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Abstract:

Coupling ceramic stereolithography (SLA) and spark plasma sintering (SPS) is possible by the
deformed interface approach. Such innovative approach enables the production of highly
complex shapes through the high resolution of SLA and the highly controllable microstructures
of SPS. This process circumvents at the same time the complex thermal history of other additive
manufacturing methods like selective laser melting (SLM) and all issues of complex shapes
production in pressing devices like SPS. The production of Ti-6Al-4V thick conical shape and
thin complex turbine blade shape is presented is this article. The powder and interface co-
sintering requires a finite element (FEM) simulation tool to predict the Ti-6Al-4V high
temperature sintering and the impact of the interface on the shape distortions. The sintering
mechanisms, microstructures, and mechanical properties were characterized for all the shapes.
This work shows the prototyping of titanium complex parts by SLA coupled to SPS is on the
verge to become possible.
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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

HP hot pressing

HIP hot isostatic pressing

1. Introduction

Spark plasma sintering (SPS) die pressing is not well suited to the fabrication of 3D complex
shapes materials. They can be produced using multiple punches [1] but like in powder
metallurgy [2], differential punches motions are required to ensure full densification, which is
difficult by SPS. Consequently, sacrificial powder is used to control the motion of punches [3]
or internal interface [4] that allows to sinter complex shapes. This last interface method allows
to couple different 3D printing approaches with SPS [5]. Submold 3D polymer/ceramic

interface can be 3D printed, then filled with powder and partially graded into graphite or
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graphite/ceramic interfaces that follows the sintering of the powder and allows post-SPS
ejection of the internal complex shape [6].

This method is particularly efficient for metals & alloys and the interface may imply some
deformation that needs to be anticipated by simulation. In this article, alumina stereolithography
is used to 3D print interface and fabricate Ti-6Al-4V shapes by SPS from gas atomized powder.
The aim of the study is to simulate shape evolution during the SPS test.

Gas atomized metals and alloys particles are generally large in size (from 0.01-1mm) and with
very spherical shape [7-9]. After sieving, nearly monodisperse powder with high fluidity can
be obtained. Such powders are very interesting for metal additive manufacturing [10,11] where
successive layer of powders needs to be deposited. Their fluidity is also very interesting for the
loading of metallic powders in various molds like for injection molding [12], HIP [13], hot
forming [14] and for the submold methods [4,5,15] developed to produce complex shapes by
HP or SPS. In these methods, simulating the high temperature and high pressure densification
of the metallic powder is of great interest to predict porosity gradients or distortions of the
shapes during the sintering and to anticipate corrective machining in specific zones of the parts
[16-18]. SPS of metals and alloys involves different phenomena such as the deformation of the
particles, their rearrangement, eventual phase transition, grain growth, capillarity forces if the
particles are small and very different sintering behavior depending on the atmosphere [7,19].
SPS of metal powder is conducted in vacuum, inert or reductive atmosphere to avoid the
oxidation of the particle surface [9,20]. In general, the sintering is dominated by a hot
deformation of metallic particles by creep mechanisms. Gas atomized powders are large in size
and well arranged, which implicate the capillarity forces are negligible against the applied stress
and the initial compaction is high. The sintering can be modeled by a porous viscoplastic model
originated from the continuum theory of sintering [21,22].

The assessment of the sintering model parameters can be a very difficult task requiring
determining the high temperature creep behavior of the metal and the shear and bulk moduli

reflecting densification behavior [23,24]. The first groups of parameters represent the
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temperature dependence and the model stress sensitivity while the second group represents
porosity dependent terms. The assessment of these parameters requires a long study involving
high temperature mechanical tests with fully dense and porous specimens [25-28]. It is possible
to greatly simplify this long identification study by using theoretical hypotheses on the shear
and bulk moduli and identify the sintering by direct linear regression [18,29].

