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Ceramic stereolithography (SLA) was used to fabricate a ceramic investment casting mold with the integral core within a
ceramic mold shell, produced in a single patternless construction from refractory-grade fused silica. The SLA build material
was a photopolymerizable suspension of 60 vol% fused silica dispersed in a monomer solution based on 1,6-hexanediol dia-
crylate. The mold had 1047 layers, each 100 mm thick. Green body dimensions before sintering were approximately 0.7%
smaller than the design within the plane of the layers, and approximately 0.3% larger than the design perpendicular to the
layers. The sintering shrinkage was 10.770.2% in both directions.

Introduction

The superalloy airfoils in gas turbine engines have
hollow structures with complex interior cooling passages.1

These complex hollow airfoils are produced using invest-
ment casting2 which involves multiple steps to separately
prepare the ceramic core, which is then inserted into the
mold for the exterior shell. For example, one set of in-
jection molding tooling is required to fabricate the com-

plex ceramic cores, and a separate set injection molding
tooling is needed to mold the wax pattern around the
ceramic core. To make the ceramic shell mold, the wax
pattern containing a ceramic core is repeatedly dipped in
ceramic slurry, coated with coarse refractory stucco, and
dried before the next layer is applied.3 These steps can be
eliminated if a single process is capable of directly pro-
ducing a mold that has the casting cavity integrated with
the ceramic core, or an integrally cored ceramic mold
(ICCM).4 In this work, we demonstrate an ICCM that
combines the ceramic core with a ceramic shell mold in a
single patternless construction, as shown in Fig. 1.

Such a complex design can be built from many
layers using a solid freeform fabrication technique5 in
which sophisticated three-dimensional (3D) objects are
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produced directly from a layer-by-layer process based on
computer-aided design (CAD) files. Stereolithography
(SLA) is the most commercialized technique among the
solid freeform fabrication processes because it can pro-
duce 3D objects with close dimensional tolerances and
good surface finish.6 Conventional SLA builds polymeric
parts, but the technique has been extended to ceramic
stereolithography (CerSLA), which is able to produce 3D
ceramic objects.7–9 CerSLA is a repeated layered manu-
facturing process where thin liquid layers of ceramic-
monomer suspension are solidified by photopolymeriza-
tion with a UV laser, thereby ‘‘writing’’ the design for
each slice. This process can be conducted with a variety of
powders and photopolymerizable media.10,11 Metal cast-
ing molds have been built by SLA from silica,12 including
complex molds with intergral cores.13 In this paper, we
report the fabrication of a silica refractory ICCM by
CerSLA, and describe the processing technique with em-
phasis on the accuracy of the fabrication.

Experimental Procedure

Suspension Preparation

The photopolymerizable suspension was prepared
by dispersing ceramic powders in a solution of acrylate

monomers. The monomer mixture was a blend of 87.5
weight percent of a difunctional monomer 1,6-hexane-
diol diacrylate (HDDA, SR238) and 12.5 weight per-
cent of a tetrafunctional monomer ethoxylated
pentaerythritol tetraacrylate (EPTA, SR494), both
used as received from Sartomer company (Exton, PA).
A photoinitiator, 1-hydroxy cyclohexyl phenyl ketone
(Irgacure 184, Ciba Specialty Chemicals, Tarrytown,
NY) was used to initiate the polymerization reaction of
monomer mixtures. The design principles for photo-
polymerizable ceramic suspensions are presented else-
where.14 The ceramic powder was a refractory silica
(SiO2, PCC airfoils, Sanford, NC), consisting of irreg-
ular glassy milled fused silica (density of 2.2 gm/cm3),
with an average size range of 3 mm d10, 12 mm d50, and
66 mm d90. To prepare a colloidally stable dispersion of
the silica in the acrylates, a quaternary amine dispersant
(Variquat CC-59, Goldschmidt, Hopewell, VA) was
added in an amount equal to 3% of the weight of the
SiO2 powder. In order to prepare the ceramic suspen-
sion, SiO2 powder and dispersant were gradually mixed
into the monomer mixtures without a photoinitiator.
Up to a solid loading of 50 vol%, the suspension was
mixed and homogenized in a high-speed shear mixer for
5 min. At a solid loading of 60 vol%, more time was
required for the dispersants to adsorb and colloidally

