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Abstract 
Various 3D printing processes have been used to fabricate sacrificial patterns replacing wax patterns of investment cast-
ing, which significantly reduces the costs and lead times associated with single part or small batch production. Compared 
to polymer patterns, 3D printed ice patterns are cheaper and cleaner and are easily removed without mold cracking and 
other issues. In the present study, the hydrocolloid was developed for ice pattern preparation with extrusion 3D printing. 
The xanthan gum has a perfect thickening effect on hydrocolloids containing starch. When the xanthan gum content 
is 5%, the hydrocolloid has good self-stable behavior, which ensures extrudates have a minimal spreading effect. After 
freeze-drying and heating up to 500 °C, the hydrocolloid can be completely lost without residual ash.

Article highlights

• The hydrocolloids with starch and xanthan gum as a 
gelling agent were developed for preparing ice pattern 
with extrusion 3D printing.

• The hydrocolloids with 5% xanthan gum content have 
good self-stable behavior and smooth extrusion prop-
erty.

• The ice pattern can be completely lost when heated 
above 500 °C.
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1 Introduction

Investment casting (IC) is well known for producing com-
plex and precise casting products [1, 2]. The traditional 
IC process builds shell mold by wax pattern preparation, 
slurry coating, stuccoing and dewaxing. It is a time-con-
suming and costly process, mainly in the tooling making 
for wax pattern, especially when its shape is complicated. 
3D printing, also called Rapid Prototyping, Additive Manu-
facturing, provides a cost-effective mean to rapidly fabri-
cate complex sacrificial IC patterns without hard tooling 
[3–5]. Many 3D printing processes have been applied to 

the fabrication of sacrificial patterns, including stereo-
lithography (SLA), selective laser sintering (SLS), and fused 
deposition modeling (FDM). The 3D printed sacrificial pat-
terns can result in a significant reduction in the cost and 
lead time associated with single part or small batch pro-
duction, so the IC process combined with 3D printing is 
also called rapid investment casting. The feasibility was 
assessed by applying sacrificial patterns fabricated by FDM 
[6, 7], Model Maker II [8], and an indirect method based 
on silicone rubber tooling [9] to produce metal castings. 
The results showed the cost and lead time savings and 
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relatively accurate final castings with acceptable surface 
quality.

In the IC process of replacing wax patterns with webbed 
SLA patterns, shell mold cracking may be problematic 
during SLA pattern burnout. This problem can be solved 
by optimizing the internal web structure and improving 
the burnout process of SLA patterns through numerical 
simulations and experimental observations [10, 11]. It is 
found that the hexagonal web structure has less thermal 
stress than the square or triangular web structures [12]. 
The fracture of shell mold can be avoided by buckling and 
craze fracture of the webbed patterns in the early burnout 
stages [13]. SLS technology can fabricate sacrificed pat-
terns with wax [14, 15], polystyrene (PS) [16], high impact 
polystyrene (HIPS) [17], eucalyptus/polyethersulfone (PES) 
blend [18]. These materials are generally thermoplastic 
and have low thermal strength and excellent yieldability. 
The shell mold cracking is not a serious problem, but the 
burnout process of the sacrificial pattern must be strictly 
controlled. FDM uses various polymers as printing mate-
rials, thereunder the evidence that these materials can 
be melted and burned out from the shell mold without 
detrimental effects. Because the surface finish of the final 
castings greatly depends upon the finishing quality of the 
FDM patterns, many investigations have been done on the 
surface improvement techniques for FDM patterns and the 
effects on the castings [19–22].

Though various polymer materials are successfully 
applied to prepare sacrificial patterns with 3D printing, 
there are still some problems and technical difficulties, 
including pattern expansion, shell mold cracking, and 
environmental pollution. When the sacrificial patterns are 
made of ice, the above issues are expected to be over-
come. A 3D printing process known as rapid freeze pro-
totyping was developed to prepare ice patterns for the 
IC process [23–25]. The ice patterns can be generated by 
selective depositing water layer by layer in a low-tem-
perature environment in two ways: drop-on-demand 
deposition and continuous deposition [26]. In the drop-
on-demand deposition, water is ejected drop by drop, 
while in the continuous deposition, water is continuously 
extruded from a nozzle. The drop-on-demand deposition 
method fabricated ice patterns with pure water or distilled 
water mixed with dye, which has very low viscosity and a 
spreading effect. Especially, enough waiting time between 
two successive layers is needed to prevent heat accumula-
tion and uneven spreading of water. So the fabrication effi-
ciency is affected, and the process control becomes more 
complicated. The drop-on-demand deposition is suitable 
for the fabrication of small volume or shell ice patterns.

