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Abstract Powder injection molding (PIM), which combines the advantages of powder metallurgy and plastic injec-

tion molding technologies, has become one of the most efficient methods for the net-shape production of both metal and

ceramic components. In this work, plasma display panel glass bodies are prepared by the PIM process. After sintering,

the hot isostatic pressing (HIP) process is adopted for improving the density and mechanical properties of the PIMed

glass bodies. The mechanical and thermal behaviors of the prepared specimens are analyzed through bending tests and

dilatometric analysis, respectively. After HIPing, the flexural strength of the prepared glass body reaches up to 92.17

MPa, which is 1.273 and 2.178 times that of the fused glass body and PIMed bodies, respectively. Moreover, a thermal

expansion coefficient of 7.816 × 10−6/oC is obtained, which coincides with that of the raw glass powder (7.5-8.0 × 10−6/oC),

indicating that the glass body is fully densified after the HIP process. 
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1. Introduction

Powder injection molding (PIM) is a productive and

widely used technique for net-shaping metal and ceramic

components. This technique combines the advantages of

both plastic injection molding technology and traditional

powder metallurgy technology, producing high perfor-

mance component, tight tolerance, shape complexity and

low production cost [1]. Due to these advantages, PIM is

applicable to various uses, such as mechanical compo-

nents, biomedical components, etc. As shown in Fig. 1,

there are four main steps in PIM process, which are mix-

ing, injection molding, debinding, and sintering. In this

research, we aimed to find the way to manufacturing glass

components using commercial glass powder through PIM

process. 

The definition of glass in ASTM is that an inorganic

product of fusion which has been cooled to a rigid condi-

tion without crystallization. Also glass is an amorphous

solid material which is typically brittle and optically

transparent [2]. Nowadays, glass becomes an essential

material for human beings, which can be found every-

where. In addition, the application range of glass becomes

wider and wider, which includes daily supplies, architec-

ture, medical devices, chemistry, electrics, instruments

and nuclear engineering, etc. As the daily developing of

technologies and increasing demand of people, more and

more special glass component with complex shape, high

performances and energy-saving process are required. 

People usually prepare glass components by melting

the glass into liquid and cooling it to get final product.

The processes always includes preprocess for raw mate-

rial, preparation of batch, founding, molding and heat

treatment [2]. However, fabricating glass components by

sintering also becomes a hot issue today. Sintering is a

thermal treatment for bonding the particles into a coher-

ent, solid mass based on atomic diffusion. Sintering den-

sification usually occurs close to the melting temperature

for the material. The bonds between particles grow by

the motion of individual atoms via either solid-state or
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liquid-phase events [1]. Since the sintering temperature

for materials always shows out lower than their melt-

ing point, it is often chosen as the shaping process for

many ceramic materials especially which with high melt-

ing points.

Glass also can be fabricated with sintering instead of

traditional fusing method and lots of related researches

have been carried out [3-10]. Fabricating glass by sinter-

ing allows formation for complex shapes and reduction

of technological temperature. Also, sintering technology

gives a high level of purity and uniformity in starting

materials and a capability to produce nearly net-shaped

glass objects in simper subsequent process. 

The plasma display panel (PDP) glass is a very impor-

tant material to manufacture the displays, which can be

found everywhere in today’s human life and industries.

The plasma displays are usually brighter than other types

of displays and have a wide color gamut because it has

the small cells containing the electrically charged ion-

ized gases working in plasma display. Through studying

on the manufacturing of PDP glass by sintering, a manu-

facturing method under a low temperature, the advantages

from operating at lower temperature can be achieved and

wider industrial applications for sintered glass compo-

nents can be expanded.

In this study, the PIM process has been developed to

fabricate the PDP glass bodies. The glass compacts were

prepared by the press-sinter route using pressureless sin-

tering. After sintering, hot isostatic pressing (HIP) pro-

cess was carried out as a post-process aimed at improving

the density and mechanical properties of PIMed glass

bodies. Also, the mechanical properties and thermal expan-

sion coefficient of prepared samples were characterized. 

