate (s

o Stress tensor (N.m?)

0.4 Equivalent stress (N.m)

£ Strain rate tensor (s™)

n Creep law stress exponent

A, Deformability pre-exponential factor (Ks*Pa™)
Q Deformability activation energy (J.mol™)
T Temperature (K)

¢ Shear modulus

1y Bulk modulus

¢, Axial strain rate tensor component (s)
g, Axial stress tensor component (N.m?)
8¢ Critical final porosity

SPS Spark Plasma Sintering

SLM Selective Laser Melting

1. Introduction

In the spark plasma sintering (SPS) process, the die pressing configuration makes the
fabrication of 3D complex shapes very challenging [1-3]. Multiple-punches configuration can
be used [4], however, unlike powder metallurgy [5], where gears, in particular, can be mass-
produced, achieving full densification of parts by SPS with differential punch motion is very
difficult, if not impossible. Alternatively, sacrificial powder can be used to control the motion
of a limited number of punches [6] but this approach is limited to relatively flat shapes with a
restricted number of thickness variations (2 or 3 at most), like gears. This sacrificial powder
can, in principle, mimic the powder metallurgy gear fabrication process, but the use of fragile
graphite tool limits the possible shape complexity. For highly complex shapes like turbine
blades or any 3D shapes with continuous thickness variations, another approach can be used.
This method uses deformable internal inert interfaces [7] and is called “DEFORMINT”. One

of the most promising aspects of this approach is the possibility to use a high-resolution 3D
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printing process to generate a thin interface, consisting of a ceramic charge bound by a polymer,
which acts as a sub-mold in the SPS die [8]. During the SPS thermal cycle performed under
vacuum, the polymer compound partially degrades into graphite creating an inert
graphite/ceramic separation interface that eases the post SPS ejection of the 3D complex shape
[9]. The use of vat photopolymerization is particularly suitable for this approach, as
ceramic/polymer interfaces of very fine complex shapes can be obtained with a wall thickness
down to 0.2 mm and a high resolution of 10 to 50 um [10-14]. There are two main challenges
for this interface method coupling 3D printing with SPS. The first is the post-SPS ejection of
the complex shape, where the 3D printed interface should not adhere to the shape during SPS.
The second is the interface, which can experience distortions due to its different sintering
behavior compared to the constituent powder of the part. This effect can be minimized by the
use of thin interfaces but a minimal thickness is required to eject the shape after SPS. In general,
the assembly is made of a metallic powder for the desired part, the 3D printed interface materials
and the sacrificial powder. The latter is used to surround the shape and homogenize the pressure
during the SPS cycle, therefore the complex shape compact sinters with a homogeneous and
predictable displacement field. Another method, called “pseudo-isostatic”, uses recyclable
granules as pressing medium [15]. However, the strong inherent hot compaction behavior
between the sintered powder and the granules causes severe distortions in the shapes unless the
part is highly pre-sintered [16, 17]. For this reason, the “DEFORMINT” method often uses the
same powder in the complex shape zone and in the sacrificial zone. This ensures precise control
of the shape evolution during SPS, where the only sources of distortion are the thin interface
deformation and the powder/die wall friction, both of which are minimal [18]. If these
distortions are minimal, the SPS initial shapes can be easily predicted by a simple uniaxial scale
factor that is the ratio of the final relative density (Drinai) Of the part to the initial relative density
of the powder (Dinitia) [7]-

However, the sacrificial powder (which is needed to produce complex shapes) represents a

significant material loss. It represents the same level of loss as machining does on sintered
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regular shapes. If the cost of the powder used for the complex shape is high, it significantly
deteriorates the economic interest of the method. By comparison, the SLM process practically
incurs no materials losses but the critical thickness of the shape is limited to about 10 mm or
less due to the thermal stress involved. In this context, the “DEFORMINT” approach (based on
SPS) is more oriented to the production of structural thick shapes [19, 20].

