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Abstract: Despite its unique high efficiency and good environmental compatibility, the water-soluble binder system still encounters prob-
lems achieving a desired sintered part via ceramic injection molding because of the poor compatibility and the powder-binder segregation 
between ceramic powders and binders. The objective of this study was to obtain a sintered part with excellent properties by introducing a 
small quantity of oleic acid to the surface of zirconia powders before the mixing process. As opposed to many previous investigations that 
focused only on the rheological behavior and modification mechanism, the sintering behavior and densification process were systematically 
investigated in this study. With the modified powders, debound parts with a more homogeneous and smaller pore size distribution were fab-
ricated. Also, a higher density and greater flexural strength were achieved in the sintered parts fabricated using the modified powders. 
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1. Introduction 

Ceramic injection molding (CIM) is a fabrication tech-
nique that offers advantages for the mass production of 
intricate and precise ceramic parts at low cost; CIM has 
thus attracted extensive attention over the past several 
decades [1]. The CIM fabrication process starts with the blend-
ing process (i.e., blending of a mixture of organic vehicles and 
ceramic powders), followed by injection molding, binder (or-
ganic vehicles) elimination, and sintering [2]. The organic ve-
hicles play a temporary but decisive role during the process, 
and determine the success or failure of a CIM production.  

Binders utilized in CIM are typically composed of a ma-
jor binder, a minor binder, a plasticizer/lubricant, and a 
small quantity of surfactant [3]. Because the particle size of 
the starting ceramic powders is usually in nanoscale range, 
the particles are prone to agglomeration, which introduces a 
challenge with respect to fabricating the desired parts by 
CIM. Thus, a small amount of surfactant is often added to 
the ceramic/binder mixtures to improve powder dispersion 
during the blending process, which ultimately leads to a 

higher solid loading and higher green strength without sacri-
ficing the rheological behavior of the suspensions [4–5]. 
Recently, the most widely-used surfactants are coupling 
agents (e.g., silanes and titanates) and fatty acids (e.g., stea-
ric acid (SA), oleic acid (OA), and 12-hydroxystearic acid 
(HSA)). With the introduction of these surfactants, feed-
stock with excellent homogeneity and less particle segrega-
tion was achieved due to the improved dispersion, compati-
bility, and rheological behavior of the suspensions [6]. 

Among the aforementioned surfactants, OA, because of 
its beneficial dispersion effect and low cost, has been widely 
investigated. For instance, Liu et al. [7] found that OA could 
form aluminum-oleate coating on the surface of γ-alumina 
powder and that the surface-modified γ-alumina suspension 
exhibited a better dispersion effect in octane compared to 
the effect of SA. Also, Liu [8] reported that OA strongly 
reduced the viscosity of zirconia–wax suspensions. This-
tlethwaite et al. [9] investigated the interaction between OA 
and zirconia and reported that OA could preferentially ad-
sorb onto the zirconia powder surface via a Lewis-type ac-
id-base reaction or via an ion-exchange mechanism. Fur-
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thermore, Jeng et al. [10] introduced OA to CuO nanoparti-
cles via a surface modified with OA to form cupric oleate 
and finally achieved fine dispersed CuO nanoparticles. 

However, relevant researches on OA were limited to im-
proving the dispersion of particles, reducing the viscosity of 
suspensions, and exploring the modification mechanism; by 
contrast, the effect of the incorporated OA on the final stage 
of the sintering process was rarely studied. In addition, pre-
vious studies on OA have primarily involved the wax-based 
binder system. The wax-based binder system usually intro-
duces environmental challenges by its self-limitativeness. 
The organic binders can only be eliminated by thermal debind-
ing (time-consuming) [11] or organic solvent debinding (the 
adopted organic solvents are generally toxic/carcinogenic) [12]. 
Consequently, the polyethylene glycol (PEG)-based binder 
system, as a non-toxic and commercially available wa-
ter-soluble binder system, was adopted in this study. In the 
case of the PEG-based binder system, PEG can be first ex-
tracted by water to form the interconnected pore pathways 
through the part, which facilitate expulsion of the residual 
binders in the next thermal pyrolysis stage [13].   

