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Abstract

The water-soluble salt core with higher bending strength
and toughness is necessary to withstand the high pressure
needed to manufacture some complex parts by high pres-
sure die casting (HPDC). In this paper, the effects of glass
fiber size and content on microstructures and properties of
KNOj3-based (KNO3-30 mol%KCl) water-soluble salt core
were systematically studied. The results showed that
increasing the glass fiber content greatly improved the
bending strength and impact toughness of the KNO3-based
salt core, decreased the water solubility rate and increased
the humidity resistance. In addition, increasing the glass
fiber size sharply enhanced the impact toughness of the
KNOjs-based salt core, while decreasing the bending
strength, water solubility rate and humidity resistance. The
maximum bending strength and impact toughness of the
reinforced KNOjs-based salt core with the glass fiber were,
respectively, 41.32 £ 0.38 MPa and 2.146 £ 0.108 kJ/m?,

which were 55.9% and 315.1% higher than those of the
unreinforced KNOjz-based salt core, respectively. The
microstructures show that the glass fibers were evenly
distributed in the KNOjs-based salt core, which signifi-
cantly refined the KCI primary phases, especially for the
12.5-um glass fiber. Meanwhile, many fiber pull-out holes
were observed in the KNOsz-based salt cores with 75-um
and 25-um glass fiber. The grain refinement, fiber pull-out
and crack deflection were the main mechanism for
improving the strength and toughness of the KNOj3-based
salt core.

Keywords: salt core, potassium nitrate, glass fiber,
water-soluble, high pressure die casting (HPDC),
bending strength, impact toughness, microstructure
characteristics

Introduction

Currently, the water-soluble salt core has attracted con-
siderable attention in the manufacture of complex inner
cavity and undercut structural parts due to its specific
properties including excellent collapsibility, low gas evo-
lution and high-dimensional accuracy.'” Inorganic salts,
such as sodium chloride (NaCl), potassium chloride (KCl),
sodium carbonate (Na,CO3) and sodium sulfate (Na,SO,),
are widely used as the raw materials to fabricate the water-
soluble salt core.”® Nevertheless, the inorganic salts are
brittle materials and the unreinforced water-soluble salt
core has poor mechanical properties.” During high pressure
die casting (HPDC), the water-soluble salt core is prone to
brittle fracture.>®1° Furthermore, the salt core manufac-
tured by casting methods is prone to occur the shrinkage on
cooling and the high susceptibility to cracking, resulting in
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a decrease in the strength of the salt core.”’ Therefore, in
order to meet the need of the die casting sector to look for
higher strength cores to cast complex geometries through
the HPDC process, the water-soluble salt core should be
strengthened.

According to current research, the low-cost powder rein-
forcing materials, such as bauxite powder, mica powder
and quartz powder, are commonly used to enhance the
mechanical properties of the water-soluble salt core.”''~'*
Generally, the mechanical properties of the water-soluble
multivariate salt core (prepared by two or more inorganic
salts) are better than that of the water-soluble unary salt
core, which is similar to the metal materials.>'? Moreover,
the microstructures of the water-soluble multivariate salt
core mainly consist of a primary phase and a eutectic
phase, and the powder reinforcing materials can refine the
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microstructure of the water-soluble salt core, thereby
improves the strength.'®'” However, the powder reinforc-
ing materials cannot effectively enhance the impact resis-
tance of the water-soluble salt core.” In order to resist the
impact of high-speed, high-pressure and high-density
materials, the water-soluble salt core not only needs a high
strength, but also needs a good impact toughness.'®'® Fiber
materials are widely used in the strengthening of ceramic
matrix composites due to their high tensile strength, good
elastic coefficient and excellent thermal stability.?’?
However, there are few reports on the strengthening of the
water-soluble salt core by fiber materials. Whiskers have
been investigated as a micron or a nanometer short fiber
material to strengthen the salt core. Wan et al.>* studied the
strengthening of NaCl or KCI water-soluble salt core by
aluminum borate whiskers, and the results indicate that the
aluminum borate whiskers dramatically increased the
bending strength of the salt core, but the study did not
analyze the effect on impact toughness. Furthermore, as the
content of the aluminum borate whisker increased, the
agglomeration of the aluminum borate whisker was
observed in the salt core. Therefore, the size and content of
the fiber materials have a remarkable effect on the
microstructures and mechanical properties of the water-
soluble salt core.