In this study, a Ti-6Al-4V alloy powder is used for the complex shape. The main objective is
to identify and evaluate a “low-cost” and “environment-friendly” powder mixture to be used as
sacrificial powder in the DEFORMINT process, which mimics the sintering behavior of Ti-
6AIl-4V in SPS conditions. In contrast to our previous work [21], where the same Ti-6Al-4V
powder was used as a sacrificial material, this low-cost approach aims to address the economic
issues associated with the “DEFORMINT” method, which have not yet been resolved. The
sintering difference between the Ti-6Al-4V and the sacrificial powder mixture may generate
distortions in the sample. Consequently, the sintering behavior of the sacrificial powder mixture
will be first modeled by finite element method (FEM) from the SPS densification curves. A
method combining a multiple pressure step SPS method [22] and a model linearization [23, 24]
is used to identify the powder densification parameters and the sintering model stress
sensitivity. A similar simulation approach has been used to model SPS of complex shapes using
graphite sacrificial powder [25, 26]. The Ti-6Al-4V powder and interface SPS behavior have
been identified in a previous article [21]. The sintering model of the sacrificial powder mixture
identified, the co-sintering of the three materials assembly Ti-6Al-4V/interface/sacrificial
powders is simulated by FEM to explain the distortions observed experimentally and to find
solutions to minimize or avoid them. This study analyzes two types of complex shapes: a
conical shape to reveal the magnitude of the powders/interface distortions by sintering

dissimilarities and a turbine blade to test the method on a thin highly complex shape.



2. Experiment and method
2.1. SPS sintering model and parameter determination method

The finite element model obeys the continuum theory of sintering [27] where the material

behavior is the following:
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For SPS case, the following analytical equation [28] is used:
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The identification of the sintering parameters (n, Ao and Q) is performed in two stages. The
stress exponent (n) is determined using isothermal SPS tests with the stepwise pressure method
[22, 24, 29]. In this method, the model stress exponent n is determined by the ratio of the
porosity elimination rates before and after the pressure “jump” and the stress ratio. See the

following equation:

().

Once the “n” is determined, the temperature dependent parameters (Ao, Q) are determined by a

linear regression using a heating ramp SPS test and the following equation [30]:
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In the latter, 8., corresponds to the final stage macro-porosity that is not easily removed. This

linear regression equation is applied on the experimental data and is used to determine 4, and



Q parameters. By plotting Y as a function of 1/RT, the sintering activation energy Q is given

by the slope of the curve and A, by the exponent of the curve’s origin.
The resulting modeling parameters are first tested analytically using the software GNU
Octave 5.1.0. If these parameters reproduce well the experimental data points, they will be

incorporated in COMSOL multiphysics 5.0 finite element code.
2.2. Complex shape production method combining 3D printing and SPS

The complex shape sintering method (DEFORMINT) has been detailed in a previous work [21].
As mentioned previously, this method consists of simultaneously sintering an assembly of a
working powder bed and a sacrificial powder bed separated by an interface. As illustrated in
Figure 1.a, the interface is 3D printed as an elongated shape of the final part made by vat
photopolymerization. Then, the interface is placed in the SPS tooling and internally filled with
working powder, Ti-6Al-4V alloy here. The sacrificial zones are filled with a low-cost powder
mixture that sinters in a similar way to the Ti-6Al-4V powder. To facilitate the loading of this
powder mixture into the printed interface, it is formulated as a thick aqueous slurry. The entire
assembly forms a cylinder that can be easily sintered using SPS. The composition of the
sacrificial media is currently confidential, however, it consists of a mixture of ceramic and
metallic powders designed to mimic the sintering behavior of the Ti-6Al-4V powder under SPS
conditions. During SPS densification, the interface made of polymer/ceramic interface partially
degrades in a graphite/ceramic separation interface. This was initially established in a patent
[8] and subsequently used to produce turbine blades shapes, as described in our previous article
[21]. It remains a thin powdered interface, which follows the shrinkage of the main powders
assembly. After sintering, since the interface remains in a powder state, the final part can be

easily ejected from the sacrificial parts.