In this study, the direct regression approach [18,29] applied to the spark plasma sintering at
different heating rates are used with a Ti-6Al-4V alloy powder. Using stepwise SPS
experimental tests, the stress exponent “n” (a value indicating the sintering mechanism) is
identified [30]. Considering this “n” value, a linear regression on several sintering tests with
different heating rates allows to determine the creep parameters and porosity dependent moduli
from Skorohod theoretical base [31]. With this method, a predictive simulating model of Ti-
6Al-4V sintering has been established. This sintering model is then used to reveal defects on

Ti-6Al-4V parts produced by a complex shape sintering method in SPS that we develop.
2. Theory and calculation
2.1. Model description

The continuum theory of sintering [21] defines the sintering behavior by the following equation

that neglects the capillarity forces.

o =2(ge+ (v —70)e1) (1)

The equivalent stress and strain rate ratio are defined by the creep behavior of the metal (see

equation below) with Ao, Q, and n, the unknown parameters to be refined.

expzd)

2P 2)

€eq = Ao

The equivalent stress and strain rate tensors neglecting the capillarity forces are defined by:
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Where ¢ and vy are porosity functions to be determined experimentally. The stress and strain

rate invariants are defined by:
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Finally, the mass conservation is used to link the rate of porosity elimination and the volume

change rate.

9 —
(1-6)

é 9)

Above group of equations can simulate pressure assisted sintering of different complex
configurations. In hot pressing or spark plasma sintering, if friction or thermal gradients are
neglected, this complex group of equations can be simplified in a simple analytic equation,
which is particularly interesting to determine the sintering parameters. The analytic equation of

spark plasma sintering neglecting the capillarity forces is the following [23]:

-n—1

. o exp(z2) 2 in
el = |55 = 40— (v +30) * A-0)F loI (10)

2.2. Determination of stress exponent n

For two die compaction tests at the same T, 8 and at different applied stress (o), we obtain:

ol = o, (1)
And then:
()
n=—gz (12).
ln(g—z)



If quick pressure step profile is imposed during the sintering (see Figure 1), the stress exponent
value of n can be determined by the measurement the 8; for different o; before and after the

pressure “jump” [30]. This method is used to determine the stress exponent “n”.

Strain 4 #sStress c,
. 3
0,
v :
Time

Figure 1: Description of the stress exponent identification by spark plasma sintering using the
“stepwise ” pressure approach.

2.3. ldentification of Q and Ao and calibration of w and ¢ by linear regression.

From the analytic expression of spark plasma sintering (10) isolating the temperature dependent

terms and taking the logarithm give the following linear regression equation [29,32].

T|6
Y=In _n_1| | —

(+30) > A-6)7 loyl

= In(40) ~ o (16)

Using hypotheses on the shear and bulk moduli in the left-hand side of the equation (16), this
regression allows to determine the sintering activation energy (Q) by the slope of the curve and
the term (Ao) by the exponent of the curve’s origin. In a first stage, above regression equation

left-hand side uses the theoretical Skorohod’s moduli [31] below.
2\ (1-0)3
v=05)" (17)

9 =(1-0) (18)

Plotting, for each heating rate, Y term vs 1/RT, the slope of the linear regression gives Q value

and the origin should converge to a same value of In(4,) that should be unique. Because
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Skorohod’s moduli are theoretical approximations, the regression of the different heating rates
(that should be unique) may be dispersed. At this stage, the moduli can be modified using the

following Skorohod’s modified moduli expression [33,34].

p=(1-2) (19)
v= (e (20

With 6,; the initial critical porosity generally close and slightly higher than the initial porosity,
6. the final stage critical porosity, which represents the level of macro-porosity that eventually
remains after sintering and which cannot be eliminated and y,{ are additional adjustable
exponents (>1). Latter adjustable parameters can be modified from Skorohod’s base up to

obtain all regression curves together as one curve.