In the present study, a commercial glass fiber with low
price as a reinforcing material was used to strengthen the
KNO3-based (KNO5-30 mol%KCl) water-soluble salt core
for the high pressure die casting. The effects of glass fiber
size and content on the bending strength, impact toughness,
water solubility rate and hygroscopic rate of KNOs-based
water-soluble salt core were systematically investigated.
Moreover, the microstructures of the KNOs3-based salt core
strengthened by the glass fiber were studied, and the
strengthening mechanism was also discussed. Finally, the
KNOg3-based salt core with a complex shape was fabricated
using the obtained optimal process.

Materials and methods
Raw materials

Potassium nitrate (KNOjz;, 99% purity) and potassium
chloride (KCl, 99% purity) were used as the matrix
material in this study. Glass fibers with three sizes (Shen-
zhen Fiber Valley Technology Co., Ltd., China) were used
as a reinforcing material, and their technical parameters
and SEM morphologies are shown in Table 1 and Figure 1,
respectively. Acetone (Analytical purity, Sinopharm
Chemical Reagent Co., Ltd., China) as a solvent was used
to clean the KNOjs-based salt core.
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Table 1. Technical Parameters of Glass Fiber

Glass fiber Average Diameter Density  Loss on
sample length (um)  (um) (g/cm®) ignition (%)
1 74 9 24 <05

2 25 9 2.4 <05

3 125 9 24 <05

Preparation process

Figure 2 shows a preparation process of the KNO3-based
salt core. The KNOj3, KCI and glass fiber were first mixed
and dried, wherein the molar ratio of the KNO5; and KCl
was 70 mol%:30 mol%, and the glass fiber contents were
10 wt.%, 20 wt.% and 30 wt.%, respectively. The dried
mixture (KNO;, KCl and glass fiber) was then placed
inside an iron crucible and melted using a resistance fur-
nace at 495 °C. Subsequently, the molten salt was stirred
10 min using a metal stirrer. When the temperature of the
molten salt was about 485 °C, the molten salt was quickly
poured into a metal mold with a preheated temperature of
180 °C. Next, the metal mold was opened after cooling for
30 s, and the KNOs-based salt core was taken out and
cooled to room temperature. Finally, the KNOs-based salt
core was prepared. The salt core samples with two sizes
were prepared by the above preparation process. The
standard samples with 173 mm x 22.36 mm x 22.36 mm
size were used to test the bending strength, and the samples
with 80 mm x 10 mm x 10 mm size were used to test the
impact toughness, water solubility rate and hygroscopic
rate. The microstructure of the samples used to test the
impact test toughness was also analyzed.

Characterization

The bending strength of the KNOj-based salt core was
measured using a three-point bending method on a SWY
digital hydraulic strength testing machine. The impact
toughness of the KNO3-based salt core was measured using
a simply supported beam impact tester with an impact
speed of 2.9 m/s and a pendulum energy of 2.0 J. The
water solubility rate of the KNOs-based salt core was
calculated according to Eqn. 1:

K=" Eqn. 1

T sxt

where K represents the water solubility rate, m is the mass
of the KNOs-based salt core, s is the total surface area of
the KNOs-based salt core and ¢ is the dissolution time of
the KNOj-based salt core in 80 °C water. The
hygroscopic rate of the KNOj-based salt core was
calculated by Eqn. 2:
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Figure 1. SEM morphologies of the glass fibers: (a) sample 1 (size = 74 um), (b) sample 2 (size = 25 ym) and
(c) sample 3 (size = 12.5 ym)

KNO, Glass fiber KCl

I |

Mixing and drying

Melting

Casting

KNOs-based salt core

Figure 2. Preparation process of the KNOsz-based salt
core

m — mo % 100%
my

Y= Eqn. 2
where  represents the hygroscopic rate, my is the original
mass of the salt core samples and m, is the mass of the salt
core sample exposed in air for 5 days.