(A) 3D printing /SPS interface method for complex shapes production
3D printing =2 SPS assembly = SPS densification = Ejection

V1
JAERN

/
Polymer/Al,O; Ti64 Ceramic/metal mix

7

VN

g

AN
AN

(B) Step 1: cone shape to detect the sacrificial/interface distorsions

3D printed interface simulation ge

ometry configuration

(C) Step 2: Thin turbine blade complex shape test
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Figure 1 : (a) Steps of complex shape method (DEFORMINT), which couple 3D printing and
SPS. (b) Cone interface and simulation geometry configuration of cone sintering. (c) Turbine
blade interface and simulation geometry configuration of turbine blade sintering.

To ensure a homogeneous stress field during sintering, the sacrificial powder must shrink
simultaneously with the main material. If the stress field is heterogeneous during sintering,
shape defects can appear on the final parts. It is also necessary that the total shrinkage of the
sacrificial powder is greater than or equal to the total shrinkage of the working powder to ensure
full densification of the latter. To test the ceramic-metal sacrificial powder mixture, a simple
cone shape is sintered. The sintering simulation of this assembly is also performed to predict
possible shape or densification defects of the part. In Figure 1.b, the 3D object of the conic
interface is reported. This cone test is very important because it helps detect sintering defects
caused by differences in the sintering behavior of the shape and sacrificial powders, as well as

deformation at the interface itself. This test is first used to evaluate the three materials co-



sintering compatibility in terms of deformation. The green part corresponds to the simulation
geometrical domain that can be reduced to a quarter thanks to the axis symmetry of the shape
geometry. On the right side, the geometrical configuration of the simulations is reported with
the three parts of the assembly, the Ti-6Al-4V powder bed inside the conic interface and the
ceramic-metal powder bed outside the conic interface. After the cone test, the same sintering
experiment and simulation are performed on a more complex shape, such as a turbine blade. In
Figure 1.c, the turbine interface and the geometrical configuration of the simulation are
presented. For the latter, the geometry does not allow geometrical simplification, so the full 3D
geometry was then modelled. For both complex shapes, the microstructure and relative density

are controlled.
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Figure 2: (a) SPS cycle experienced by the cone assembly. (b) SPS cycle experienced by the
turbine blade assembly, in the lower part, the sintering shrinkage of the reference Ti-6Al-4V
powder and the ceramic/metal powder mix is presented. This demonstrates the excellent
correspondence between the sintering shrinkages of the powder mix and the Ti-6Al-4V powder,
as the mix sinters at a similar temperature and achieves slightly higher densification, which
facilitates the complete densification of the Ti-6AI-4V part.

Température °C



Figure 2.a shows the thermal and pressure cycles experienced by the cone assembly. The
temperature is increased at a rate of 25 K/min from room temperature up to 900 K, to ensure
gradual degradation of the interface. Then, the temperature is increased with a heating rate of
50 K/min up to 1300 K. Up to 900 K, the applied stress is only of about 7 MPa (the minimum
applicable) to allow possible gaseous by-products of the degradation of the polymer to be
eliminated, this pressure is then increased up to 50 MPa in one minute once 900 K is reached.
This pressure remains constant until the final temperature is reached. Once the set temperature
of 1300 K is reached, the SPS is stopped and the assembly is freely cooled under the minimal
pressure of 7 MPa. In Figure 2.b, the cycle experienced by the turbine blade assembly is
reported. It is the same as for the cone assembly, except that the turbine blade assembly
temperature reaches 1150 K instead of 1300 K, and is maintained at this temperature for 1 h.
Since the turbine blade is thinner and more brittle than the cone, the maximum cycle
temperature is reduced to limit the thermal contraction differences between the sacrificial
powder and the Ti-6Al-4V alloy. These thermal contractions of the assembly during the cooling
lead to significant residual stresses in the turbine blade. These residual stresses can lead to the
turbine blade breakage during the cooling or its ejection from the SPS die. The temperature and
pressure are maintained for 1 h to allow the Ti-6Al-4V alloy to reach the maximum relative
density. Additionally, the assembly is cooled without pressure to minimize thermal contraction
differences and residual stresses.

