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Abstract  

The purpose of this study was to assess the setting characteristics (working/setting times) 

of phosphate glass ionomer cement that were reinforced with different concentrations of 

hydroxyapatite crystals. A series of four ionomer glasses based on increasing in the 

phosphate content with general formula of 4.5SiO2-3Al2O3-xP2O5-3CaO-2CaF2 (Where x = 

0.75, 1, 1.25 & 1.5) were synthesised using melt-quench route. Thereafter, the glass 

ionomer cements were prepared by mixing fine glass powder with poly-acrylic acid at 

specific powder to liquid ratio. The modified samples (hydroxyapatite-containing GICs) were 

made by adding hydroxyapatite powder to ionomer glass powder on weight substitution 

basis instead of certain amount of ionomer glass at a specific percentage of 0%, 5%, 10% 

and 15% respectively. The ionomer cements mixtures were investigated using Wilson’s 

Oscillating Rheometer in order to measure the setting characteristics (working/setting times) 

of the tested materials. Increasing in both phosphate content and substituted amount of 

hydroxyapatite for glass powder prolonged working/setting times of the glass ionomer 

cements significantly. The compositions with higher concentrations (15%) of hydroxyapatite 

showed adversely effect on handling properties and setting rates of the tested cements. The 

results suggest that addition of hydroxyapatite crystals has a significant impact on 

manipulation and setting reaction of the manufactured cements. The tested compositions 

with low-phosphate (highly reactive) and low-hydroxyapatite contents are more suitable for 

clinical use. Therefore, the additives concentrations’ have to be optimised to produce 

restorative materials with ideal properties.  
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Introduction 

Glass Ionomer Cement (GIC) is one of the most widely researched dental restorative materials, since was 

discovered in 1960s by Wilson and Kent at Laboratory of the London Government Chemist [1]. The GIC 

invention has been resulted from an experimental study on dental silicate cements, in which the phosphoric 

acid was replaced with an organic acid of poly-acrylic acid (PAA) that used to produce zinc poly-carboxylate 

cements. [2-3]. Consequently, the GICs were made as a hybrid of silicate cement powder and zinc poly-
carboxylate cement liquid. According to Wilson (1978) research, it found that these hybrid materials with 

ions release characteristics have a unique ability to form strong chemical bond with tooth surfaces [4]. 

Chemically, the setting reaction of GICs is based on an acid-base reaction. This reaction occurs when the 

acid-degradable glasses (calcium fluoro-aluminosilicate glasses) and the aqueous solution of PAA mixed 

together to form the set cement [5]. Nicholson reported that all techniques used for studying GICs setting 

reaction have emphasised that the reaction of these water-based cements involves neutralisation of acid by 
basic glass with formation of metal poly-acrylates (calcium acrylates and aluminium acrylates) [6]. 

Practically, the changing in the cement’s fluidity (viscosity) should be measured through two steps of ‘‘dough-

forming’’ stage and ‘‘stiffening’’ stage respectively [7]. Hence, the material should remain in a soft, pliable 

state to facilitate its placement and contouring easily inside the tooth cavity during the working time; shortly 

thereafter; it should become rigid within its setting time [8]. 
Moreover, it is supposed that the first step in the setting reaction of GICs involved the acid hydrolysis of Si-

O-Al bonds of the glass network of aluminosilicate glasses, causing the release of (Ca2+ & Al3+) cations, 

associated with formation of a layer of silica gel around the unreacted glass particles [9]. Additionally, 

increasing in the phosphate content of the original ionomer glasses causes decreasing the susceptibility of 

Si-O-Al linkages formation, and this will increase Al-O-P linkages as well. It stated that the high solubility 

of phosphate in water is due to the geometry of PO4, where the oxygen atom is double bonded with the 
central phosphorus atom [10]. Accordingly, Al-O-P linkages have lower ability to be hydrolysed during the 

acid-base reaction of GICs [11]. 

Hydroxyapatite (HA) is a calcium phosphate bio-ceramic with Ca:P  ratio of 1.67, which is similar to an 

inorganic phase of bones and teeth (formula = Ca10(PO4)6OH2). It is widely incorporated into GICs as an 
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additive to improve the cement’s properties, which can be beneficial for restorative applications, particularly 

at high-stress bearing areas [12]. Therefore, this study investigated the setting characteristics 

(working/setting times) of GICs that were reinforced with different concentrations of HA crystals via 

assessing the viscosity changes of the cement mixtures during the initial stages of the acid-base reaction 

using Wilson’s Oscillating Rheometer. 