The extrusion 3D printing processes produce 3D solid 
objects using layer-by-layer extrudable materials with self-
supporting ability, which have the advantages of flexibility 

in processing and handling, ease, and low cost in equip-
ment and software building. The representative extrusion 
3D printing process is FDM. The ice patterns may also be 
prepared in the way of a continuous deposition by extru-
sion 3D printing process. We can use the hydrocolloid with 
high viscosity and shear-thinning property as the extrud-
able material; the extrudates have no obvious spreading 
effect due to the good self-supporting ability. In a freezing 
environment, the prepared layers can maintain the sup-
porting capacity without deformation before freezing. The 
hydrocolloid suitable for extrusion deposition is the pre-
requisite for the ice pattern preparation. However, the lit-
erature review revealed that there is a lack of investigation 
on the extrudable hydrocolloid for ice pattern preparation, 
so the research work presented in this paper focused on 
the development of hydrocolloid and its performance 
evaluation.

2  Experimental

2.1  Materials

The hydrocolloids were prepared from 1 to 5 wt% of xan-
than gum (Shandong Fufeng Fermentation Co., Ltd.), 5 
wt% of starch (Tianjin Zhiyuan Chemical Reagent Co., 
Ltd.), 2 wt% of glycerol (Tianjin Baishi Chemical Reagent 
Co., Ltd.) and the remaining deionized water. Under mag-
netic stirring, starch and glycerol were dissolved in deion-
ized water in a 150 ml beaker, which was placed in a water 
bath at 60 ℃. The xanthan gum was then added to the 
suspension and stirred for 30 min. Then, the hydrocolloid 
was prepared by keeping the beaker containing the mix-
ture in a water bath at 80 ℃ for 15 min.

2.2  Rheological properties

Rheological property of hydrocolloid was measured using 
an NDJ-8S rotational rheometer (Shanghai Fangrui Instru-
ment Co. Ltd.) with the 4# rotor, which had an effective 
working region of a cylindrical surface with a diameter of 
Φ 3 mm and a length of 30 mm. The apparent viscosity was 
measured at a constant shear rate of 30 r/min with 5 min 
pre-shearing to ensure the viscosity measurement in the 
linear viscoelastic region. The temperature of the hydro-
colloid was set at 20 °C during viscosity measurement. The 
viscosity value was the average of three measurements.

2.3  Printability

The schematic diagram of the extrusion 3D printing equip-
ment is shown in Fig. 1. The hydrocolloid was loaded into 
a 5 mL syringe. The loaded syringe was then mounted 
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on a custom 3-axis positioning system equipped with a 
ram extruder. The 3D printing equipment was placed in a 
freezer at − 18 °C, but the temperature of the syringe con-
taining the hydrocolloid needed to be controlled at about 
20 °C with a heat jacket. The hydrocolloid was extruded 
from a nozzle with an inner diameter of 0.86 mm, and the 
print speed of extrudates was 11 mm/s. The extrudates 
were deposited onto a platform. In the 3D printing pro-
cess, the layer height should be set smaller than the inner 
diameter of the nozzle, so the extrudates can be bonded 
to the printed hydrocolloid without exerting too much 
pressure on the lower layers. The tests showed that it was 
appropriate to set the layer height to about 0.8 times the 
inner diameter of the nozzle, which was 0.7 mm. A square 
spiral pattern was used to observe the printability of the 
hydrocolloids, as shown in Fig. 2. Good printability means 
smooth extrusion process, regular printed pattern and 
extrudateʹs uniform width.

2.4  3D printing

In order to check the formability of hydrocolloid in 3D 
printing, validation tests were performed. Before printing 
tests, the CAD model was designed and then converted 
to STL format. G-codes were automatically generated 
through the data processing of STL file in 3D print-
ing software. The hydrocolloid with 5% xanthan gum 
was extruded from a nozzle which moved according to 
G-codes. Ice patterns were fabricated by stacking the 
extrudates layer by layer at a − 18 °C environment.