In this paper, different amounts (0.5wt%, 1.0wt%, 
2.0wt%, and 3.0wt%) of OA were introduced to the zirconia 
powders prior to the blending process through a wet 
ball-milling treatment. The optimal addition of OA was 
confirmed by measurements of the contact angle between 
the modified dry-pressed body and the water/ethanediol po-
lar solvents. The mechanism of modification was systemat-
ically discussed by Fourier Transform infrared spectroscopy 
(FTIR). With the modified powders, the debound part (after 
thermal debinding) exhibited a more homogeneous micro-
structure and a narrow pore size distribution. Also, greater 
density and higher flexural strength were achieved in the 
sintered part using modified powders. It was believed that 
the results of this investigation will improve the quality of 
CIM products using a water-soluble binder system. 

2. Experimental  

Zirconia powders of commercial purity, grade MS-FS-3.0 
with an average particle size of 60 nm and a specific surface 
area of 14.38 m2/g according to the supplier (Fanmeiya 

Advanced Materials Co., Ltd., Jiujiang, China), were used in 
this study. Their microstructure was presented in Fig. 1.  

In this study, OA was introduced onto the zirconia pow-
ders before the blending process. The modification proce-
dure was initiated by dissolving OA in ethyl alcohol with a 
mass ratio of 1:8 in a magnetic stirrer at an appropriate 
temperature (50°C). After the OA/alcohol mixture became 
clear and light yellow, the mixture was transferred to a pol-
yurethane jar. The zirconia powders, which were first dried 
in an oven at 110°C for 6 h, were then gradually added to 
the OA/alcohol mixture (the additions of OA were 0.5wt%, 
1.0wt%, 2.0wt%, and 3.0wt%) and the suspensions were 
conducted wet ball milling in a planetary ball mill for 16 h. 
To ensure that OA was coated onto the surface of zirconia 
powders, the suspensions were transferred to an oven for 
drying for 12 h at 130°C [14]. After pulverizing and sieving, 
the modified powders were then achieved. 

 

Fig. 1.  Microstructure of zirconia powders observed by scan-
ning electron microscopy. 

The feedstock was prepared by blending the powders and 
binders in a twin screw kneader (SK-160, Shanghai Rubber 
Machinery, China) at 170–190°C for 30–40 min. The organic 
binders contained 61wt% polyethylene glycols (PEGS, con-
sisted of 36wt% PEG 600 and 25wt% PEG 4000) as the major 
component, 25wt% polymethyl methacrylate (PMMA) as the 
backbone binder, 9wt% OA as the surfactant, 4.5wt% dibutyl 
phthalate (DBP) as the plasticizer, and 0.5wt% phenothiazine, 
as described by Yang et al. [15–16] . A small amount of phe-
nothiazine was added to the suspension to prevent the oxida-
tion of PEG in air [17]. The solid loading of the system was 
50vol%; details of binder components are listed in Table 1. 

Table 1.  Contents and suppliers of the organic binder components utilized in this work 

Component Content / wt% Supplier 

PEG 600 36.0 Sinopharm Chemical Reagent Beijing Co. Ltd. 
PEG4000 25.0 Sinopharm Chemical Reagent Beijing Co. Ltd. 
PMMA 25.0 Degussa Co. Ltd. 
OA 9.0 Sinopharm Chemical Reagent Co. Ltd. 
DBP 4.5 Beijing Modern Eastern Fine Chemical Co. Ltd. 
Phenothiazine 0.5 Shanghai Lindi Chemical Industry Co. Ltd. 
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Injection molding was carried out in an injection 
molding machine (JPH30/C/E, Qinchuan Hengyi Plastics 
Machinery Co. Ltd., China). Injected parts with dimen-
sions of 5.0 mm × 6.0 mm × 50.0 mm were fabricated 
with the barrel temperatures between 160 and 180°C. A 
combination debinding process comprising water leach-
ing to eliminate the PEG and thermal pyrolysis to remove 
residual binders was adopted in this study. During the 
water leaching, the green part was first immersed in dis-
tilled water at 45°C to eliminate approximately 
80wt%–90wt% of the PEG. Then, the part was trans-
ferred to an oven and dried at 50°C. After the water 
leaching process, the interconnecting pores through the 
part were formed, which facilitated the next stage of 
thermal pyrolysis. The temperature and dwelling time of 
thermal pyrolysis were generally 600°C and 2 h, respec-
tively. In order to study the sintering process, the de-
bound bodies (after the debinding process) were then 
sintered at different temperatures (1000–1550°C at inter-
vals of 50°C) for 2 h in air atmosphere.  