Materials & Methods  
Preparing of Ionomer Glasses/Cements 

A series of ionomer glasses were designed based on LG26 formula, following molar ratios of 4.5SiO2-3Al2O3-

xP2O5-3CaO-2CaF2 (Where x = 0.75, 1, 1.25 & 1.5). The glasses were synthesised in the same manner of 

melt-quench route that used previously [13]. 

The mixture of cements were prepared by mixing the glass powders with high molecular weight (80 kDa) 
freeze-dried PAA (S & C Polymer GmbH, Elmshorn, Germany) and distilled water, with powder/liquid ratios 

of 5/1 as explained previously [14]. The modified samples (HA-containing GICs) were prepared by adding 

the dried HA powder to the ionomer glass powder on substitutional basis at a specific percentage of 0%, 5%, 

10% and 15% respectively. 

Measuring of Working & Setting Times by Wilson’s Oscillating Rheometer 

The setting characteristics (working/setting times) of GICs with and without incorporation of HA were 
measured using Wilson’s Oscillating Rheometer (Dental Physical Science Unit-QMUL), that was connected 

with a chart recorder (Linseis GmbH, L200E, Germany) in order to draw the rheometer traces, as displayed 

in Figure 1 [9]. The rheometer consists of two plates, approximately 2 mm apart, one of which is fixed while 

the other oscillates under the action of a driven spring. The fixed plate is connected to a water bath thus 

enabling measurements at 37°C. The oscillations are noted as a voltage induced by a rod moving in and out 
of the transducer and plotted to produce a rheogram [15-16]. 

 

 
Figure 1: Schematic diagram of an oscillating rheometer. Adopted from [9]. 

 

 

The recorder was switched on from start of mixing, and then a zero-time mark was drawn on the recording 

paper. After about 40-60 sec the cement paste was transferred to the apparatus at 37°C to mimic the mouth 

temperature. The mix was placed on the oscillating plate that attached with a coil spring, and then pressed 

using other oscillated plate [9]. The typical rheometer trace initially showed higher amplitude and then 
gradually decreased as the mixture sets and thus the shape of traces varies due to the fact that the setting 

rates within the materials were not identical. The setting time was determined when the amplitude of the 

trace decreased and became constant. 

From the obtained trace, both working/setting times were calculated, as shown in Figure 2. The Working 

time is ‘‘the time when the width of the trace is 95% of the original width’’ (is time of mixing and manipulation 
of the material before reaching the rigidity state). While, the Setting time is measured when ‘‘the width of 

the trace is 5% of the total width’’ (is time from starting of mixing until the material becomes completely set) 

[3-17].  
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Figure 2: Oscillating rheometer trace, corresponding to working time (95%) and setting time (5%) 

of oscillation amplitude. 

Results 

The bar chart in Figure 3 shows that working/setting times increased with increasing in P2O5 proportion in 

the precursor ionomer glasses. The mixtures of low-phosphate content (highly reactive glasses) yielded 

workable and more acceptable cements compared to other compositions with high-phosphate contents. The 
1.5 P2O5 (LG26) cements were set within about 21.9 min, nearly four times more than the 0.75 P2O5-based 

cements that were set faster within 5.3 min.  

The bar chart in Figure 4 & 5 demonstrates that incorporation of apatite crystals of HA caused an additional 

increase in both working/setting times. Further, Addition of 5% HA did not display a huge difference in the 

values of working/setting times compared to HA-containing GICs with higher proportions of additives. 

 
Figure 3: Working & setting times of ionomer cements without addition of hydroxyapatite. 
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Figure 4: Working time of ionomer cements with/without addition different proportions of 

hydroxyapatite. 

 
Figure 5: Setting time of ionomer cements with/without addition different proportions of 

hydroxyapatite. 

Discussion  
The International Organisation for Standardisation (ISO) determines the minimum values for the glass 

ionomers (water-based cements) to be allowed onto the market, and also to be well-preformed clinically. The 

recommended ‘‘net’’ setting time values for luting and restorative cements are proved to be 1.5-8 and 1.5-6 

min respectively [18]. The rationale behind the setting behaviour of ionomer cements has been studied 

extensively using different techniques such as; FTIR, Raman and more recently MAS-NMR spectroscopies, 
however, the setting mechanism of these materials has not been fully understood yet [19-21]. It is believed 

that the first step in the setting reaction of GICs involved the acid hydrolysis of Si-O-Al bonds of the glass 

network, which causing the release of (Ca2+ & Al3+) cations [6-22]. On the other hand, the ratio of Al:Si in 

the glass has a critical role and should not exceed 1:1 to be able to form the glass with four coordinated Al 

[23]. The high-phosphate containing glasses may also reduce the influence of the Al:Si ratio through 

phosphorus locally charge balancing four coordinated Al in the original network of silicate glasses [15]. 
The present results showed that the working/setting times increased with increasing in P2O5 amount for 

the original compositions of ionomer glasses. This is indicated that the phosphate content in the glass has 

a significant impact on the cement properties. Griffin and Hill (2000) summarised that addition of small 

quantity of phosphate extended both working/setting times of GICs, due to forming Al-O-P linkages [10]. 