3. Experiment and method

All experiments have been realized with the SPS apparatus “FCT HPD25” with graphite grade
Mersen 2333 dies, punches and spacers. All samples are made of Ti-6Al-4V powder grade 5
supplied from AP&C. Powder particle size has been measured by an optical granulometer
Mastersizer 2000. As shown in Figure 2.a., the particle size distribution is in the range of 10 to
100 um with a median size of 34 um. The SEM image, Figure 2.b., shows powder that particles

are mostly spherical.

16 r a, b.

Frequency %

13 15 17 20 23 26 30 35 40 46 52 60 69 79 91

Particle diameter (um)

Figure 2: a. Ti-6Al-4V powder particle size distribution measured by optical
granulometer. b. SEM image showing the morphology of the Ti-6Al-4V powder
particles.

For all experiments, temperatures have been measured with a K type thermocouple located

inside the graphite die at 3 mm of the inner die surface.

For the stress exponent (n) determination, 3 isothermal tests were performed at 885 K, 1033 K
and 1153 K. During these tests, samples of 10 g were subjected to two rapid pressure increases
from 5 kN to 10 kN and then from 10 kN to 15 kN. These “jump” pressures were as fast as the
SPS machine would allow, ~1 s. The inner diameter of the dies for those tests was 20 mm.
measuring the porosity elimination rate before and after the “jump” pressures allows to
determine the stress exponent value by equation (12).

For the sintering study, three samples of 5 g were heated from ambient temperature (near 20°C)

up to 1080°C with different heating rates: 50 K/min, 100 K/min and 200 K /min and under a
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constant pressure of 50 MPa in a 15 mm inner diameter die. Pressure has been settled at ambient
temperature before the heating. In order to consider a temperature as close as possible to the
real temperature experienced by the samples, the temperature measured by the thermocouple
was corrected by means of a finite element simulation (FEM) [35,36]. The details of this
simulation are fully detailed in a previous paper [37]. After identification of the “n”, the
regression study using equation (16) is conducted to determine Q, Ao while adjusting the shear
and bulk moduli value to obtain three unique regression curves.

A boron nitride layer sprayed on the graphite paper located between the punchers and the
sample electrically insulates the samples for all experiments. This insulation prevents electrical
current from flowing through the Ti-6Al-4V sample and thus avoids potential electrical effects
that may disturb the sintering kinetics [38,39].

After identification of all the sintering parameters n, Q, Ao, ¢, w, the 3 sintering tests were
simulated to compare the simulated curves with the experimental data. All sintering analytic
modeling have been realized on GNU Octave 5.1.0. Afterward, the 3D sintering simulations
were made using COMSOL multiphysics 5.0.

In order to produce truncated conical shapes by SPS [4], conical skeleton submold with a wall
thickness of 0.75 mm were printed using a profession ceramics stereolithography printer, the
carmaker 100 from 3DCERAM SINTO®. An aluminaresin “3DMix AL-E02” was used to ease
the shape ejection after SPS. The Ti-6Al-4V sintered cone parts were scanned with an EinScan-
SP 3D scanner with the accuracy of 30 um.

To reveal their microstructure, samples were polished and etched with a solution of chloric acid,
fluoric acid and nitric acid: 30% HCI; 10% HF; 10% HNOs; 50% H20. Vickers hardness was

measured with a “MICROPRESI MATSUTAWA MMTx7” under a 0.5 kgF load.



4. Results and discussions
4.1. Ti-6Al-4V samples presentation

As described in section 3, three SPS tests were performed at different heating rates: 50 °C/min,
100 °C/min and 200 °C/min. The sintering curves of Ti-6Al-4V samples for the different
heating rates are presented in Figure 3. To evaluate the sample temperature with the best
possible accuracy, simulations have been performed to correct these apparent temperatures. The

details of this simulation are available in a previous published paper [37].
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Figure 3: SPS sintering curves of the Ti-6Al-4V samples for three different heating rates with
temperatures corrected from simulations.
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Figure 4: a. Photography of the samples; the difference of microstructure is visible. b.
Schematic representation of the microstructures, the abbreviation “Micro.” stands for
“microstructure”. c. Metallography of the sample: the two microstructures correspond to an
acicular a+f microstructure.

