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A B S T R A C T   

A novel method of producing complex ceramic and metallic parts with designed internal channels is developed. 
The method utilizes a combination of the additive manufacturing technique of solvent jetting and spark plasma 
sintering (SPS.) The developed manufacturing approach brings benefits in producing complex shapes with in
ternal channels. Along with geometric customization of the 3D printed mold, a major advantage of this method is 
the removal of the need for a long debinding process, usually necessary with other 3D printing methods, by using 
the SPS. High density ceramic and metallic complex parts with internal channels were successfully produced with 
close to theoretical densities. The conducted studies include the development of a model that can predict the 
evolution and/or distortions of the complex-shaped powder assembly during the sintering process. The model is 
based on the continuum theory of sintering formulations embedded in a finite element code.   

1. Introduction 

Spark Plasma Sintering (SPS) is a materials processing technology 
which involves the simultaneous application of pressure and electrical 
field to consolidate powder materials [1–3]. It is well known for its 
capability to rapidly densify even traditionally hard-to-sinter materials 
(such as carbides and other high temperature systems) which cannot be 
consolidated to high density by conventional sintering technologies. 
Due to the fast-heating rates that can be reached, it is able to minimize 
grain growth even when sintering nanoscale powders [4–7]. Despite the 
SPS technology’s potential to produce components with high mechani
cal properties and tailored microstructures, it is limited to the produc
tion of components with simple shapes, such as cylinders. This limitation 
primarily derives from the inhomogeneity that is usually introduced by 
the application of pressure to components with complex shapes that 
have different thickness in the direction of pressing [8–10]. In uniaxial 
compaction, the thinner areas densify earlier and prevent the punches 
from completely densifying the entire component [11]. In addition, 
nonuniformity of temperature and electric current density can also 
contribute to structure heterogeneities in complex-shape components 
manufactured by SPS. Different approaches to overcome this limitation 
have been utilized [8,9,12,13]. Using graphite foil to create an interface 

between powders during SPS, Manière et al. successfully produced 
multiple complex shapes simultaneously. This group also developed an 
imprint method to produce complex net shapes by creating an inert 
interface between two powders or porous bodies. Lastly, a sacrificial 
part approach was developed that consists of compacting two powder 
parts resulting in the desired component and a sacrificial component [9, 
13,14]. These methods have extended the range of what can be pro
duced via SPS. However, the focus has been on the net-shaping of the 
external geometry of the components or very simple internal architec
tures. But in many applications the fabricated components need to have 
internal features such as channels or holes. 

For applications in the energy sector, there is great interest in 
manufacturing ultra-high-temperature resistant components, such as 
turbine blades, to enhance the efficiency of power generation [15–17]. 
However, the production of components using ultra-high-temperature 
resistant materials is very costly and difficult via both traditional and 
additive manufacturing technologies. Therefore, these components 
integrate design features, such as cooling channels and holes, to increase 
their efficiency and enable them to be manufactured from less expensive 
alloys with lower working temperatures. [18–20]. These features are 
typically produced through laser machining in traditionally manufac
tured components or are a part of the original design in the components 
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produced through additive manufacturing (AM). Both processes have a 
few disadvantages. Laser machining is costly and difficult to operate for 
fragile/brittle materials. Similarly, AM (e.g. SLM/SLS), while allowing 
the production of components with complex shapes, is time consuming 
and also requires a post-processing step to remove the thermal stresses 
and/or refine the microstructure. 

Internal channels are also important for ceramic components 
involved in various energy applications such as solar cells, wind rotors, 
heat transfer devices, and regenerative cooling system for hypersonic 
vehicles [21–24]. When considering manufacturing of channels, the 
main concern is removing material from inside the designed openings. 
Traditionally in energy applications, ceramic components with channels 
are made by slip casting or injection molding in two pieces and then 
joined which inevitably creates locations for potential early failures. 
Through-hole channels can also be machined into the parts but further 
add to the cost and processing steps. Self-supported 3D printing tech
niques, such as binder jetting and stereolithography (SLA), are being 
considered for parts that require internal channels. Singh et al., chose 
binder jetting to successfully produce a prototype of a one-piece 
concentrating solar power ceramic heat exchanger [25], highlighting 
the advantage of AM by producing a complex internal structure in one 
print. However, high density was not achieved despite the long 
debinding and sintering cycles used. 