2.5  Disposal of ice pattern

As the sacrificial pattern of the IC process, the ice pattern 
should be coated by ceramic slurry by gel-casting process 
at a temperature slightly below zero and then deeply fro-
zen. After freeze-drying and high-temperature sintering, 
the ice pattern is lost, and the shell mold is ready for cast-
ing. Therefore, the disposal of ice mold should go through 
two stages: freeze-drying and high-temperature burnout. 
To investigate the dehydration and thermal decomposi-
tion characteristics of ice pattern, a Φ 10 mm × 5 mm speci-
men was printed for weight loss analysis. The specimen 
was dehydrated by a freeze-dryer at − 58 °C and 10 Pa, and 
the weight loss with time was measured. Five specimens 
were prepared for each composition of the hydrocolloids, 
and the weight loss was measured at 4th, 6th, 12th, 24th, 
and 36th hours, respectively. 20 mg sample was taken 
from a freeze-dried specimen of hydrocolloid with 5% 
xanthan gum content, and a TG analysis was performed 
with Netzsch ST A449F3 thermal analyzer at a heating rate 
of 10℃/min and air flow rate of 100 mL/min. TG and DTG 
curves were used to analyze the characteristic decomposi-
tion temperature of dehydrated ice pattern.

3  Experimental results and discussions

3.1  Rheological behavior of hydrocolloids

The rheological curves of hydrocolloids with varying com-
positions are shown in Fig. 3. At the same shear rate, the 
viscosity of the hydrocolloid decreases with the increase 
in xanthan gum content, which is more obvious at a low 
shear rate. As the shear rate is 1.5 r/min, the viscosity of the 

Fig. 1  Schematic diagram of the extrusion 3D printing

Fig. 2  Square spiral pattern for printability test
Fig. 3  Rheological behaviors of hydrocolloids with varying xanthan 
gum contents
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hydrocolloid with 5% xanthan gum content significantly 
increases by up to one order of magnitude than that of the 
hydrocolloid with 3% xanthan gum content. The viscos-
ity of the same hydrocolloid decreases with the increase 
in the shear rate. The higher the xanthan gum content in 
hydrocolloids, the more significant the decrease in the vis-
cosity. When the xanthan gum content is 5%, the viscosity 
of hydrocolloid decreases by nearly two orders when the 
shear rate increases from 1.5 to 60 r/min. This shear-thin-
ning behavior can be quantified by fitting the apparent 
viscosity vs shear rate curves using standard power law 
flow model of the form:

where η is the apparent viscosity, �̇� is the shear rate, K is the 
consistency index, and n is the flow index.

Table 1 summarizes the numerical values computed for 
both n and K. For a shear-thinning fluid: 0 < n < 1. The more 
the shear-thinning of the hydrocolloid, the closer n is to 0. 
As shown from Table 1, n values range from 0.184 to 0.218, 
which are far less than 1 and close to 0, so the hydrocol-
loids have strong shear-thinning behavior.

The shear-thinning behavior is important to facili-
tate the extrusion of hydrocolloid. When the hydrocol-
loid passes through the nozzle, the shear rate increases 
sharply, and the viscosity becomes very low so that it 
can be extruded very easily. After the extrudate is depos-
ited, there is no shear effect, and the viscosity becomes 
very high so that the ice pattern can maintain its shape 
without collapse. However, for the hydrocolloids with a 
xanthan gum content of less than 3%, shear-thinning has 
little effect on extrusion formability because the viscos-
ity at a low shear rate is too low to support the weight of 
extrudates.

The xanthan gum is a high molecular heteropolysac-
charide composed of three different monosaccharides 
(D-mannose, D-glucose, and D-glucuronic acid). Due to 
the repulsion between negative charges, hydrogen bonds 
cannot be formed in the molecule, and the molecular 
chain is relatively stretched. Therefore, it is easy to interact 
with starch molecules to form hydrogen bonds, increas-
ing the entanglement points between molecular chains. 
The molecular entanglement of xanthan gum and starch 
molecules increases the viscosity of the system and the 
viscous resistance to flow. Therefore, xanthan gum has a 

(1)𝜂 = K �̇�n−1

very good thickening effect on hydrocolloid. When the 
xanthan gum content is high enough, the hydrocolloid 
has a high viscosity, obvious shear-thinning behavior, and 
good extrusion property.