The rheological properties of both feedstock with modi-
fied and unmodified powders were measured by a Bohlin, 
RH-7 Advanced Capillary Rheometer with a die of 1 mm in 
diameter (D), 16 mm in length (L) (L/D = 16). The test 
temperature, viscosity, and shear rates were 180°C, 10–500 
Pa·s and 50–5000 s–1, respectively. The wettability of wa-
ter/ethanediol on the zirconia powders coated with different 
OA concentrations was determined by static contact-angle 
measurement (FTA 200, First Ten Angstroms, USA). For the 
measurements, the dry-pressed body plates utilizing the 
powders with various additions of OA (from 0.5wt% to 
3.0wt%) were first prepared by a pressing machine. Then, a 
water/ethanediol drop was dripped onto the dry-pressed 
body plate with various amounts of OA (from 0.5wt% to 
3.0wt%) to measure the contact angle by a contact-angle 
goniometer. Fourier transform infrared spectroscopy 
(FTIR-6700, Nicolet, USA) was used to characterize the 
powders. The morphological observations of the debound 
and sintered bodies were carried out by using field emission 
scanning electron microscopy (FESEM, MERUN VP 
COMPACT, Zeiss, Germany). The pore size distribution 
(PSD) of the debound bodies was evaluated by the mercury 
intrusion method (Autopore 9500, USA). The bulk densities 
of the sintered specimens were measured by the Archimedes 
method. To determine the flexural strength of the sintered 
parts at various temperatures, 3-point bending test was 
measured in a universal mechanical tester (AG-IC, Shi-
madzu, Japan). The dimensions of test bars were 3.0 mm × 

4.0 mm × 36.0 mm. 

3. Results and discussion  

3.1. Determination of the optimal addition of OA  

Fig. 2 shows the contact angle of water and ethanediol 
droplets on the dry-pressed body plates with different con-
tents of OA. The contact angle depended critically on the 
addition of OA. The contact angle dramatically increased 
when the addition of OA was in the range of 0–2wt%, 
due mainly to the decrease in the surface tension of wa-
ter/ethanediol upon the addition of OA. When the addi-
tion of OA was more than 2wt%, the contact angle 
trended to be steady. This can be attributed that the “ac-
tual” adsorption on the surface of the ceramic particle 
appeared to be saturated as the addition of OA was 2wt%. 
With the introduction of OA onto the ceramic particles, 
the polarity of the particles’ surface could be changed 
from hydrophily to hydrophobicity, which was reflected 
by the decreases of the polar component and the disper-
sion component of the solid’s surface tension, as shown 
in Table 2. The dependence of the contact angle on the 
polar and dispersion components is expressed using the 
following equation [18–19]: 

     1/2 1/2
L Lp Sp Ld Sdcos 2 / 1          

 (1) 

S Sp Sd     (2) 

where γL is the surface tension of the liquid, γLp is the polar 
component of liquid’s surface tension, γLd is the dispersion 
component of the liquid’s surface tension, γS is the surface 
tension of solid, γSp is the polar component of the solid’s 
surface tension, and γSd is the dispersion component of the 
solid’s surface tension.  

 

Fig. 2.  Contact angle of water and ethanediol droplets on the 
dry-pressed body plates with various additions of OA.  
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Table 2.  Surface tension of zirconia powders versus different additions of OA 

Addition of OA / 
wt% 

Contact angle (water) / 
(°) 

Contact angle (ethanediol) / 
(°) 

γSp / (10–3 N·m–1) γSd / (10–3 N·m–1) γS / (10–3 N·m–1)

0.0 40.50 39.17 2.92 57.72 60.64 

0.5 65.63 47.29 1.88 20.21 22.09 

1.0 117.29 85.67 0.28 1.01 1.29 

2.0 139.09 128.68 0.06 0.06 0.12 

3.0 140.63 137.72 0.05 0.61 0.66 

Note: water (γLp = 51.0 × 10–3 N·m–1, γLd = 21.8 × 10–3 N·m–1); ethanediol (γLp = 19.0 × 10–3 N·m–1, γLd = 29.3 × 10–3 N·m–1). 