As shown on Figure 4.a, two different zones are observed: “micro 17 in lighter color and another
one, “micro 27, darker. Depending on the experimental conditions, those two zones are
differently localized within the material, as shown schematically in Figure 4.b. The
microstructures were revealed by etching for phase identification as shown Figure 4.c.
Otherwise, Vickers hardness (values are indicated in top right of each optical images in figure
4) was measured to correlate microstructures to mechanical properties. Despite the fact that the

appearance of the two locations looks different, both are made from an a phase embedded in
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the B matrix [40-42]. It is quite sure that all samples have exceeded the B transus temperature
since the maximum temperature undergone by the samples is 1400K and the maximum control
temperature measured in the die is 1295K, well above the (3 transus 1195K. On the micro 1, the
colonies of a platelets and the a phase decorating the B/p grain boundaries are coarser than on
the micro 2. This indicates a difference in cooling rate between zones in the same sample. It
seems that the zone of the samples with the micro 1 has cooled down faster than the zone with
micro 2. As Ti-6Al-4V alloy has a low thermal conductivity, these cooling rate heterogeneities
are expected [43]. Even if those microstructures are not well controlled, the only purpose of
this work was to determine the sintering parameters of Ti-6Al-4V alloy. In addition, the
hardness measurements are consistent with those reported in the scientific community for such
a microstructure (300-400HV) [44-46]. However, the micro 1 seems to have a high hardness
for Ti-6Al-4V, possibly due to rapid cooling involving lower grain sizes. When increasing the
heating rate the hardness of micro 1 slightly increases. The most probable explanation is faster

cooling rates resulting from the lower spacer temperatures for high heating rates.
4.2. Sintering parameter determination

For some materials like Ti-6Al-4V alloy, the mechanism governing the pressure assisted
sintering evolves with temperature [47,48]. The stress exponent "n™ is an indicator of these
mechanisms and has an important impact on the sintering behavior of the materials. Therefore,
the evolution of the stress exponent "n" of Ti-6Al-4V as a function of temperature was first
studied.

As presented in section 2.3, the value of n has been determined by measuring the ; for different
values of o; at same 6 and for different temperatures. For each isothermal test, two "jumps™ in
pressure allowed to extract two values of the exponent "n" for each considered temperature
[30]. The “n” values and the SPS tests are presented on Table 1 and in Figure 5.a, respectively.
These values give an indication of the evolution of stress exponent "n" as a function of
temperature during sintering. However, these 6 values are not sufficient. It is necessary to
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integrate a continuous evolution of stress exponent "n" as a function of temperature. Since a

value of stress exponent "n" too high or lower than 1 does not make physical sense, a sigmoid

function has been chosen to fit the "n" temperature evolution, see in Figure 5.b. The fit equation

is reported below:

1

n = (1 — —osmram) X 4.985 (21)
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Figure 5: Stress exponent "n" determination by a. multiple pressure step SPS at different
temperatures: 885K, 1033K and 1153K. b. obtained Ti-6Al-4V stress exponent "n" model
evolution as a function of temperature.

Table 1: Stress exponent

Temperature (K) 885 1033 1153
n value 1 3.28 2.70 1.97
n value 2 3.39 2.68 1.95

3

13

n” values of the Ti-6Al-4V aloy at different temperatures.




With the evolution of the stress exponent as a function of temperature integrated in regression
equation (16), the activation energy “Q” and Ao parameter have been determined by linear
regression of each heating rate in the Y vs 1/RT graph reported in Figure 6. The first model
reported in Figure 6a has been determined considering the starting point is the theoretical
Skorohod’s moduli [31] (17,18).