Figure 2 shows the SPS shrinkage for both the reference Ti-6Al-4V powder and the sacrificial
“powder mix” for each cycle. This comparison demonstrates that the sacrificial “powder mix”
closely mimics the sintering behavior of the Ti-6Al-4V, with similar sintering temperatures and
shrinkage amplitudes. However, the sacrificial ‘powder mix’ exhibits a slightly higher
shrinkage amplitude. This is a crucial safety feature, as a lower sintering amplitude in the
sacrificial powder compared to the part could result in incomplete densification of complex

shapes.



2.3. Instrumentation

SPS experiments are realized on an SPS apparatus “FCT HPD25” with graphite grade Mersen
2333 dies, punches and spacers. The Ti-6Al-4V grade 5 powder (35 pum in average diameter)
is supplied by AP&C. The powder properties are detailed in a previous work [21]. In all SPS
experiments, a boron nitride is deposited on the graphite paper located between the punchers
and the assembly to insulate the powder (electrically) and prevent overheating. For the stress
exponent “n” determination of the ceramic-metal powder mixture, an isothermal SPS
experiment at 1020 K in a 15 mm inner diameter die with two pressures “jump” has been
performed, from 28 MPa to 56 MPa and 56 MPa to 85 MPa. For A, and Q determination by
regression, a 50 K/min heating rate experiment to 1300 K was used at a constant pressure of
50 MPa. The simulation parameters A,, Q and n for Ti-6Al-4V powder has already been
determined in previous work [21].

To reveal microstructure, the complex shapes have been cut and their cross-sections were
etched for 2 s with a solution of chloric acid, fluoric acid and nitric acid: 30 % HCI; 10 % HF;
10 % HNOs; 50 % H20. Vickers hardness has been measured with a “MICROPRESI
MATSUTAWA MMTx7” under a loading of 0.5 kgF.

The complex 0.5 mm thick interfaces were printed with a professional ceramic vat
photopolymerization printer, the ceramaker 100 from 3DCERAM SINTO® and the alumina
resin “3DMix AL-E02” was used. The printing conditions were set as follows: a laser power of
50 mW, a lasing speed of 10000 mm/s, and a layer height of 50 pm.

The Ti-6Al-4V sintered cone part was scanned with an EinScan-SP 3D scanner with an

accuracy of 30 pum.
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3. Results and discussions

In this section, the identification of the sintering parameters of the sacrificial powder mixture
is first presented. Then, the experimental and simulated cone and turbine blade shapes are

compared and characterized.
3.1. Stress exponent n determination

In Figure 3, the true strain and applied stress of the “stepwise” test of the ceramic-metal powder
mixture are reported. The measurements of stress and porosity rate elimination before and after
each pressure step allow to determine the stress exponent “n”. The red parts on the strain curve
correspond to the parts used to calculate the porosity elimination rates. The n average value
determined with this experiment is 1.65. A n value of 1 indicates dominant diffusional
mechanism while n=2 indicates grain boundary sliding (GBS) [32]. This value of 1.65 seems
to indicate grain boundary sliding but, considering the presence of a ceramic-metal powder mix,
a specific and complex combination of mechanisms cannot be excluded. Nevertheless, this
value, ranging between 1 and 2, is common in SPS [29, 33, 34] and can be considered an

experimental value.
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Figure 3: True strain and applied pressure during the identification test of the ceramic-metal
sacrificial powder.
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3.2. Temperature dependent parameter identification (Ao and Q)

In Figure 4.a, the temperature and relative density of the ceramic-metal powder mixture during
the SPS experiment are reported. From these data and by linearizing the analytic equation of
SPS, the Ao and Q values have been determined. In Figure 4.b, the linear regression is shown,
revealing an Ao value of 2739 K/(s Pa") and an activation energy Q of 308 kJ/mol. As this
composition is a ceramic /metal powder mix, the previous values are effective values for the
mixture.