2. Experiments

2.1. Materials

The glass powder used in this research is PDP pow-

ders with main composition of SiO2-B2O3-Al2O3. This

powder has a mean particle size of 2.37 µm, melting

point of 919°C and thermal expansion coefficient of

(80 ± 5) × 10−7/°C. The morphology of this powder is

shown in Fig. 2, which was observed under a scanning

electron microscope (SEM). The powder was produced

by milling process, which showed an irregular shape with

a relatively wide particle size distribution. The apparent

density, tap density and pycnometer density for the pow-

der were measured showing the value of 0.72 g/cm3,

0.98 g/cm3, and 2.87 g/cm3 in sequence. 

A wax-polymer binder system consisting of paraffin

wax (PW), polypropylene (PP), polyethylene (PE) and stearic

acid (SA) was used. The thermal properties of binder

Fig. 1. Schematic diagram of PIM process.

Fig. 2. The images of PDP glass powder: (a) As-received powder image, (b) SEM image.
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system can play important role to total PIM process. The

physical properties of each binder component were listed

in Table 1. 

2.2. Experimental procedure

2.2.1. Mixing

In order to get a homogeneous mixture of powders and

binders, besides powder characteristics and binder com-

position, the ratio of powder to binder is also important.

Too little binder results in a high viscosity and trapped

air pockets that make for molding difficulties. On the

contrary, excess binder separates from the powder in

molding, leading to flashing or inhomogeneity in the

molded part [1]. In this work, torque rheometer experi-

ment was carried out to find out the critical solid loading

percentage. The powder and binders were mixed in a

twin-screw mixing chamber (see Fig. 3) at a temperature

of 150°C and a mixing speed of 150 rpm. The glass pow-

der was added into the fixed amount of binders with an

increment of 1 vol.% of solid loading and the mixing

torque was recorded. The procedure was repeated until

the mixing torque rapidly increased, which represented

the critical solid loading point. Considering the flexibil-

ity in PIM process, the optimal solid loading was selected as

2 vol.% lower than critical solid loading point. 

After determining the optimal solid loading, the mix-

ing process was carried out using a twin-screw extruder

type mixer under the mixing speed of 30 rpm, mixing

temperature of 150°C, and optimal powder loading of 56

vol.%. The same mixing procedure was performed three

times to ensure the homogeneity of feedstock.

2.2.2. Injection molding

The mixed feedstock was injection molded into 3-point

bending specimens using a PIM specialized injection

molding machine which had a maximum clamping force

of 30 ton. The injection molding was performed under 10

mm/s of injection speed, 600 kg/cm2 of injection pres-

sure, 160°C of injection temperature and 35°C of mold

temperature. 

2.2.3. Debinding

Debinding is always done before sintering, since the

binder becomes a disposable component after molding. In

this research, in order to totally remove the binder, both

solvent debinding and thermal debinding were per-

formed to remove the PW and backbone polymers (PP

and PE) in sequence. Solvent debinding process was car-

ried out in 60°C n-hexane acid bath for 12 hours. 

Before thermal debinding, in order to find out the opti-

mal debinding cycle, thermal gravity analysis (TGA) was

performed from 30°C to 700°C with heating rate of 5°C/

min under 50 ml/min purged high purity argon gas.

Regarding to the TGA result, the debinding cycle was

determined as shown in Fig. 4. A slow heating rate of

1°C/min was selected and it was held at 240°C, 450°C,

and 530°C for 2 hours, respectively. Also, the high purity

argon gas was continuously flowed with a flow rate of

1.5 L/min to sweep the vaporized binders. The weight

loss after solvent and thermal debinding was carefully

Table 1. Physical properties of binders

Property PW PP PE SA

Density (g/cm3) 0.92 0.92 0.93 0.95

Melting temperature (°C) 51 78 120 53

Decomposition temperature (°C) 242-280 464-481 464-471 246-275

Fig. 3. Torque rheometer with twin-screw mixing chamber. Fig. 4. Temperature profile for thermal debinding.
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recorded to measure the amount of debound binders. 