“Q” and Ao values was found to be 901 kJ.mol? and 3.81.10%° s'Pa™, respectively. This
activation energy value is significantly higher than the activation energy value of material
whose sintering is governed by only one sintering mechanism (n=2 constant = 416 kJ.mol™)
[27]. However, in the case of Ti-6Al-4V alloy where the n evolves during the sintering, this
activation energy reflects the disturbance of “n” evolution with temperature. This sintering
model gives acceptable fits of the experimental data when analytic modeling is done (see lower
part of Figure 6). However, to optimize as far as possible the model in final stage sintering
where more discrepancies are present, the modified Skorohod’s moduli expression (19,20) was
considered with specific 0+ (final porosity),  and y parameters for Ti-6Al-4V, see Figure 6b.
The set of adjusted parameters allows to better fit the final stage without modifying too much
the apparent activation energy are 6/~0.005, (=2 and y=1. With these considerations, the values

of “Q” and Ao are 912 kJ.mol™* and 3.65.108 s"*Pa™, respectively.
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Figure 6: SPS sintering model of Ti-6Al-4V linear regression, simulation and experimental
data of Ti-6Al-4V SPS sintering with (a.) theoretical Skorohod’s moduli and (b.) modified

Skorohod moduli.

5. Application of the sintering model on complex shape sintering case

5.1. Complex shape sintering setup

The interface method to produce complex shapes by SPS involves creating an assembly of two

powder zones separated by a deformable interface [4]. The whole assembly is generally a

cylinder that can be very easily and uniformly sintered by SPS (see the scheme in Figure 7.a).

One of these two powders is called the “working” powder and will form the final complex-

shaped part after densification, while the other powder is called the sacrificial powder, and

serves no other purpose than homogenizing the shrinkage on the different parts of the assembly
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under uniaxial compression. The interface between the working and sacrificial powders helps
the post-sintering ejection of the complex shape citing inside the assembly. The latter is printed
by stereolithography from an alumina charged resin (see the green shape in Figure 7.b). The
organic part of the ceramic resin is partially degraded during the beginning of the SPS heating
into graphite which transform the printed submold complex interfaces into a graphite/alumina
interface. The fact that the working and sacrificial powders sinter with identical densification
behavior causes the powder assembly to behave like a homogeneous medium. The final
complex shape can be predicted by a simple elongation factor in the pressure direction that
depends on the initial and final relative densities (Dfina/Dinitiar). The only source of shape errors
is the discrepancy caused by the thin interface, thermal gradients and the eventual friction
between the parts. In previous work, it has been shown that SPS powder/graphite foil/die
multiple interfaces have very limited friction effects and thus low impact on the densification
of materials [49]. The finite element simulation of the multiple powder assembly can be used

to study the impact of the interface on the shape deformations [15,17].
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Figure 7: a. Scheme of the interface method for the fabrication of complex shapes in SPS, case
of the cone shape b. 3D printed deformable interface used in this study for the cone and the thin
turbine blade shapes, c. corresponding 3D targeted shapes, d. thermal and mechanical cycle
undergone by the sample.

In this application, the two produced complex shapes are a simple cone and a turbine blade.
The 3D virtual objects of the blade and the cone are reported in the Figure 7.c. The thin walls
on the sides of the cone interfaces are necessary for its proper 3D printing by stereolithography.
For the turbine blade, several walls have been added in the sacrificial zones to ease the post-
SPS turbine blade ejection. The sample temperature was raised to 875K at 25K/min under a
uniaxial stress of 7 MPa (interface partial debinding), and then up to 1300K at 50K/min under
a stress of 50 MPa (sintering). The sample was then cooled using the cooling circuits of the SPS
under a stress of 7 MPa in a mode that does not allow for temperature measurement during

cooling (see Figure 7 .d).
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5.2. Cone shape case