A JD520 surface roughness tester was used to measure
surface roughness of the KNOj-based salt core. The
microstructures of the KNOj-based salt core samples and
the glass fiber via previously treated with carbon sputtering
were observed and analyzed using the Quanta 200 envi-
ronmental scanning electron microscope (SEM) equipped
with facilities for energy-dispersive spectrometer (EDS).
The elemental compositions of the KNOs-based salt core
were detected via the EDS. The Image-Pro Plus software
was used to measure the area of the KCI primary phase,
and the measurement was taken on 50 different areas of
each microstructure in order to minimize the errors. The
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grain size of the KCl primary phase was calculated
according to Eqn. 3:

D=2\/A/n Eqn. 3

where D and A are, respectively, the grain size and area of
the KCI primary phase.”* All the test results were averaged
over five measurements in order to minimize the error of
the data.

Results and discussion

Effect of glass fiber on properties
of the KNO;-based salt core

Figure 3 exhibits the effect of glass fiber on bending
strength and impact toughness of the KNOj-based salt
core. It can be seen from Figure 3a, b that the glass fiber
has a remarkable effect on the bending strength and impact
toughness of the KNOjs-based salt core. As the content of
the glass fiber increases, the bending strength and impact
toughness of the KNOsj-based salt core dramatically
increase. With the further increase in the glass fiber con-
tent, the molten salt has insufficient fluidity, and the misrun
defect occurred during the casting process, resulting in a
large hole in the salt core sample, which seriously affects
the performance of the salt core. Furthermore, the bending
strength of the KNOs-based salt core decreases with the
increase in the glass fiber size. When the glass fiber
(30 wt.%) size increases from 12.5 pm to 74 um, the
bending strength of the KNOj-based salt core decreases
from 41.32 + 0.38 MPa to 38.85 £ 0.72 MPa. As can be
seen from Figure 3b, increasing the size of glass fiber can
increase the impact toughness of the KNOj3-based salt core.
When the glass fiber (30 wt.%) size increases from
12.5 pm to 74 pm, the impact toughness of the KNOj3-
based salt core greatly increases from 0.903 + 0.003 kJ/m*
to 2.146 % 0.108 kJ/m>. Therefore, in order to obtain a salt
core with good comprehensive properties, the size and
content of the glass fiber must be considered.
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Figure 3. Effect of glass fiber on properties of the KNOs-based salt core. (a) Bending strength; (b) impact

toughness

Table 2 shows the water solubility rate and hygroscopic
rate of the KNOj3-based salt core strengthened by the glass
fiber. The water solubility and hygroscopic rate are also
important performance parameters of the salt core, because
the water solubility rate affects the removal rate of the core
from the part and the hygroscopic rate affects the reduction
in strength due to water absorption. As can be seen, the
unreinforced KNOs-based salt core has an excellent water
solubility rate of 998.0 £ 24.6 g/(min m?), and the
hygroscopic rate is 0.281 £ 0.02%. It should be noted that
the glass fiber reduces the water solubility rate of the
KNOg3-based salt core, but improves the humidity resis-
tance. However, the size and content of the glass fiber have
different effects on the water solubility rate and

Table 2. Water Solubility and Hygroscopic Rate of the
KNO3;-Based Salt Core

Glass fiber Water solubility Hygroscopic
- rate (g/(min m?)) rate (%)

Size  Content (wt.%)

(nm)

- 0 998.0 + 24.6 0.281 + 0.02

(unreinforced)

74 10 621.1 = 10.5 0.160 + 0.015
20 518.0 + 11.3 0.145 + 0.013
30 472.4 +£ 6.8 0.080 + 0.01

25 10 673.8 + 20.7 0.156 + 0.019
20 610.8 + 4.5 0.131 £ 0.012
30 5325 + 12.7 0.078 + 0.01