In the biomedical industry, ceramics requiring internal cavities are 
being used mostly for orthopedic applications such as bone tissue en
gineering, bone implants and scaffolds. Traditional methods for pro
ducing porous implants include salt leaching [26], freeze drying [27], 
gel or chemical forming [28]. These techniques have limitations in the 
ability to include or tailor external and internal geometries. Internal 
architecture is important in mimicking bone because these channels 
allow nutrient absorption and cell adhesion [29]. AM becomes partic
ularly attractive for orthopedics due to the ability to tailor the geometry 
of scaffolds and implants to the patient specific injury; however, internal 
structures and channels are difficult to produce with AM [30]. High 
density ceramic components with complex external geometries can be 
designed and produced using printed molds and applying pressure 
before free sintering as done in previous work [31]. Producing a 

high-density bio-ceramic however, adds a level of difficulty due to their 
high melting temperatures, yet low phase transition temperatures. To 
retain the biocompatibility of Hydroxyapatite (HAP) for example, one 
must sinter at temperatures below 1300 ◦C [32]. 

Microsystems, to include micro-electrical mechanical systems 
(MEMS) and micro-fluidic devices have been investigated widely in 
recent years with the demand for smaller components for electronics and 
testing [33]. Current silicone-based manufacturing methods limit the 3D 
geometry of the microsystems and have become difficult to source [34]. 
To address the manufacturing of ceramic microsystems with small in
ternal channels, Do et al., propose using a 0.9 mm thick machined 
graphite shape, inserting it into alumina powder, pressing them together 
and then removing the graphite by annealing in air. A micro burner was 
successfully produced using this approach; however, the geometry of the 
internal structure was limited by the machining technique used and by 
the thickness of the graphite sheet. In another study, Nawrot et al., 
assessed the applicability of Stereolithography to microfluidic devices 
[35]. Although they were able to successfully create channels with an 
optimized sintering cycle that limited deformation, the use of SLA 
required a long debinding time and not all channels were able to fully 
penetrate the whole structure making this technique non-transferable 
into high output production situations. 

Overall, in traditional ceramic manufacturing, conventional sinter
ing is the most common method for producing ceramics. In additive 
manufacturing, Stereolithography has been the most common 3D 
printing method explored for ceramic components with internal chan
nels and cavities [36]. However, there are issues with both traditional 
and additive manufacturing methods that include the inability to 
completely remove the polymer binder and long debinding times which, 
limit the applicability of advanced ceramics in industry. There is op
portunity to use advanced sintering methods as a tool to address the 
shortcomings mentioned above. 

In this study, a novel method of producing complex ceramic and 
metallic parts with designed internal channels is proposed. Using solvent 
jetting, a graphite structure can be printed to serve as a mold, or shaper, 
for the powder to be sintered (see Section 2). The powder of interest is 
then placed inside the mold in the raw form, with no binder or 

Fig. 1. SEM image of raw powders: a) Alumina, b) Sugar, c) Stainless Steel 316 L, d) Maltodextrin, e) Graphite, f) Hydroxyapatite.  
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preparation necessary before it is placed in the Spark Plasma Sintering 
(SPS) machine. This method brings many benefits, particularly for ce
ramics, in producing complex shapes with internal channels. Along with 
geometric customization of the 3D printed mold, a major advantage of 
this method is the removal of the need for a long debinding process that 
is often necessary with other 3D printing methods. Furthermore, 
because the graphite does not sinter, it is easily removed from the in
ternal channels and cavities via sand blasting. Any remaining graphite 
can be decomposed in air via annealing. Additionally, sintering time is 
drastically reduced using SPS which leads to high density with limited 
grain growth. Using this novel approach, we successfully sintered to 
near theoretical density complex ceramic and metallic parts with in
ternal channels (see Sections 2 and 4.). At the same time, the proposed 
novel approach requires the development of a model that can predict the 
evolution and/or distortions of the complex-shaped powder assembly 
during the sintering process (see Section 3.). 

SPS is a process where three main physical phenomena are involved 
and interconnected: densification, thermal distribution and electrical 
behavior of the specimens. Powder densification can be modeled based 
on studies presented in literature [11,37–40]. SPS involves Joule heat
ing [41–57], densification and field phenomena [1,11,37,39,58–60]. To 
simulate the thermal and electrical current distribution and the densi
fication during SPS, Finite Element Method (FEM) is largely used [9, 
61–64]. The behavior of the powder assembly during the SPS process is 
predicted using a model based on the continuum theory of sintering 
[37], which has been embedded in a FEM (finite element model) soft
ware and validated through the comparison with the experimental re
sults [1] (see Sections 4 and 5.). 