3.2  Printability of hydrocolloids

A series of extrusion and deposition tests for hydrocolloids 
were performed using the square spiral pattern in Fig. 2. 
Figure 4 shows the representative patterns printed with 
the hydrocolloids with varying xanthan gum contents. The 
xanthan gum content has a significant effect on the print-
ability of hydrocolloid. It was observed that the hydrocol-
loid with 1% xanthan gum did not possess sufficiently 
high viscosity and solid-like behavior to enable the print-
ing of self-stable extrudates. Due to the low viscosity, the 
extrudates still had obvious flow behavior and formed an 
irregular printing pattern. When the hydrocolloids with 2% 
or 3% xanthan gum were used for printing, clearer pat-
terns were printed. However, the self-stable ability of the 

Table 1  The numerical values computed for both n and K in Eq. 1

Xanthan gum 
content

1% 2% 3% 4% 5%

n 0.213 0.193 0.218 0.184 0.201
K 58.3 115.2 199.9 418.4 474.3

Fig. 4  Square spiral patterns printed by hydrocolloids with varying 
xanthan gum contents. a 1%; b 2%; c 3%; d 4%; e 5%
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extrudates was still poor. The extrudates spread slightly 
on the platform and had a width much larger than the 
inner diameter of the nozzle. When xanthan gum contents 
in hydrocolloids were 4% or 5%, the solid-like extrudates 
enabled the patterns to be printed clearly and accurately. 
According to the printability experiments, the hydrocol-
loids with xanthan gum less than 4% cannot be used for 
ice pattern printing. When xanthan gum content was 
higher than 5%, the hydrocolloid was too thick, and the 
extrusion became less smooth, and the phenomenon of 
extrusion breaking was observed frequently.

The hydrocolloids with 4% or 5% xanthan gum have 
smooth extrusion behavior and the extrudates with a uni-
form width, which can be used for preparing ice pattern 
with 3D printing process. In comparison, the hydrocol-
loid with 5% xanthan gum has a more accurate profile in 
the sharp corner transition position, and the width of the 
extrudate is closer to the inner diameter of the nozzle, so it 
is more suitable for printing high-quality ice pattern.

3.3  3D printing tests

Figure  5a–c shows the CAD model, 3D printing pro-
cess, and printed ice pattern of a cone part, which had 
a maximum diameter of 20 mm and a maximum height 

of 15 mm. The result reveals that the hydrocolloid with 
5% xanthan gum has good self-stable behavior, and the 
ice pattern has an exact shape. The extrudates can be 
deposited on the previous layer without deforming the 
stacked part. It noticed that even parts with a certain 
slope (maximum inclination angle of 25° in this part) 
could be printed without supports.

To check the repeatability of the 3D printing process, 
the ice patterns with various shapes were prepared. 
Figure 6a shows an ice pattern of the cylinder and its 
printing process. The design dimension of the cylinder 
is Φ 20 mm × 7 mm with a wall thickness of 4 mm. The 
3D printing process of hydrocolloid is smooth, and the 
ice pattern is completely printed with a straight contour 
line and no obvious deformation. However, the printing 
effect of the inner hole is slightly worse. This is due to the 
poorer heat dissipation for the latent heat released dur-
ing the freezing process of the hydrocolloid in the inner 
hole. The dimension measurement of this ice pattern 
shows that the average diameter error is 0.08 mm (the 
error range − 0.02 to 0.2 mm), and the average height 
error is 0.02 mm (the error range − 0.12 to 0.22 mm). The 
size of the ice pattern is slightly larger than the design 
size, which is caused by the expansion of the extrudate 
during the deposition and freezing process.