125 10 769.8 + 18.9 0.143 + 0.015
20 691.8 + 14.7 0.118 £ 0.01
30 620.3 + 8.4 0.066 + 0.005
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hygroscopic rate of the salt core. For example, when the
glass fiber size is 25 pm, the water solubility rate of the
KNOj-based salt core decreases from 673.8 & 20.7 g/
(min m?) to 532.5 & 12.7 g/(min m?) with increasing the
glass fiber content from 10 wt.% to 30 wt.%, and the
hygroscopic rate shows the same trend decreasing from
0.156 £ 0.019% to 0.078 = 0.01%. When the glass fiber
content is 30 wt.%, with the decrease in the glass fiber size
from 74 pm to 12.5 pm, the water solubility rate of the
KNOs-based salt core increases from 4724 + 6.8 g/
(min m%) to 620.3 &+ 8.4 g/(min m?), while the hygro-
scopic rate shows the opposite trend decreasing from
0.080 £ 0.01% to 0.066 £ 0.005%. Such phenomenon can
be summarized by the fact that the higher the glass fiber
content, the smaller the water solubility rate and hygro-
scopic rate of the salt core. Meanwhile, the larger glass
fiber size, the lower water solubility rate and the greater
hygroscopic rate of the salt core. This phenomenon is
mainly attributed to two factors. On the one hand, the glass
fiber as a water-insoluble material hinders the contact
between water and the salt core, resulting in the water
solubility rate and hygroscopic rate decrease. The more
glass fiber content leads to a smaller contact area between
water and the salt core. On the other hand, the smaller the
glass fiber size, the easier it is to fall off during the dis-
solution of the salt core, and the less influence it has on the
water solubility rate of the salt core.

Figure 4 presents the water-soluble experiments of the
KNO;-based salt core strengthened by 30 wt.% glass fiber
with 25 um size. It can be observed that the KNO5s-based
salt core strengthened by the glass fiber can quickly dis-
solve in 80 °C water. It is well known that the solubility of
the KNOj3 is 169 g in 100 g water (80 °C), and the glass
fiber is a water-insoluble material.>> As shown in Fig-
ure 4a—d, the water-insoluble glass fiber gradually falls off
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Figure 4. Water-soluble experiments of the KNOs-based salt core strengthened by 30 wt.% glass fiber (size = 25
um) in 80 °C water: (a) 0 min; (b) 6 min; (c) 12 min; (d) 18 min

as the KNOs-based salt core sample is put into 80 °C
water, and the KNO3-based salt core sample is completely
dissolved after 18 min. It is noted that the excellent water
solubility of the salt core can greatly improve the produc-
tion efficiency of parts, especially for the complex inner
cavity structural parts. Moreover, the glass fiber can be
completely recycled and reused, reducing the manufactur-
ing cost of the salt core.

Effect of glass fiber on microstructures
of the KNO;-based salt core

Figure 5 reveals the fracture surface and EDS results of the
KNOs3-based salt core strengthened by 20 wt.% glass fiber
with 25 pm size. It can be seen from the backscattered
SEM image of Figure 5a that the glass fibers are evenly
distributed in the KNOs-based salt core, and fiber pull-out
holes (indicated in the yellow circles) are easily observed.
According to the KNO5-KCl binary phase diagram,?® the
solidification microstructure of the KNOs-based salt core
(KNO3-30 mol%KCl) is composed of KCI primary phase
and KNO; 4+ KCl eutectic phase. As shown in Fig-
ure 5(al—a3), the EDS results (corresponding to the red
pane in Figure 5a) suggest that the microstructures of the
KNOs-based salt core strengthened by glass fiber consist of
KCl primary phase, KNO; + KCI eutectic phase and glass
fiber. In addition, it can also be seen that the KCl primary
phase displays bulk crystals, which presents white in the
backscattered SEM image.