2. Materials and method 

The printing powder for the graphite sacrificial mold was prepared in 

advance by mixing graphite powder (Atlantic Equipment Engineers, 325 
mesh) with sugar and maltodextrin in a conventional dry mixer (Turb
ula®, WAB-Group, Switzerland) for 60 min. The main component of the 
powder was graphite making up 75 wt% of the mixture; powdered sugar 
(Wholesome) and maltodextrin (Pure Organic) were used as binders 
with the combined make up of 25 wt% of the mixture (12.5% sugar and 
12.5% maltodextrin). Alumina powder (Materion, Al2O3 99.2% pure, 
325 mesh, Phoenix, AZ, USA) was used as an electrical insulator to 
stabilize the temperature within the mold and therefore protect the 
ceramic powder of interest from thermal shock. Hydroxyapatite (HAP, 
CAPTAL 30, Plasma Biotal Limited, United Kingdom) and Stainless Steel 
(SS316L, OzoMetal, USA) were chosen as the powders to be sintered for 
this study. The morphology and particle size of each powder are shown 
in Fig. 1. 

A general overview of the experimental procedure is shown in Fig. 2. 
First, the graphite mold was printed in a custom-made solvent jetting 
printer using the mixed graphite-sugar-maltodextrin powder. Printer 
resolution greatly depends on the size and morphology of the powders; 
in the current work, the resolution of the mold is relatively low due to 
the “flake-like” shape of the graphite powder. In some applications, the 
roughness of the surface is desirable,- for example in the orthopedic 
implant industry. In the case where no roughness is desired, a post 
processing step might be necessary. The water-based ink which is con
tained in HP 45 Inkjet cartridges was composed of 8.3 vol% of Isopropyl 
alcohol, 8.3 vol% of diethylene-glycol and 83.4 vol% of DI water. First, 
the powder layer was spread, then the inkjet cartridge sprayed water- 
based ink in the designated areas for that layer (dictated by the CAD 
model) activating the binder and “gluing” the ceramic particles 
together. This process was repeated layer by layer until the printed 
object was completed. Note: printing times range from 30 min to 3 h 
depending on the geometry of the scaffold and, more importantly, on the 
height and layer height setting used. Finally, the printed samples were 

Fig. 2. General experimental procedure.  

Fig. 3. process parameters used for the SPS process of a) the 4-channels HAP component, b) the Stainless-steel component.  
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cured in a furnace at 80 ◦C for 30 min to ensure the samples were dried 
before using pressurized air to remove loose powder. 

Prior to sintering, the mold was subjected to partial debinding in 
vacuum for one hour at 850 ◦C. The mold was then filled with a powder 
of interest and processed via Spark Plasma Sintering. The SPS device 
used was the SPSS DR.SINTER Fuji Electronics model 515, Japan. After 
sintering, the graphite mold was easily scraped off due to its higher 
sintering temperature compared to the subject powders (Fig. 2). The 
part was initially cleaned using compressed air and tweezers (for in
ternal channels) and then surface polished if necessary. The sample set- 
up and cleaning process for metallic and ceramic powders differed 
slightly and will be described separately below. 

Hydroxyapatite (HAP) was chosen as a proof of concept for using this 
method with ceramic materials due to its biocompatibility and potential 
use in biomedical applications. HAP is a delicate material that must 
remain under 1300 ◦C to avoid a phase transformation which diminishes 
its biocompatibility, therefore, extra precaution was taken using the SPS 

device by electrically insulating it with alumina powder. A 35 mm 
diameter graphite die was used for the tooling to surround the graphite 
mold containing HAP powder with alumina powder. A small piece of 
graphite paper is placed on top of the graphite mold to keep alumina 
powder from entering the graphite mold where the HAP powder is 
located. Alternatively, a graphite lid could also be printed to use in place 
of the graphite paper if a more complex shape is desired. For other 
materials, the alumina powder might be not necessary. The HAP samples 
were sintered at 1200 ◦C with a dwell time of 60 min. A pressure of 
25 MPa was applied gradually once the sample reached maximum 
temperature. The SPS was allowed to cool before starting the cleaning 
process. The part was then placed in a furnace (without vacuum) up to 
900 ◦C and held for 60 min to allow the remaining graphite to decom
pose (Fig. 3a). Any undesireable surface texture or residual powder was 
removed from the samples using a media blaster. Glass beads (80–100 
grit, Interactivia) were used to finish the ceramic sample and to accen
tuate the surface features for bone implant applications. 