With n, Ao and Q identified, the SPS sintering model for the sacrificial powder is complete. In
Figure 4.c, the experimental densification curve and the results of the sintering simulation are
reported. With a 6. calibrated at 0.007 to adjust the final stage sintering values, the simulation
data show very good agreement with the experimental results. This verification confirms the

efficiency of the model to predict the sacrificial powder densification by SPS.
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In Figure 5, the FEM simulated densification curves (i.e. average relative density) of the Ti-
6Al-4V alloy and the sacrificial powder are reported for the cone and turbine blade. As neither
of the two powders sinter below 900 K, the simulations display only the end of the SPS cycle.
For the cone assembly, Figure 5.a, heating with a rate of 50 K/min from 900 K up to 1350 K is
applied. For the turbine blade assembly, Figure 5.b, the temperature is increased with a rate of
50 K/min from 900 K to 1150 K, and then the temperature is maintained for 1 h. Although these
powders sinter over the same temperature and shrinkage ranges, there is a density gap between
the Ti-6Al-4V alloy and the sacrificial powder, which densifies at relatively lower temperatures,
although its densification rate decreases at the end of the cycle. This difference does not affect
the sintering of the cone, which has thick shape. However, the thin turbine blade, that was
initially sintered using the same cycle (like for the cone), shows cracks and a brittle behavior
(see photo in Figure 5.a). For this reason, the new cycle with a dwell temperature of 1150 K
and a dwell time of 1 h was applied to reduce the magnitude of the gap between the densification
curves (see Figure 5.b) while also minimizing the thermal contraction stresses during cooling.

With this cycle, the turbine blade was successfully produced without cracks.
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Figure 5: FEM co-sintering curves of the powders by SPS for the (a) cone and (b) turbine blade
cycles

3.3. Cone SPS case: simulation and experimental comparison

The simulation of the evolution of the cone powder assembly densification is reported Figure
6.a,. Even if the sacrificial powder sinters at a slightly lower temperature than the Ti-6Al-4V,

the cone reaches a high relative density at the end of the simulation. During the sintering, two
15



shape defects appear. A depression forms beneath the thin wall of the interface, and the edge of
the cone is rounded. The Figure 6.b shows the simulated cone shape and a 3D scan of
experimental cone sample. The experimental shape evidences these distortions predicted by the
simulation. Those defects are not due to the sacrificial powder behavior but to the interface that
behaves in a slighter rigid way. These defects have been detected in a previous work with Ti-
6Al-4V as sacrificial powder [21]. The density measured by Archimede’s method of the
experimental cone is 98 %. Its microstructure is reported in Figure 6.c. The microstructure
mainly consists of o phase in globular morphology, with some o lamellae surrounded by 3
matriX. Based on this observation, it is proposed that the microstructure remains a +  two-
phase despite the temperature of 1350 K, which is higher than the B transus temperature at
thermodynamic equilibrium for the nominal composition. Additionally, the effective material
stress is sufficient to fragment a significant amount of the existing lamellae at 1350 K [35]. This
stress, which fragments the lamellae, is probably the result of the combination of the applied
stress (50 MPa) and the thermal expansion coefficient disparities between sacrificial material
and metallic parts. In addition, cooling is sufficiently slow to lead to the growth of existing
globular o phase, as no disparity in size is observed. The presence of a phase at 1350 K can be
explained by oxygen contamination, which stabilizes the o phase at higher temperatures. In
addition, the increase in the oxygen content strengthens (solid solution hardening) the o phase
[36], which is confirmed by a slightly higher hardness (HVos 439 * 5) than reported in the
scientific community [20, 37, 38]. On the edges of the cone, a 20 pum skin with a significant
change in the size and shape of o phase is noticeable due to carbon contamination; this
phenomenon has already been detailed in a previous work [21]. To confirm this carbon
contamination, an EDSmap on the edge is shown in Figure 6.c. This clearly shows that these

intergranular phases are rich in carbon.