2.2.4. Sintering and HIP

The debound sample was sintered at 700°C for 2 hours

with a heating rate of 2°C /min in oxygen atmosphere

using a tube-type atmospheric sintering furnace. In order

to improve the density and mechanical properties of sin-

tered glass body, HIP was carried out as the post pro-

cess. The sintered glass body was HIPed at 700°C for 3

hours with a pressure of 80 MPa in argon atmosphere. 

2.2.5. Sample characterization

The mechanical properties of both PIMed and HIPed

glass samples were tested through 3-point bending tests,

and their flexural strength was compared to study the

effect of HIP process on improving the physical proper-

ties of sintered sample. The thermal expansion coeffi-

cient of HIPed sample was measured through the

dilatometry experiment. Firstly, the sample was heated to

400°C by a heating rate of 5°C/min, then it was cooled

from 400°C to room temperature by a cooling rate of 5°C

/min. The shrinkage occurred during cooling stage was

recorded. By fitting the relationship between temperature

and shrinkage the thermal expansion for HIPed sample

was achieved. 

3. Result and Discussions

3.1. Determination of critical solid loading

Fig. 5 showed the increment of stabilized torque value

at different solid loadings ranging from 53 to 64 vol.%.

At first, the torque increased slightly with increasing of

powder loading, then after the solid loading reached 58

vol.%, the torque increased rapidly with increasing of

powder loading indicating the critical solid loading point

was 58 vol.%. In PIM, usually the optimal loading is

approximately 2 to 5 vol.% lower than critical one. This

reflects the need for process flexibility and recognizes the

reality of lot-to-lot variations in powders and binders [1].

In this work, the optical solid loading is set 2 vol.%

below the critical one with value of 56 vol.%. 

3.2. Binder removal in debinding process

A two-step debinding method, including solvent debind-

ing and thermal debinding, was performed. The filler

binder (PW) was firstly removed by solvent debinding,

then the thermal debinding was followed to easily remove

the residual filler binder and backbone binders (PP and

PE) through the open pores and channels formed after

solvent debinding process. 

Table 2 showed the weight loss of PW before and after

solvent debinding. It indicated that totally 86% of PW

was debound after 12 hours’ bath in solvent, and the

residual 14 % of PW would be removed during thermal

debinding. 

To study the binder decomposition behavior during

thermal debinding process, the TGA experiment for pre-

pared glass feedstock has been carried out. Fig. 6(a)

showed the weight loss of prepared glass feedstock as

temperature increasing from 30 to 700°C. There were

two sigmoids decomposition function showing the bind-

ers were removed by two stages. The first sigmoid was

related to the decomposition of filler binder (PW and

SA), which had a relatively lower decomposition temper-

ature, and the second sigmoid was related to the decom-

position of backbone binder (PP and PE), which had a

relatively higher decomposition temperature. Fig. 6(b)

showed the weight loss rate of prepared glass feedstock.

The maximum weight loss rate for first and second sig-

moid occurred at 236 and 446°C, respectively. Accord-

ing to this, the holding temperatures during thermal

debinding process were determined at the slightly higher

temperature of 240 and 450°C, respectively, to fully

Fig. 5. The torque of glass feedstock at different solid loading

percentage.

Table 2. Weight loss after solvent debinding

Injection 

molded

Solvent 

debound
Debound PW

Mass (g) 2.92 2.58
0.34

(86 % of total PW)
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remove the remained filler binder and backbone binder in

injection molded parts. 

Table 3 showed the weight loss of binder after thermal

debinding process. It indicated that almost all binder

(99.6% of total binder) has been removed successfully by

two-step debinding process, which was one of the most

important point in glass PIM process to get a translucent/

transparent glass component. 

3.3. Sample characterization 

3.3.1. Physical property

After sintering at 700°C for 2 hours in oxygen atmo-

sphere, the relative density of sintered glass body was

92%, which was a relatively low value mainly due to the

poor sinter-ability of glass powders. However, after HIP

treatment, the density of HIPed glass body was increased

from 92% to 98%. Fig. 7(a) and (b) showed the micro-

structures of cross-section of sintered and HIPed sam-

ples observed by optical microscope. Some large and

small round pores existed after sintering leading to a low

sintered density. After HIP process, the sintered body

was furtherly densified, where the pores were largely

eliminated and pore size became much smaller. 