3.2. Surface modification mechanism of OA onto zirco-
nia powders  

The above observations are attributed to the fact that OA 
had been absorbed on the surface of the zirconia particles, 
and this could also be supported by the FTIR results in Fig. 
3, which offered the infrared absorption spectra of pure zir-
conia (ZrO2) (Fig. 3(a)), modified ZrO2 powder (Fig. 3(b)), 
and pure OA (Fig. 3(c)). In Fig. 3(a), the bands at 3438 and 
507 cm–1 correspond to the vibration peak of hydroxyl (–OH) 
and show a strong amplitude, indicating that the surface of 
ZrO2 was rich in hydroxyl groups and provided the possi-
bility of ion-exchange or esterification with OA. Fig. 3(c) 
shows the infrared absorption spectrum of OA, in which 
the peak at 2850 and 2930 cm–1 correspond to long alkyl 
chains (–CH, –CH2, and –CH3). There is also a peak lo-
cated at 1710 cm–1 corresponding to the carboxylate 
group (–COOH) [10]. Fig. 3(b) shows the infrared ab-
sorption spectrum of the ZrO2 powder modified with 
2wt% OA. The intensities of the hydroxyl vibration 
peaks (3438 and 507 cm–1) are much weaker than those 
in the spectrum of pure ZrO2, which implies that there is 
a chemical reaction between hydroxyl and carboxyl. The 
peak centered at 1385 cm–1 is attributed to the stretching 
vibration of C–O–C. Compared to the spectrum of pure 
zirconia (Fig. 3(a)), new absorption peaks appear at 1430 
and 1548 cm–1 as shown in Fig. 3(b), which originate 
from 1710 cm–1 of OA, suggesting that a new compound 
(i.e., a carbonyl linked group –Zr–O–C–O) was formed 
on the surface of zirconia powders through the chemical 
reaction between OA and the ZrO2 powder. Lee and Har-
ris [20] and Liu et al. [21] considered that this reaction 
was an esterification process or ion-exchange reaction, 
expressed as: 

2 3 2 7 2 7ZrO (OH) + (CH (CH ) CH=CH(CH ) COO)x y  

2 2 7 2 7 3ZrO (OH) ((CH ) CH=CH(CH ) CH COO) + OHx y y y 
  

(3) 

 

Fig. 3.  Infrared spectra of (a) pure zirconia (ZrO2), (b) modi-
fied ZrO2 (2wt% OA), and (c) pure OA. 

3.3. Effect of OA modification on the rheological behav-
ior and PSD  

Fig. 4 illustrates the rheological behavior of the 
unmodified powder and the modified powder at 180°C. 
Both samples showed shear thinning behavior (the 
viscosity decreased with increasing shear rate). Inter-
estingly, at a given solid loading (50vol%), the sus-
pension with the modified powder exhibited a lower 
viscosity than the unmodified one. On the basis of our 
previous work [6], we attributed this result to the bet-
ter dispersion of the OA modified powders. Also, 
SEM micrographs and PSD of the debound part with 
various powders are presented in Fig. 5. A more ho-
mogeneous and intensive PSD microstructure was ob-
tained in the debound part using modified powders, 
indicating that OA was effective to decrease the ag-
glomeration of the powders. It was worth emphasizing 
that the debound part with a more intensive PSD 
would be beneficial to achieving a sintered part with 
higher density and fewer pores, as the densification 
would be much easier [22]. 
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Fig. 4.  Graphs of (a) viscosity (η) versus shear rate (γ) and (b) lgη versus lgγ for different powders at 180°C. 

 
 

3.4. Effect of OA modification on the sintering behavior 
and densification process  

Fig. 6 presents the relationship among the relative density, 
linear shrinkage, flexural strength, and sintering temperature 
for the unmodified and modified powders. For the two 
powders, the same densification process was observed, 
where the relative density increased with the increment of 
temperature in the range from 1000 to 1400°C and slightly 
declined with further increment of temperature above 
1400°C. However, the part utilizing modified powders 
showed a higher density than the unmodified one at corre-
sponding temperatures. In addition, in the range from 1000 
to 1200°C, the part using modified powders exhibited great-
er shrinkage than the unmodified one. These results  

imply that within this temperature range, the densification of 
the modified powder was much more “thorough”, thereby 
promoting “grains rearrangement” and pores removal, 
which is the prerequisite to achieving high density. How-
ever, when the sintering temperature was greater 1400°C, 
the density of both powders declined, and this could be at-
tributed to an occurrence of oversintering. Also, the flex-
ural strength of the zirconia ceramics exhibited the same 
trend, as shown in Fig. 6(b). Notably, the reduction extent 
of flexural strength for the modified ceramic was lower 
than that of the unmodified ceramic when the sintering 
temperature was greater than 1400°C, indicating that zir-
conia ceramics prepared using the modified powders ex-
hibit more potential. 