16



(A) 3D Simulation of the cone shape
1350 K

50 K/min ;
900 K

-

1125 K [ curved edge | 1350 K

(B) Simulated vs experiment;_lyshape

Simulated shape 3D scan of SPS real shape
/ Curved edge

Depression

(C) Microstructures
20N WS Lo P b
: - GRU

o
eI ot 5 VR
AT S b
NatQy '*:;'-*sf—gﬂi

5 " "1 2 w
W3 Mt (LSRN
& EN RS 500k <

“
»
v el a'a A o

Figure 6 : (a) Sintering simulation of the cone assembly (b) Final simulated shape and 3D scan
of the experimental cone. (c) Microstructures of the experimental cone at two different
locations, with, for the edge, an EDSmap showing local carbon rich zones near the interface.
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3.4. Turbine blade case

In Figure 7.a, the simulated relative density evolution during the sintering of the turbine blade
assembly is reported. The sacrificial powder sinters at slightly lower temperature than Ti-6Al-
4V, as expected, but the turbine blade density reaches a high relative density at the end of the
dwell. Distortions of the interface structure on the upper surface seems to appear at the end of
the dwell. The slice view (in Figure 7.b) gives a better inspection of the turbine blade internal
interface. Before reaching the maximum temperature, at 1137 K, the turbine blade is not
completely densified and reaches a relative density of 80-85 % while the sacrificial powder
reaches a relative density of about 95 %. At the end of the dwell, the whole turbine blade reaches
a relative density superior to 95 %. Shape defects also appear on the twist of the turbine blade.
The top and the bottom of the twist undergo shrinkage. In a previous article [21], we showed

that this defect is due to the slightly higher rigidity of the interface.
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(A) 3D Simulation of the turbine blade shape
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Figure 7 : (a) Evolution of simulated relative density over time of the whole turbine blade
assembly. (b) Slice view of the turbine blade assembly during simulated sintering.

In Figure 8, different views of simulated turbine blade and photos of the experimental ones are
reported to compare their geometries. In the slice view, the twist shrinkages are noticeable on
the experimental and simulated turbine blades. The distortions of the plate are visible on both
views of the turbine blades. In the experimental top view, a roughness forming a wood like
lines can be seen. Those lines correspond to the 3D printing layers present at the external surface
of the interfaces. Still in the top view, the twist is deformed next to a vertical interface wall

placed in the sacrificial zone. All of those defects have already been evidenced in a previous
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work [21] and are not due to the sacrificial powder itself but to the interface which has a
different sintering behavior than the part/sacrificial powders. No major shape differences can
be detected between the simulated and the experimental turbine blades. Those experiments
show that the ceramic-metal powder mix as sacrificial powder allows to follow the sintering of

complex shape without exaggerating the shapes distortions originated by the interface.

(a) Sectional view (b) Side view

Simulation Experiment Simulation Experiment

¥

26 mm

(c) Top view
Simulation Experiment

Figure 8: Shape comparison between the simulated and experimentally sintered turbine blade
with in (a) the sectional view, (b) the side view and (c) the top view.

In Figure 9, the microstructure study of the turbine blade is reported. Those microstructures
reveal a 400 um thick porosity skin that the simulation does not predict. In the slice of the
turbine blade micrograph (Figure 9.a), this skin is noticeable by a darker zone on the edges of