Fig. 4. Final HAP cylindrical sample with four channels and with no channels showing SEM of the homogeneous and heterogenous microstructure, respectively. The 
small grain sizes can also be observed in both samples a) center and b) edge. 
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Stainless Steel 316 L (SS316L) was chosen to show the applicability 
of this method to metallic materials due to its versatility and ubiquitous 
use in industry. In this case, the graphite sacrificial part was designed in 
order to create an internal channel in the sintered specimen. A loop 
made of graphite was produced following the printing procedure 
described above. It was then inserted into a SPS die and the remaining 
space was filled with stainless steel powder. The powder assembly was 
then sintered at 950 ◦C for 20 min. A pressure of 50 MPa was applied 
once the sintering temperature was reached (Fig. 3b). Once the 
component was extracted from the die, the graphite powder was 
removed in order to reveal the channel inside the specimen. 

Density measurements of all components in the sintering cycle 
(alumina powder, graphite mold, HAP powder, stainless steel powder) 
were necessary as input parameters for the finite element model. The 
theoretical densities of the printed powder and mold were determined 
using a helium gas pycnometer (Ultrapyc 5000, Anton Paar, Austria). 
Relative densities of printed molds and tap densities of the powders were 
then determined via the geometrical measurement method. The bulk 
densities of the sintered parts were estimated using the Archimedes’ 
immersion method following ASTM standard C373–18. 

Scanning Electron Microscopy (FEI Quanta 450, FEI, Hillsboro, OR, 
USA) was performed on polished and etched surfaces to analyze the 
microstructure of the material; grain size and porosity were assessed. 
The ceramic sample was thermally etched at 950 ◦C for 30 min and the 
metallic surface was chemically etched. An additional step was required 
for the ceramic parts to confirm the phase composition of the HAP 
sample. X-Ray Diffraction (Bruker D-8 diffractometer, MA, USA) was 
used utilizing CuKα radiation at room temperature. 

3. SPS modeling of the powder assembly 

The sintering behavior of the powder assembly is influenced by the 
contribution of the different powders that compose it. Therefore, the 
geometry of the components at the end of sintering cannot be predicted 
using the mass conservation law. The sintering model embedded in the 
FEM software (COMSOL Multiphysics®, COMSOL Inc., Los Angeles, CA) 
allows the prediction of the densification and displacement that occurs 
during sintering resulting in a useful tool for the design of the initial 
geometry of the components. 

The description of the mechanics of the powder compact was defined 
using the constitutive relationship of the continuum theory of sintering 
proposed by Olevsky [37]. 

σij =
σ(W)

W

[

φε̇ij +

(

ψ −
1
3

φ
)

ėδij

]

+ PLδij (1) 

The stress tensor components are σij (Pa) and σ(W) (Pa) is the 
effective equivalent stress that determines the constitutive behavior of a 
porous material. W (s−1) is the equivalent strain rate, ε̇ij (s−1) represents 
the strain rate tensor components, φ and ψ are, respectively, the 
normalized shear and bulk viscosities, PL (Pa) is the sintering stress, and 
δij is the Kroenecker delta. 

The equivalent stress for the SPS of a powder material is based on the 
power-law creep equation: 

σ(W) = AWm (2)  

where m is the strain rate sensitivity exponent, and A (Pa sm) is the 
power-law creep coefficient. 

A =
1

Am
0

Tmexp
(

mQ
RT

)

(3) 

A0 (K Pa−1/m s−1) is the power creep factor, T (K) is the absolute 
temperature, R (J mol−1 K−1) is the gas constant, and Q (J mol−1) is the 
power law creep activation energy. 

Since the considered process conditions are not sufficient to sinter 
the graphite powder that composes the sacrificial part, the graphite 
equivalent stress is based on the conditions of cold compaction where σy 

(Pa) is the yield strength: 

σ(W) = σy (4) 

Considering a porous material, the equivalent strain rate, normalized 
shear, bulk viscosity, and sintering stress are defined as functions of 
porosity θ: 

W =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

φγ̇2 + ψė2

1 − θ

√

(5)  

φ = (1 − θ)
2 (6) 

Fig. 5. XRD showing pure HAP phase in final part.  

Fig. 6. Stainless-Steel 316 L specimen a) graphite loop b) top and bottom internal channel measurements after SPS c) full cross-section view.  
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ψ =
2
3

(1 − θ)
3

θ
(7)  

PL =
3α
r0

(1 − θ)
2 (8)  

where α is the surface energy (J m−2), r0 is the particles radius (μm) and γ̇ 
is the shape change rate. 