Fig. 1. The designs of ceramic mold for superalloy airfoil: (a) Ceramic core for the complex internal cooling passages, (b) the cross-section of
the pattern section, and (c) the design of integrally cored ceramic mold.
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stabilize the suspension so that the mixtures were ball
milled for 24 h. The photoinitator, at a concentration of
2 wt% with respect to the monomer, was added to a
60 vol% suspension and the final mixture was ball
milled again for 2 h. Bubbles were removed from the
completed suspension by vacuum deairing. The suspen-
sion was slightly shear thinning, with an apparent vis-
cosity of 0.58 Pa s at a shear rate of 10 s�1. Further
characteristics are reported elsewhere.4

Fabrication of ICCM using CerSLA

A 3D green mold was fabricated using a commer-
cial SLA apparatus (SLA-250, 3D Systems Inc. Valencia
CA) with a UV laser. The laser was a diode pumped
solid-state laser (Xcyte CY-SM60, JDS Uniphase, Mil-
pitas, CA), which had a quasicontinuous wave emitting
at 355 nm. The output power was 40 mW with a beam
diameter of 125 mm. CAD files (in STL format) were
prepared for SLA using the software 3D Lightyear 1.5.2
(3D Systems Inc.). This program assigns build param-
eters to the part and then slices the file into horizontal
layers for building. The SLA 250 builds the mold by
first applying a 100-mm-thick layer of liquid photo-
polymerizable suspension, next the laser scans the sur-
face of the liquid monomer in the specified pattern for
that layer, thus solidifying the surface of the suspension
in predefined areas. The regions exposed to the laser are
now small sections of green ceramic, consisting of the
silica powder in a polyacrylate binder. When the layer is
finished, after about 1 s, the support platform and first
layer move downward into the vat of liquid monomer
resin. The liquid monomer flows across the first poly-
merized layer, and then takes 40 s of stabilizing time to
make a flat surface of suspension. The laser scans this
new surface, polymerizing the second layer. This process
is repeated for subsequent layers, up to the 1047 layers
required for this ICCM. When part building is carried
out, the part is a green body of silica in polyacrylate
binder. After SLA fabrication, the cured part is removed
from the rest of the uncured suspension and rinsed in
isopropyl alcohol for 20 min. The polymer in the green
body is removed in a binder burnout process consisting
of several controlled heating steps up to 6001C. This
temperature is maintained for 2 h, and then the burned
part is sintered at 13001C for 30 min in air. Details of
the binder burnout and sintering procedure are reported
elsewhere.4

Photopolymerization Parameters

For photopolymerization, the suspension is illumi-
nated by the specific energy dose E (mJ/cm2), which is
designed to cure the suspension to the desired cure
depth Cd. Dose and cure depth are related through two
properties of the photopolymerizable suspension: criti-
cal energy dose (Ec) and sensitivity (Dp) by6,14:

Cd ¼ Dp ln
E

Ec

� �
ð1Þ

where E is the exposure energy dose delivered to the
surface and Cd is the thickness of a cured layer at energy
E. The critical energy dose (Ec) and sensitivity (Dp) were
determined by measuring the cure depth Cd of small
coupons at five different energy doses (E). Figure 3
shows a cure depth versus the logarithm of energy dose.
The resin sensitivity Dp (the distance at which the laser
intensity is reduced by 1/e) is obtained from the slope in
Fig. 2 and the critical energy dose Ec, is obtained from
the intercept. To build 100-mm-thick layers, the pro-
cessing parameters were Dp of 805 ers were Dthe intec

of 1571.29 mJ/cm2. To insure joining between the
layers, the overcure was 25%, and hence the cure depth
was 125mm.