Figure 6 exhibits SEM morphologies of the KNOs-based
salt cores strengthened by different sizes and contents glass
fibers. It can be observed from Figure 6a that the unrein-
forced KNO3-based salt core possesses coarse dendrites.
However, the microstructures are dramatically refined and
improved when the KNOj3-based salt core is strengthened
by the glass fiber. As shown in Figure 6b—d, the size of the
glass fiber is 75 pm, and the contents of the glass fiber are
10 wt.%, 20 wt.% and 30 wt.%, respectively. It is clear
that the size of the KCI primary phase decreases with the
increase in the glass fiber content, and the glass fibers are
distributed around the KCI primary phase. Meanwhile, the
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coarse dendrites gradually become bulk or petal-like
crystals, and many fiber pull-out holes are observed. As
shown in Figure 6e—g, the size of the glass fiber is 25 um,
as the glass fiber content increases from 10 wt.% to
30 wt.%, the size of the KCl primary phase shows a similar
trend compared to 75-pm glass fiber, and the KCI primary
phase is homogeneously distributed in the salt core. As
shown in Figure 6h—j, the size of the glass fiber is 12.5 pum,
many short glass fibers are embedded in the salt core, and
the finer KCI1 primary phase is observed.

Table 3 shows the quantitative analysis results for the
microstructure of the KNOs-based salt core strengthened
by different sizes and contents glass fibers. The quantitative
analysis including the average grain size of the KCI pri-
mary phase and the number of fiber pull-out holes is cal-
culated according to Figure 6. As can be seen from
Table 3, the glass fiber significantly reduces the grain size
of the KCI primary phase compared with the unreinforced
condition. For the unreinforced KNOs-based salt core, the
average grain size of the KCl primary phase is
58.98 £+ 5.54 pum, and the number of the fiber pull-out
holes is 0. For the KNO3-based salt core strengthened by
the glass fiber. When the glass fiber size is 74 pm, with the
increase in the glass fiber content from 10 wt.% to
30 wt.%, the average grain size of the KCI primary phase
reduces from 40.07 £ 4.30 um to 23.63 £ 2.15 pm. When
the glass fiber size is 12.5 pum, with the increase in the glass
fiber content from 10 wt.% to 30 wt.%, the average grain
size of the KCl primary phase reduces from
22.39 4+ 2.13 pm to 11.97 £ 1.27 pm. Meanwhile, when
the glass fiber content is 30 wt.%, with the decrease in the
glass fiber size from 74 pm to 12.5 pm, the average grain
size of the KCl primary phase reduces from
23.63 £ 2.15 pm to 11.97 &£ 1.27 pm. This grain refine-
ment of the KCI primary phase is mainly attributed to two
factors. On the one hand, the skeleton structure formed by
glass fibers in the KNO3-based salt core matrix limits the
growth of grains. On the other hand, the glass fiber as a
foreign medium promotes the heterogeneous nucleation of
the KCl primary phase. Moreover, the larger size and
content of the glass fiber make more fiber pull-out holes.
Therein, when the glass fiber size is 74 um, with the
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increase in the glass fiber content from 10 wt.% to
30 wt.%, the number of the fiber pull-out holes increases
from 5 to 15. when the glass fiber size is 12.5 um, the
number of the fiber pull-out holes is O or 1. It is well known
that the grain refinement can significantly enhance the
strength of materials, and the fiber pull-out is one of the
main theories that explains the improvement in the
toughness.””*® This result is in good agreement with pre-
vious studies shown in Figure 3.

Figure 7 depicts the SEM images of crack propagation in
the KNOs-based salt core strengthened by 12.5-pm glass
fiber. It is well known that the toughening mechanism of
the glass fiber includes fiber pull-out, crack bridging and
crack deflection, among which the fiber pull-out is usually
accompanied by the crack bridging.>*>° The crack deflec-
tion and the crack bridging are founded during the crack
propagation, as shown in Figure 7a, c. Meanwhile, the fiber
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Figure 6. SEM morphologies of the KNOs-based salt»
cores: (a) unreinforced; (b—d) 75-um glass fiber with
different contents (10 wt.%, 20 wt.%, 30 wt.%); (e-g)
25-um glass fiber with different contents (10 wt.%,
20 wt. %, 30 wt.%); (h—j) 12.5-um glass fiber with different
contents (10 wt.%, 20 wt.%, 30 wt. %)