(s−1) defined as: 

γ̇ =
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z
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−

2
3
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)
√

(9) 

To determine the sintering parameters (strain rate sensitivity and 
power law creep coefficient), the sintering materials (HAP, alumina, 
stainless steel) were sintered separately. Using the method described in 
work done by Manière at al. [65] that linearize the constitutive equation 
for the SPS: 

1
m

ln

⎛

⎜
⎜
⎜
⎝

|σz|
(
ψ + 2

3 φ
)1+m−1

2 (1 − θ)
1−m

2

⎞

⎟
⎟
⎟
⎠

− ln(T) = − ln(A0) +
Q

RT
(10)  

one can identify the A0 and Q parameters through the regression of the 
experimental data for a fixed m value. 

The graphite mold was considered to be subjected to cold compac
tion, and in this case the effective equivalent stress is described as: 

σ(W) = σy (11)  

Where σy [MPa] is the yield strength and the creep parameter m ~ 0. 
To determine the value of σy, the graphite powder was subjected to 

multi-step pressure dilatometry [66,67]. 

4. Results 

The discussion on the experimental outcomes is provided first as a 
demonstration of the applicability of the proposed method for both 
metallic and ceramic materials. The accuracy of the electro-thermal- 
mechanical simulation used to predict the material behavior of the 
materials during sintering is discussed later. 

A high-density 10 mm diameter ceramic cylinder with 4 channels 
was successfully produced using a 3D printed graphite mold and Spark 
Plasma Sintering (Fig. 2). The graphite removal process described above 
was easy and sufficient in removing the residual graphite. As predicted, 
the alumina powder and graphite mold did not sinter, leading to easy 
detachment. The relative density achieved was 96% and the final 
average grain size was < 1 µm as seen in Fig. 4. The microstructure in 
the middle and edge of the sample is shown in Fig. 4 for both the 4-chan
nel geometry and the solid (no channel) configuration. The slight dif
ference in grain sizes in the sample with no channels is attributed to the 
thermal gradient found within the SPS set up; however, the increase in 
grain size was small because of the fast SPS densification process. The 
presence of graphite in the internal channels of the sacrificial mold 
allowed the manipulation of the thermal mass inside the sample; 
therefore, the heterogeneity of the microstructure seen in the solid 
sample is not seen in the 4-channel sample. The final HAP samples were 
analyzed via X-Ray Diffraction (XRD) to confirm HAP was the only phase 
present as seen in Fig. 5. This result is important in confirming the 
biocompatibility of HAP for biomedical applications. No carbon diffu
sion from the graphite mold was present in the HAP part due to the 
partial debinding step taken prior to sintering. 

A fully dense stainless steel cylinder (15 mm diameter and 10 mm 
height) with an internal curved channel was also manufactured 

Fig. 7. Micrographs of the Stainless-steel 316 L components in the different areas.  
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successfully using the proposed method. The design of the channel was 
chosen to represent a possible loop in a component that requires a 
cooling system; therefore, a curved cylindrical element with a support to 
easily insert and keep it centered in the die was printed (Fig. 6a). Once 
the printed element was inserted into the die, it was surrounded by 
stainless steel powder and then the cylindrical specimen with the pres
ence of the curved graphite element was sintered. The stainless steel (SS) 
part and the cross-section is shown in The surface roughness of the in
ternal channel is due to the resolution of the printed graphite part. In 
future work, this will be improved by optimizing the graphite powder 
and printing. A post-processing step for the polishing of the stainless- 
steel inner channel may be required depending on the application. 

Figure6 after cleaning. The surface roughness of the internal channel 
is due to the resolution of the printed graphite part. In future work, this 
will be improved by optimizing the graphite powder and printing. A 
post-processing step for the polishing of the stainless-steel inner channel 
may be required depending on the application. 

Fig. 7 presents the microstructure of the component after polishing in 
different areas of the sample. These images show how the density is 
homogeneous in the different areas of the component. 

Although the outer geometries shown for both the HAP and stainless- 
steel samples are discs, changing the outer geometry is possible via the 

printed graphite mold. As can be seen in Fig. 2, the graphite mold was 
designed to have straight walls, however, these walls can be designed to 
be of any geometry. The geometry of the sacrificial mold dictates not 
only the internal architecture but the external architecture of the sam
ples as well as how to attain a variety of final geometries. 