Fig. 2. Depth of cure as a function of energy dose measured using
WINDOWPANE technique on the suspension including 60 vol%
of fused silica. The resin sensitivity (Dp) and critical energy dose
(Ec) calculated using Eq. 1 are 805748 mm and 15.3371.29
mJ/cm2, respectively.
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Results and Discussion

ICCM for Turbine Airfoil Design and Fabrication

The ICCM is composed of core, casting cavity, and
shell parts, where the core generates internal cooling
passages of a turbine airfoil. Figure 3a shows the exterior
of the ICCM design with overall dimensions of
38.83 mm� 38.83 mm� 104.78 mm (X�Y�Z) for
fabricating a turbine airfoil. Figure 3b is a cross-section
showing the shell section (defining the outside metal
surface) and the core section (defining the interior cool-
ing passage). The internal features in the ICCM contain
three intricate cooling channels that form a cooling sys-
tem. The channels are a leading edge cooling channel, a
midchord serpentine cooling channel, and a trailing
edge cooling channel. To allow the core to be visual-
ized, a ‘‘window’’ was built on the concave side of the
mold to reveal the core inside. Metal gap thickness is as
small as 0.5 mm on suction and pressure side. The core
serpentine and flag has 0.56 mm holes, with 0.56 mm
flag connector posts.

In order to generate each layer of the ICCM, the
CAD file is sliced into horizontal layers. The ICCM was
sliced with a layer thickness of 100 mm so that 1047
layers were generated based on the Z height of
104.7 mm. Figure 4b shows five of these layers, where
the initial root of the core is created in layer 400, and
several passageways between the core and shell mold
developed between layers 400 and 800. Although it only
takes about 5 s to write a single layer, it requires about

5.5 h to build the green body of ICCM up to 400 layers,
with most time spent in the recoating step.

Given the sliced layers in Fig. 4b, the cross-section
of STL file and a green body of ICCM are shown in Fig.
6. The positions of layers 400 and 630 are indicated by
the dashed lines on the vertical cross-section shown in
Fig. 5. Figure 5a shows the cross-section of the 630th
layer, including three different core parts in the green
body. They will turn into three cooling channels: lead-
ing edge, midchord serpentine, and trailing edge cooling
channels. Symbols A–A0 to D–D0 are used to compare
the dimensional accuracy between STL file and green body
on the X–Y plane. At the 400th layer shown in Fig. 5b, two
separated parts are growing in the core region.

A gap is left between the core and shell, which is
filled with metal during casting, as shown in Fig. 6a.
The gap is designed to be 0.5 mm. When an ICCM is
produced via exposure to ultraviolet radiation on the
suspension, the optimized photopolymerization pro-
cessing parameters, Dp 805 mm and Ec 15 mJ/cm2,
were used to produce the gap. As shown in Fig. 6b,
the green body with the resolved gap was successfully
fabricated between core and shell. At the positions of
cross-section, the gap sizes of the green body are fairly
controlled under 730 mm.

Microstructure of Sintered Silica Molds

As this is a layered manufacturing process, the
integrity of the interfaces between the layers is critical.
Inappropriate choice of building parameters can lead to

Fig. 4. Integrally cored ceramic mold (ICCM); (a) the vertical
cross-section of ICCM showing core and shell parts and (b) the five
horizontal cross-sections among 1047 layers of ICCM, which was
sliced with a layer thickness of 100 mm.

Fig. 3. Overall dimensions of integrally cored ceramic mold
(ICCM) fabricated by ceramic stereolithography; (a) the size of
ICCM and (b) the cross-section of ICCM showing core, shell parts,
and three cooling channels; leading edge cooing channel, midchord
serpentine cooling channel, and trailing edge cooling channel.
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cracking and delamination after sintering.15 For this
porous refractory silica, the mechanical integrity de-
pends upon avoiding cracks. The flexural strength de-
pends on the sintering temperature and amount of
devitrification of the fused silica to form cristobalite.
The materials presented here were sintered at 13001C

and had about 25 vol% cristobalite, and hence had a
flexural strength on the order of 12 MPa (C-J Bae and J.
W. Halloran, unpublished data).

Figure 7 shows a typical microstructure of the as-fired
surface and a fracture surface of the ICCM. Figure 7a
shows the exterior as-fired surface, with the layering

Fig. 5. Accuracy of the integrally cored ceramic mold (ICCM) built by ceramic stereolithography. (a) STL file and green body of ICCM
with core and shell mold at the layer number 630th (A–A0 to D–D0, measured length; G, missing part) and (b) STL file and green body of
ICCM with core and shell mold at the layer number 400th.