Figure 8a is a 3D scan of the cone after sintering and ejection, revealing several shape defects.
Under the 3D printed side wall zone, there is a depression in the cone surface. This suggests
that the wall interface is slightly more resistant to sintering than the powder. Moreover, the cone
sides are slightly curved instead of being straight. The cone was cut and etched to reveal its
microstructure, as presented in Figure 8b. The microstructure of the cone consists of a coarse,
fully lamellar a+f3 colonies, except at its edges. A skin effect seems to arise near the surface of
the cone that is in contact with the interface during sintering. A 20 um layer appears with a
coarser o phase that tends towards an equiaxed morphology. This phenomenon is likely due to
a surface contamination in carbon (o-stabilizer element) causing an increase in the 3 transus
temperature and hence the appearance of this a-case layer.

Vickers hardness was measured from the edge towards the core of the sample to reveal any
potential gradients in mechanical properties (see Figure 8.c). Unfortunately, the 20 pum surface
layer was too thin and too close of the cone edge to measure its hardness. Hardness does not
appear to vary with distance from the edge of the sample. The cone exhibits a stable hardness

of HVos = 379 * 14 in average, which is consistent with its microstructure [44—46].
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measured from the edge to the core of the sample under 0.5 KgF.
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In order to investigate the possible presence of pollution or chemical composition gradients,
SEM-EDS analyses were performed. Figure 9.a shows a SEM image of the cone where the skin
effect is visible. An EDS analysis was carried out along the red arrow. The qualitative line
profiles of solute elements from the skin to the core are presented in Figure 9.b. A qualitative
comparison can be made between the skin and the core. The comparison suggests the skin area
is richer in carbon than the core. The content of the other solute elements does not significantly
change. This analysis seems to confirm the hypothesis of a a-case layer due to a carbon surface
contamination.

Figure 9.c is another SEM micrograph of the cone edge. The microstructural differences
between the skin and the core are still visible but the image reveals another thinnest skin of a
few microns on the extreme edge of the cone. Another EDS analysis (EDS map) was realized
in a similar area to highlight the partitioning of solute elements as presented in Figure 9.d. This
analysis reveals that the thin skin (in contact with the interface) is richer in aluminum than the
core of the cone. It also suggests the presence of titanium carbide that precipitates at the grain
boundaries.

As the alumina resin interface degrades into a graphite/alumina interface during the process,
this interface may be the source of carbon explaining the precipitation of titanium carbide that
seems to appears at the grain boundaries of the skin zone. The contact with alumina seems to
be the main origin of the micron-sized aluminum-rich phase. These findings indicate a chemical
contamination from the interface towards the sample over a short distance from the surface.
However, this interface contamination is very limited and restrained to a 20 um skin. The
addition of a small carbon content is known to lead to the precipitation of carbides [ref]. In
addition to precipitation hardening, these carbides reduces oxygen segregation at grain
boundaries, forming Ti(CO). This reduction in oxygen content prevents or limits the formation

o phase at grain boundaries, leading to a significant increase in the alloy’s ductility [ref].
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Figure 9: SEM-EDS analyses of Ti-6Al-4V cone sintered with SPS: a. Area of composition
analysis along the red arrow. b. Composition analysis: the carbon concentration is higher on
the 20um under the cone surface. ¢. Image of the cone surface: presence of a second phase
under the cone surface. d. Chemical analysis of another similar sample: the second phase is
enriched in aluminum and titanium carbides at grain boundaries.
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5.3. Turbine blade case analysis

Figure 10.a shows the pictures of the sintered turbine blade revealing several shape defects. A
part of the twist near the vertical walls is flattened, and on its basis, the twist seems to undergo
shrinkage. Therefore, the plate is slightly bent. On the surface of the blade, curved lines forming
a slight roughness are visible. These lines correspond to the surface finish of the 3D printed
interface. Each line is a cured layer (50 um) during stereolithography. This roughness is
transmitted from the interface to the blade during sintering. On the profile of the cut turbine
blade (in Figure 10.b), the shape of the twist is more visible. Indeed, the twist undergoes
shrinkage on its basis and on its top.