pull-out is also observed, as shown in Figure 7b. It can be
noted that the glass fiber bridges the crack, preventing the
crack propagation, resulting in the improvement in the
toughness of the KNOs-based salt core, and the schematic
diagram of the crack bridging is shown in Figure 7d. As the
load is transmitted from the KNOs-based salt core matrix
to the glass fiber, the glass fiber is pulled out of the matrix
when the shear stress generated at the interface reaches the
interface shear strength. The fiber pull-out during the crack
propagation can cause the energy dissipation, thereby
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Figure 5. Fracture surface and EDS results of the KNOs-based salt core strengthened by 20 wt.% glass fiber
(size = 25 um): (a) Backscattered SEM image and (a1-a3) EDS results labeled in (a)
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Table 3. Quantitative Analysis Results for the
Microstructure of the KNOs-Based Salt Core
Glass fiber Grain size of the KCI  Number of
Size Content (wt.%) primary phase (um) Eg?JSpU|l-OUt
(nm)
- 0 58.98 + 5.54 0
(unreinforced)
74 10 40.07 + 4.30 5
20 29.59 + 3.84 14
30 23.63 + 2.15 15
25 10 30.85 + 3.91 4
20 22.24 £+ 2.01 8
30 18.02 + 1.82 7
125 10 22.39 + 2.13 1
20 16.62 + 1.45 1
30 11.97 + 1.27 0

enhancing the toughness of the KNOj3-based salt core, and
the schematic diagram of the fiber pull-out is shown in
Figure 7e. Moreover, it can be evidently seen from Fig-
ure 7c, f that the crack deflection changes the path of the
crack propagation, causing more fracture energy to be
absorbed, resulting in an improvement in mechanical
properties of the KNOj-based salt core. On the other hand,
as the glass fiber size increases, the path of the crack
deflection increases, which consumes more fracture energy.

5

Crack bridging

w1 2 3 456 7 8 9101112131415 16 17 18 19 20 @

Figure 8. Photographs of complex KNOs-based water-
soluble salt core strengthened by 30 wt.% glass fiber
with 25 ym size

Figure 8 shows a photograph of a complex KNOs-based
water-soluble salt core strengthened by 30 wt.% glass fiber
with 25 pm size. During the process of casting and
demolding, the complex salt core did not yield deformation
and fracture. As can be seen from Figure 8, the minimum
diameter of the complex salt core is about 5 mm, and no
defects are found on the surface of the salt core. Mean-
while, the surface roughness of the salt core is 1.9 um,

Fiber pull-out
/ Crack deflection

15 pm 1S pm

«—Crack

AN

Figure 7. SEM images of crack propagation in the KNOs-based salt core strengthened by 12.5-um glass fiber:
(a) 30 wt.% glass fiber; (b) and (c) 20 wt.% glass fiber; (d) the scheme diagram of crack bridging; (e) the
scheme diagram of fiber pull-out; and (f) the scheme diagram of crack deflection
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which can be used in the production of complex precision
parts.!

Conclusions

In this study, the effects of glass fiber size and content on
the bending strength, impact toughness, water solubility
rate, hygroscopic rate and microstructure characteristics of
the KNO3-based water-soluble salt core were investigated.
The experimental results were summarized as follows:

1. The size and content of the glass fiber had a
remarkable effect on the properties of the KNOs-
based salt core. The bending strength and impact
toughness of the KNOj-based salt core greatly
enhanced with the increase in glass fiber content,
and increasing the glass fiber size sharply
enhanced the impact toughness, while decreased
the bending strength. The addition of glass fiber
reduced the water solubility rate and hygroscopic
rate of the salt core.

2.  The glass fiber significantly improved the mor-
phology of the KNO3-based salt core. Compared
with the unreinforced KNOs-based salt core, the
grain size of the KCI primary phase was greatly
reduced, and the glass fiber with a small size was
more obvious for the KCIl primary phase grain
refinement. For the glass fiber with a large size,
many fiber pull-out holes were observed in the
fracture surface of the salt core.

3.  The solidification microstructures of the KNOs-
based salt core strengthened by glass fiber were
comprised of the KCl primary phase, the
KNO; + KCI eutectic phase and the glass fiber
phase. The glass fibers were evenly distributed in
the KNOj-based salt core, which significantly
refined the KCl primary phase, resulting in a
remarkable improvement in the bending strength.
In addition, the fiber pull-out and crack deflection
were the main toughening mechanism for the
KNOj-based salt core.
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