Fig. 6. Gap between core and shell for the cast metal; (a) the design of gap and (b) gap resolved in the green body of integrally cored ceramic
mold.
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direction horizontal and the build direction vertical. The
field of view includes at least four of the 100mm layers,
but these layers are not obvious on the surface of the
build. The roughness of the surface is controlled by a few
large particles of B60mm. The powder consisted of ir-
regular glassy milled fused silica having a d90 of 66mm.
The fracture surface appears in Fig. 7b, with a field of
view including at least four layers. There is no clear ev-
idence of the layering, and no evidence of delamination or
cracks. Figure 7c illustrates the microstructure on a finer
scale, showing that the larger fused silica particles are
bonded by a matrix of finer silica.

Resolution and Accuracy Issues in CerSLA

Consistency and accuracy are important factors that
should be considered when integrally cored ceramic
molds (ICCM) are fabricated using CerSLA. For exam-
ple, ceramic shell molds are required to have a constant
thickness for strength and predictable thermal behaviour
to avoid mold failure during metal casting.4 In addition,
for consistent and accurate cast metal, the consistency
and accuracy of green bodies affect those of sintered
bodies. If the ICCM green bodies are produced within
dimensional tolerances, the CerSLA process will be able
to replace the conventional investment casting process.
Linear dimensional tolerances of about 70.15–
0.25 mm/25 mm (6–10 mil/in.) are typical for conven-
tional investment casting.3

In order to evaluate how accurately CerSLA can
build an ICCM, the sizes of specific features were mea-
sured and compared between the CAD design, green
body, and sintered ceramic body. These measurements

were performed on four samples, which were only built
to layer 630. Figure 5a shows an STL file including core
and shell parts, representing a cross-section of the layer
in a targeted ICCM and the cross-section of a green
body composed of polymer and ceramic material fabri-
cated by CerSLA, respectively. Symbols A–A0 to D–D0

in Fig. 5a and E–E0 to F–F0 in Fig. 8a indicate positions
in X–Z measured in each sample to evaluate the accu-
racy of CerSLA, respectively. Given the STL file of the
layer, the size difference of green and sintered body (not
shown) and shrinkage factor is compared and calculated.
Table I displays the size difference resulting from the
comparison between a green and a sintered body with
the STL file, for both core and shell parts of the cross-
section of layer 630. The green body features, which
could be more accurately measured, were about
0.770.3% smaller than the STL dimensions of the de-
sign within the X–Y plane, and in the Z-direction were
0.15–0.4% larger in the green body than in the STL
design. The sintering shrinkage in the X–Y plane was
10.870.1% and 10.6570.05% in the Z-direction,
which are similar.

Figure 8 demonstrates images showing a full-size
integrally cored ceramic mold: STL file (Fig. 8a), the
green mold (Fig. 8b), and the sintered mold (Fig. 8c).
After removing the polyacrylate binder, and sintering at
13001C for 30 min, the sintered mold can be produced
without any cracks in the shell or core. However, the
finest features of the design are missing in the green and
sintered part. Position G shown in Figs 5a and 8b,
c represents the trailing edge cooling channel parts.
These are connected to the larger features by a series
of 0.56 mm posts and thin down to 0.38 mm at the tip.

Fig. 7. SEM images of microstructure of the sintered silica mold, layering direction is horizontal; (a) as-fired surface, (b) low-magnification
image of fracture surface, with field of view including four layers, and (c) high-magnification image of fracture surface of integrally cored
ceramic mold.
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We suspect that these fine features were not fully re-
solved during building with the laser beam, which had a
0.125 mm focal point. These features may have broken
away after building, when the uncured suspension is
drained and the mold interior was rinsed with
isopropanol.

Conclusion

CerSLA was used to fabricate a 104-mm-tall
ceramic investment casting mold with the integral
ceramic core within a ceramic mold shell, produced in
a single patternless construction from refractory-grade
fused silica. The SLA build material was a photo-
polymerizable suspension of 60 vol% fused silica dis-
persed in a monomer solution based on 1,6-hexanediol
diacrylate. The mold had 1047 layers, each 100mm
thick. Fine features of the internal airfoil core were re-

solved, although the finest trailing edge features were not
resolved. For the green body before sintering, the dimen-
sion in the X–Y plane was approximately 0.7% smaller
than the design, while dimensions in the Z-direction were
approximately 0.3% larger than the design. The sintering
shrinkage was 10.770.2% in both directions.
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