Fig. 5.  Microstructure of the debound part 
prepared using (a) unmodified powder and 
(b) modified powder; (c) detailed examina-
tion of the pore size distribution for the de-
bound compacts using different powders. 
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Fig. 6  Relationship among the relative density, linear shrinkage, and sintering temperature for unmodified and modified powders 
(a) and the flexural strength as a function of sintering temperature (b).  

The sintering process can be divided into three stages on 
the basis of the specific microstructural features [23]: stage 
1 (necks formation), stage 2 (porosity network formation), 
and stage 3 (closed porosity). With increasing the sintering 
temperature, the grain size and density also increased as 
shown in Fig. 7(c). Figs. 7(a) and 7(b) illustrate the micro-
structure of the two powders (unmodified powders and 
modified powders) in the different stages of the sintering 
process. During stage 1, the part using unmodified powders 
exhibited a more “unconfined” structure than the modified 
ones. In addition, large holes and particle segregation were 
easily observed in the unmodified part. As sintering pro-
ceeded, the density and grain size of both parts gradually 

grew. As the holes presented in stage 1 were too large to be 
“cured”, voids appeared during stage 2 in the case of the 
part using unmodified powders. When the process reached 
stage 3, these voids had been “mitigated”, however, the 
small pores were still present and thus prevented the sin-
tered part from achieving excellent mechanical properties. 
For the part using modified powders, as the dispersion was 
improved by the modification of OA, the particle segrega-
tion in stage 1 was weaken. In the following stage 2, as the 
distance among zirconia particles became small, a more 
homogeneous structure was easily obtained. At an appropri-
ate sintering temperature, a uniform microstructure with fine 
grain size was achieved in stage 3. 

 
Fig. 7.  Unmodified powders in the different periods of the sintering process: (a1) stage 1; (a2) stage 2; (a3) stage 3. Modified powders 
in the various periods of the densification process: (b1) stage 1; (b2) stage 2; (b3) stage 3. (c) Schematic of the sintering process. 
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To further affirm the proper sintering temperature of the 
part using modified powders, the microstructure of sintered 
bodies (from 1350 to 1550°C) which had been thermally 
etched and the relationship among the relative density, av-
erage grain size, and sintering temperature are presented in 
Fig. 8. According to Fig. 8(f), the density and grain size 
increased with increasing temperature. Especially, exten-
sive grain growth was observed above 1400°C, as also ev-
idenced in Figs. 8(a)–8(e). With the increase of tempera-
ture (from 1450 to 1550°C), abnormal growth of grains 
began to appear in some local region due to the exorbitant 

sintering driving force. More seriously, the excessive sin-
tering temperature resulted in some grains growing too 
large, and the size actually reached 1 μm at 1550°C, which 
was detrimental to the mechanical properties of the zirco-
nia ceramics (as shown in Fig. 6(b)). By comparing the 
microstructures of zirconia ceramics sintered at five sin-
tering temperatures, no significant pores or abnormal grain 
growth was observed in the part sintered at 1400°C where 
the average grain size was ~230 nm. Also, the optimal 
mechanical properties were achieved at this temperature 
( as shown in Fig. 6(b)). 

 
Fig. 8.  Microstructure of the sintered zirconia ceramics using modified zirconia powders at various sintering temperatures: (a) 
1350°C; (b) 1400°C; (c) 1450°C; (d) 1500°C; (e) 1550°C. (f) Relationship among the relative density, average grain size, and sintering 
temperature. 

4. Conclusion 

A systematic investigation of the surface modification 
strategy of OA in the PEG-based binder system for CIM 

was carried out. The results of contact angle measurements 
indicated that the optimum amount of the OA addition was 
2wt%. The polarity of the ceramic surface was changed 
from hydrophilic to hydrophobic after the surface modifica-
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tion with OA. FTIR analysis indicated that the OA interact-
ed with the zirconia powder by an esterification process or 
ion-exchange mechanism. After the whole debinding pro-
cess, the debound part using modified powders exhibited a 
more homogeneous microstructure and narrower PSD than 
unmodified ones. A greater relative density and higher flex-
ural strength were achieved in the sintered body using the 
modified powders, and the highest values were obtained at 
1400°C. Also, a homogenous microstructure with an aver-
age size of 230 nm and no abnormal grain growth were 
achieved at this temperature. In summary, OA not only im-
proved the rheological behavior and homogeneity of the 
suspension but also promoted densification and enhanced 
the mechanical properties of the sintered zirconia ceramics 
using the PEG-based binder system. 
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