4.1. Model 

The densification curves for each material were obtained to deter
mine the densification reached during cold compaction (graphite) and 
sintering (alumina, HCP and stainless steel) and are shown in Fig. 8. 

Using the procedures described in Section 3, the sintering and cold 
compaction parameters for the different materials were determined 
(Table 1). 

The model’s results for the HAP 4-channel component are presented 
in Fig. 9. It is possible to observe the different densification levels 
reached by the three materials that compose the initial assembly 
(graphite, alumina and HAP). The external ring made from alumina 
reached a final relative density of around 70%, meanwhile the graphite 
mold was compacted up to 80–85%; therefore, these sacrificial parts 
were easily removed from the final component which reached full 
density. 

The comparison of the sintered component and model dimension are 
reported in Table 2. 

The comparison between the dimensions of the different geometrical 
features measured in the real and in the “virtual” component show good 
agreement with only small differences that can be derived from exper
imental uncertainty. Some of this uncertainty can be derived from the 
dimensional precision of the printed mold which was affected by the 
resolution of the solvent jetting process. 

Similarly, the model was run for the stainless steel component with 

Fig. 8. Densification curve for HAP, alumina and stainless-steel 316 L powders and densification rate for graphite powder.  

Table 1 
sintering and cold compaction parameters.  

Material A [Pa s] Q [kJ/K mol] m σy [MPa] 

Alumina 0.0011 172 1 – 
HCP 5.45•10−4 114 1 – 
Stainless-Steel 316 L 1.06•10−4 65.3 1 – 
Graphite – – ~0 60  
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the internal loop channel feature. The model results are showed in 
Fig. 10. Also, for this case, it is possible to appreciate the ability of the 
model to predict the varying levels of densification of the different 
materials used in this process. 

For the stainless-steel part, the model predicted a final relative 
density of 98% which was in agreement with the experimental results. 
Moreover, in Table 3, the comparison between the experimental and the 
model results for the stainless-steel component are reported. 

For both the HAP and the stainless-steel components, the model was 
capable of predicting the final dimension of the internal channel. 

5. Discussion 

A novel approach using Spark Plasma Sintering (SPS) and 3D print
ing via Solvent Jetting (SJ) to manufacture complex shaped metallic and 
ceramic parts with integrated internal channels has been developed. The 
proposed approach opens the potential of producing near net shape 
ceramic and metallic parts in a streamlined process which takes 
advantage of the ability to design and produce custom complex shapes 
using the SJ printing method in conjunction with the ability to use SPS to 
consolidate materials efficiently. The method to SPS a 3D printed 
graphite mold was validated by producing both a 4-channel HAP 
ceramic disc and a U-shaped channel stainless steel metallic part. A finite 
element model was created to simulate the densification behavior of the 
sample in the graphite mold during sintering. The density and shape of 
the final sintered samples were accurately predicted by the simulation 
and can be used in the design of the mold for various materials and 
components. 

This work demonstrates the significant potential that advanced 
Spark Plasma Sintering methods have in creating complex shapes with a 
custom internal architecture. Traditionally, SPS was limited by the die 
geometry where one tooling set was dedicated to the production of one 
sample shape. Theoretically, any internal and external shape can be 
printed using the presented method; however, additional experiments 
need to be conducted to assess the realistic geometric limits. The U- 
shaped metallic part illustrates the freedom of having features perpen
dicular to the direction of the load - a common concern in pressure 
assisted sintering. Furthermore, the 4-channel ceramic part produced in 
this work addresses the multiple feature ability of this method by having 
more than one channel. This process can be extended to most materials 
given that the powder of interest does not need to go through any 
preparation prior to sintering. Using the developed modeling code, a 
proper sintering cycle can be determined for each material and geom
etry, dramatically improving the productivity of the SPS technology. 

6. Conclusions 

Two components with internal channels and respectively made from 
hydroxyapatite and stainless steel 316 L powders were manufactured 
combining the solvent jetting and spark plasma sintering technology. 
The two components were analyzed to measure the final density and 
microstructure using SEM. The continuum theory of sintering constitu
tive equation embedded in COMSOL FEM software was successfully used 
to predict the sintering behavior of the materials and the final shape of 
the components and component channels. 
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Fig. 9. FEM model results of the 4 channel HCP component.  

Table 2 
Comparison between experimental and model HCP specimen’s dimension.   

Height [mm] Diameter [mm] Channel diameter [mm] 

Experimental 4.54 15.00 2.30 
Model 4.74 14.98 2.63 
Δ 0.20 0.02 0.33  
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