Fig. 5  CAD model, 3D printing 
process, and ice pattern of the 
cone part. a CAD model; b 3D 
printing process; c prepared 
ice pattern

Fig. 6  The ice patterns and 
their printing process. a the 
cylinder shape; b the box 
shape; c the gear shape
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Figure 6b and c shows the ice patterns of the box shape 
(the side length 20 mm, the height 7 mm, and the wall 
thickness 4 mm) and the gear shape (the addendum cir-
cle 30 mm, the dedendum circle 20 mm and the height 
7 mm). The printing effect is acceptable, and the ice pat-
terns are clear and complete. Different from a cylinder, 
there are some sharp turnings in the trajectory curves in 
each layer. It can be seen that there are extra extrudates at 
the turning positions. This is an inevitable problem in ram 
extrusion 3D printing: the extrusion of non-Newtonian 
fluid cannot respond in real-time to the movement of the 
ram, and the extrudate always has a little lag behind the 
theoretical extrusion requirements. These two parts also 
have the problem of a poorer printing effect in the inner 
hole due to the release of latent heat. For the box shape 
ice pattern, the average side length error is 0.26 mm (the 
error range − 0.42 to 0.54 mm), and the average height 
error is 0.13 mm (the error range − 0.04 to 0.26 mm). For 
the gear shape ice pattern, the average addendum circle 
error is 0.15 mm (the error range − 0.58 to 0.62 mm), and 
the average height error is 0.18 mm (the error range − 0.14 
to 0.38 mm).

The above 3D printing tests show that the hydrocolloid 
developed in this paper has the capability of preparing ice 
patterns with extrusion 3D printing.

3.4  Disposal process of ice pattern

The weight loss curve for frozen specimen during freeze-
drying is shown in Fig. 7. The weight of the specimen 
decreases monotonically with freeze-drying time, as 
expected. The weight decreases sharply in the first 6 dry-
ing hours and then becomes slower. At the beginning of 
drying, the free water in the hydrocolloid is rapidly subli-
mated, which reduces the weight of the specimen. When 
most free water is sublimated, the weight of the specimen 

changes little. Then, even if the temperature rises above 
zero, the starch and xanthan gum in the hydrocolloid can 
maintain their molecular network, and the specimen will 
not collapse. This process takes about 6 h. It takes a long 
time for a thick or large specimen and a shorter time for a 
thin or small specimen.

Adding xanthan gum can make more water mol-
ecules form adsorbed water in hydrocolloids. Moreover, 
because the trisaccharide side chain of xanthan gum is 
closely aligned with the main chain, it can better form a 
close and firm three-dimensional network structure with 
starch molecular chain segments so as to prevent the loss 
of water molecules through sublimation. Therefore, it will 
take a long time to remove most of the water in the frozen 
hydrocolloid.

The TG and TGA curves of the freeze-dried specimen 
are shown in Fig. 8. When the temperature rises from 30 to 
228 °C, there is a wide valley on the DTG curve and obvious 
weight loss (43.9%) on the corresponding TG curve. This is 
due to the loss of adsorbed water and volatile substances 
in the molecular network of xanthan gum and starch. In 
the temperature range of 228–367 °C, the TG curve shows 
a weight loss of 34.6%, and the TGA curve shows obvious 
weight change. At this stage, the specimen is degraded by 
thermal oxidation. Most molecular chains in xanthan gum 
and starch are destroyed. The escape of degraded prod-
ucts leads to weight loss. Due to the difference in bond sta-
bility of main chains and branch chains, the pyrolysis goes 
on in the temperature range of about 140 °C. However, 
some molecular chains cannot be degraded into escap-
ing small molecules but carbonized directly. The pyroly-
sis carbon reacts with oxygen in the air at a temperature 
range of 367–499 °C to produce carbon dioxide or carbon 
monoxide, resulting in a weight loss of 19.7%. From 500 
to 1000 °C, the weight loss of the specimen is tiny, and the 
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residue is some inorganic additives in starch and xanthan 
gum, about 1–2% of freeze-dried specimen.

Therefore, the hydrocolloid used for ice pattern prepa-
ration can be completely burnout after freeze-drying and 
heating up to 500 °C, similar to the loss of wax pattern in 
the traditional investment casting process.

4  Conclusions

This study can be concluded by the following remarks:

(1) The hydrocolloids with starch and xanthan gum as 
gelling agents show a shear-thinning behavior suit-
able for extrusion. From the printing tests of 2D 
pattern and 3D parts, good printability has been 
observed for hydrocolloid with 5% xanthan gum.

(2) The TG test suggests the ice pattern should be heated 
above 500 ℃ to be completely lost. Before that, the 
ice pattern should be dehydrated by freeze-drying.

(3) The hydrocolloid is suitable for ice pattern prepara-
tion with extrusion 3D printing and has the potential 
application in the investment casting process.
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