In the Figure 10.c, the microstructure of the cut blade is revealed by etching. All the blade
shows an acicular o+ microstructure like for the cone sample previously presented . The skin
effect detected earlier is also noticeable on the edges of the blade. Since the interface of the
cone and the blade are printed with the same resin, the blade is also subjected to surface
pollution resulting from the contact with the interface.

The Vickers hardness has been measured on the blade section. Figure 10.d shows the hardness
measurement at different locations on the blade section. The blade shows a homogeneous
hardness of HVos = 387 + 14, which is consistent with the cone hardness and its microstructure

[44-46].
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5.4. Cone sintering simulation using previously presented model

The SPS densification of the powder in an assembly to produce a conical pat has been simulated
to estimate virtually the deformations of the interface on the cone shape observed on the real
part (see Figure 11a). Due to the shape symmetry, the simulation was made on a quarter of the
assembly to reduce the computation time (see Figure 11.b). The simulated relative density
evolution during the cycle is reported in Figure 11.c. It shows the compaction of the titanium
alloy powder and of the 3D printed interface. The 3D printed interface was modeled using an
initial relative density of 0.75. To simulate an interface with a higher sintering resistance than
the powder with a high computational stability, the same property of the powder was selected
and a higher activation energy was selected up to obtain the same magnitude in the distortions
that is observed experimentally. The calibrated activation energy is 940 kJ.mol™. In the case of
the cone, the same distortions of the interface can be clearly seen at the final stage. The
simulated cone shows the depression under the interface walls and the slightly curved shape of

its sides, see Figure 11.a. and c.
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the symmetry of the shape c. Result of the sintering simulation of the quarter of the conical powder assembly, with
on the right, the cone quarter final shape in red.

5.5. Blade sintering simulation using previously presented model

The same SPS densification simulation has been done for the turbine blade powder assembly.
Figure 12.a shows the simulated densification over time. In Figure 12.b, the comparison
between the experimentally produced and the simulated blade shows that the simulation
manages to predict the twist flattening and the plate bending. The experimental blade section
and simulated powder assembly section are reported in the Figure 12.c. The distortions of the
interface noticeable in the simulated powder assembly section explain the shrinkage of the twist
top and basis. These comparisons between experimentally produced and simulated turbine
blades illustrate that the simulation model developed allows identifying shape defects for

complex shape sintering.
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6. Conclusion

In this study, the SPS sintering behavior of a Ti-6Al-4V complex shapes was studied by several
analyses and experiments. All the material parameters necessary to build a sintering model
based on Skorohod-Olevsky model of Ti-6Al-4V have been determined using the analysis
method using model regression and SPS experiments at different heating rates and different
pressures. The stress sensitivity analysis reveals a sintering mechanistic evolution with
temperature from dislocation based mechanisms at low temperature toward diffusional
mechanisms at high temperature. This transition has a strong impact on the sintering behavior
and imply higher value of apparent activation energy. To perfectly reproduce the sintering
curves, the Skorohod’s theoretical shear and bulk moduli exponents have been adjusted. Once
the sintering model was established, it was used to simulate the defects present during SPS of

complex shapes. Comparison between the experimental and simulation reveals that the latter
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succeeds in reproducing the distortions observed on the cone and turbine blade shaped parts
produced by SPS. The analysis of the cone has shown a fully dense and homogeneous fully
lamellar microstructure and a 20 pum a-case layer near the interface with second aluminume-rich
second skin of few pum in contact with the interface. The sintered blade exhibited the same
microstructure and the same skin effects probably due to a surface contamination from the
degraded interface. This study demonstrates the feasibility of highly complex shapes production
by SPS. Coupling the stereolithography 3D printed ceramics charged interface with SPS post-

treatment greatly facilitates this interface method for rapid prototyping of metal objects.
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