3.3.2. Mechanical property

The mechanical property of PIMed glass body was

evaluated by 3-point bending test. The result was com-

pared to that of fused glass body which is the traditional

way to make glass component. The process for making

fused glass was that melting the glass powder under

1200°C and cooling to room temperature in air. Fig. 8

showed the results of bending tests of PIMed and fused

glass samples. It showed that the average flexural strength for

PIMed and fused glass samples were 42.31 MPa and

72.42 MPa, respectively. The main reason for lower

strength of PIMed sample was that more pores existed in

sintered sample (Fig. 7(a)) which lead to easier crack

produce and propagation resulting in lower bending

strength. However, after HIP treatment, the flexural strength

increased to 92.17 MPa (Fig. 9), which was 1.273 times

Fig. 6. TGA results for prepared glass feedstock: (a) Weight

loss, (b) Weight loss rate.

Table 3. Weight loss after thermal debinding

Injection 

molded

Solvent 

debound

Thermal 

debound
Debound binder

Mass (g) 2.92 2.58 2.28
0.64 (99.6 % of 

total binder)

Fig. 7. Microstructures of cross-section of fabricated glass samples: (a) Sintered body, (b) Sinter-HIPed body.
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(127.3%) of the fused glass samples and 2.178 times

(217.8%) of PIMed samples without HIP process. 

3.3.3. Thermal expansion coefficient

Thermal property is one of the most important for glass

components. When a glass is heated, it generally expands. If

the temperature over the body of glass is equal every-

where and the body is not restrained, then there will be

no development of stress in the body. On the other hand,

there were non-uniform heating over the body, and then

the different layers of glass would attempt to expand dif-

ferently. The enforcement of the compatibility criteria results in

a different set of dimensional changes and stresses

develop. The tensile stress components could lead to

glass failure [2].

Linear thermal expansion was measured using a push-

rod dilatometer in this work. Based on the definition of

linear thermal expansion coefficient, the thermal expan-

sion coefficient αL can be calculate by the equation as

below:

 (1)

In Eq. (1), αL means linear thermal expansion coeffi-

cient, ∆L means the change of length, L means the ini-

tial length and ∆T means the change of temperature. For

calculating the thermal expansion coefficient of sinter-

HIPed glass samples, data from 450~150°C in cooling

process was used for analyzing the coefficient. Also, as

we can see in Eq. (1), ∆L/L means the shrinkage rate, so

the value of linear thermal expansion coefficient can be

calculate as the slope of temperature vs. shrinkage. By

fitting the data from 450~150°C the coefficient was cal-

culated as shown in Fig. 10. The fitted value was 7.82 ×

10−6/°C, which matched well with the thermal coeffi-

cient of raw glass powder provided by the powder ven-

dor (7.5~8.0 × 10−6/°C) indicating by PIM-HIP process

the glass body was almost fully densified and the manu-

facturing process was reasonable. 

4. Conclusions

The PDP glass component has been fabricated by PIM

technology using a wax-polymer binder system. The PIM

process has been developed and optimized including

determination of optimal solid loading and debinding condi-

tions. The relative density for sintered glass body was

92%, however, after HIP treatment it increased to 98%.

The flexural strength for PIMed was 42.31 MPa, and it

increased to 92.17 MPa after HIP treatment, which was

1.273 times of the fused glass sample (72.42 MPa). The

thermal expansion coefficient of fabricated glass sample

was 7.816 × 10−6/°C, a value matched well with the ther-

mal coefficient of raw powder (7.5~8.0 × 10−6/°C) indi-

αL

L∆

L T∆⋅
-------------=

Fig. 8. Results of bending test for PIMed and fused samples

(load vs. displacement). 

Fig. 9. Results of bending test for PIM-HIPed sample (load

vs. displacement). 

Fig. 10. Thermal expansion coefficient of fabricated glass

sample.
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cating that the glass body was well fabricated by PIM-

HIP process with the proper processing conditions. 
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