the turbine blade. As shown by the micrographs Figure 9.b and c, the darker zone has more
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porosity than the brighter zone. The micrographs in the core of the turbine blade, Figure 9.d
and e, reveal a fully dense or near-fully dense material (brighter zones). It is worthy to note that
the porosity zones (like for instance in Figure 9.b) only correspond to the dark “skin” of the
photo in Figure 9.a, while the white inner zones, even in the top blade area, are dense like in
Figure 9.d. The turbine blade relative density measured by Archimede’s method is 94 % with
1.6 % of open porosity and 4.4 % closed porosity. A previous work [21] has shown that turbine
blade edges undergo carbon and other element contamination during sintering. In this article
the temperature is higher than the transus. However, this skin phenomenon does not appear if
the same alloy is placed in the sacrificial zone. An aqueous slurry is used to ease the preparation
of the mixture ceramic-metal sacrificial powder. One possible explanation of this skin
phenomenon is that the water desorption increases the pollution penetration in the turbine blade
during the debinding stage. Then, the carbon contamination could rigidify and slow the
sintering mechanisms in the affected areas. Even if a higher temperature is used in the previous
study [21], the presence of the globular phase in the cone case suggests deeper contamination
near the edge. The previously used simulation model is purely mechanical and cannot detect
chemical interaction affecting the sintering and, consequently, could not predict this porosity
skin defect.

The turbine blade’s microstructure consists mainly of coarse o lamellae, with occasional
globular o shape resulting from their fragmentation. A turbine blade maximum heating
temperature lower than the cone, together with probable contamination, should lead to a large
amount of o phase at maximum temperature, and also to a coarsening regime explaining the
coarse microstructure.

The hardness measured on the turbine blade is HVo5 538 + 15 and is homogeneous all over the
section. This hardness is also higher than values reported by the scientific community for Ti-
6Al-4V [20, 37, 38]. As mentioned earlier, a possible contamination can also increase the

hardness of the turbine blade by solid solution hardening. This higher hardness reinforces the
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hypothesis of higher and deeper contamination during the debinding due to the aqueous slurry

preparation. This skin effect seems to disappear if higher temperatures are applied like in the

cone case.
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Figure 9: Micrographs of the experimental turbine blade; (a) section, (b) twist skin, (c) twist
core, (d) support core, (e) support skin.
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The SEM image and EDSmap of the turbine blade skin porous microstructure are shown in
Figure 10. The SEM microstructure appears to display a core/shell structure. However, the EDS
map does not clearly reveal this core/shell configuration through elemental analysis. Aside from
a higher carbon /oxygen concentration at the particle edges, there are no distinct element-rich
zones as seen in the cone. This suggests that the pollution penetrates deeply into the grain
located near the interface. Similarly, the pollution appears to penetrate further into shapes with

thicker skin effects.

Figure 10 EDSmap of the thick skin microstructure of the turbine blade.

4. Conclusion

In this study, a low-cost ceramic-metal sacrificial powder mixture was tested for fabricating
complex Ti-6Al-4V shapes using SPS. This powder mixture mimics the sintering behavior of
the Ti-6Al-4V powder, exhibiting a similar shrinkage amplitude and a slightly lower sintering
temperature. The sintering behavior of this powder mixture was identified experimentally and
validated by analytical methods. The powder mixture has an apparent activation energy of

308 kJ/mol and sintering moduli similar to those of the titanium alloy. Finite element
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simulations of assemblies comprising three materials (sacrificial, interface, and desired) have
been conducted for both a thick cone shape and a thin, highly complex turbine blade shape.
The simulation predicts well the main shapes distortions that originate from the interface. The
sacrificial powder does not exacerbate shapes defects. However, the small difference in
sintering behavior was significant enough to cause the thin turbine blade shape to break. To
overcome this problem, a one hour cycle at lower temperature was selected. This cycle
reveals a 400 pm skin with higher porosity rate on the turbine blade surface and a higher
hardness in its core. This suggests that the aqueous preparation of the sacrificial powder
increases the penetration of carbon contamination into the turbine blade during the debinding
stage. This phenomenon has not yet been simulated as it is a chemical reaction. However,
given that real shapes are likely to be larger than this 30 mm thin blade, the skin effect is
expected to be less significant for bigger shapes, assuming they have the same interface

thickness.
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