However, addition of high fraction of phosphate resulted in reduction the compressive strength and Young’s 
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modulus of the material. This is because phosphate disrupts the cross-linking process and competes with 

the carboxylate groups for cross-linking metal cations of (Ca2+ & Al3+) [10].  

Our finding seems to indicate the strategic importance of LG26 (high-phosphate content = 1.5 P2O5) 

composition associated with the switch in the trend of Al conversion. Additionally, this composition also 

showed the highest working/setting times in P2O5 series. The presence of slowly hydrolysing Al-O-P linkages 

perhaps can be used to explain the observed trends in working/setting times, though fails to interpret the 
higher conversion rate that was seen for the compositions with increasing the amount of Al-O-P linkages. If 

anything it would be expected that the increase in Al-O-P linkages to reduce the amount of the available Al3+ 

cations and thereby this will decrease the reactivity of material and the conversion rate of Al. 

On the other hand, increasing in the substituted amount of HA for original glass powder showed a marked 

slower on the setting mechanism. This is due replacing small amount from the glass powder by powder of 
apatite crystals and thus leads to lessening the Al3+ cations content. The Ca2+ ions in apatite crystals are 

freely available for crosslinking of PAA chains unlike the Ca2+ ions in CaF2, which causes a delay in the first 

stages of the setting reaction. This also indicates that there are two mechanisms competing to each other 

within the GIC matrix; they are acid-base reaction process and remineralising process.  

The particle size distribution for ionomer glass powder was below 45µm, which is ideal for restorative dental 

cements [6-16]. Although, any slight variation in the particle size has a distinct impact on the properties of 
GICs such as; compressive strength and working/setting times. The smaller the particle size is, the larger 

surface area that would be readily degrading to form silica gel phase and the cations (Ca2+ & Al3+) would be 

leaching more rapidly, resulting in faster cross-linking of GICs [24]. Typically, the changes during mixing 

are observed as a result of powder cluster phenomena (agglomeration) and deviations from spherical shape 

of particles. 
Well known that incorporation of HA exhibited great improvements in the physical and mechanical 

properties of GICs, which making it one of the most suitable additives to be approved [12]. This can be also 

beneficial for the restorative applications, particularly at high-stress bearing areas when the force of 

mastication has to be withstood. Further studies should be done to optimise the suitable proportion of 

phosphate and HA to be incorporated into GICs, in order to synthesise an ideal dental material with fully 

requirements. 
Conclusion  

Based on the obtained data in this preliminary study, about measuring the setting properties of the 

experimental GICs, it can conclude that increasing in both P2O5 content and substituted amount of HA for 

glass powder prolonged working/setting times of tested GICs significantly. This study suggests that well-

balanced setting characteristics of suitable working/setting times were obtained with the low-phosphate 
containing GICs (highly reactive formulations). The optimisation of ionomer glass compositions, P/L ratios, 

concentrations of (phosphate & HA), handling properties and setting behaviours’ should be intensely 

investigated and taken into consideration before launching the newly-formed restorative materials for dental 

use. 
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 الملخص
ال م قعو  من       

كان الغرض من هذه الدراسةةةة  هي م خصا ص ةةةةاب  الق ةةةةعم /التال اللأسمنالق ةةةةعمو فسةةةةسون مراا الويسةةةةوال افميتيمر الس ي     
-5SiO2-3Al2O3-xP2O5 4بعيرال هصدرل سة  ابامتن  ما م ةعخس سةع ةع  من ارزلأ  مراا اميتيمر  والى  يا م احت م قي  الويسةوال بال ةصغ  اللأام   

3CaO-2CaF2 (حصث x = 0.75  ،1  ،1 25 5 1ل)    باسةةةق دار قة    ااصساح بالذلزان  بلأد ،لت، ما م  ةةة   اسةةةسون مراا افميتيمر ب ع  م ةةة ي
 إضةةةا     (الس قو   يا هصدرل سةةة  ابامتن GICs) الزراا الوايا مس حسض  يل  اكة عصت  ع ةةةم  م ةةة ي  لل سةةةابم م دحت  ما اةةةوس اللأخوال السلأدل 

 من كسص  ملأخو  من مراا افميتيمر  ع ةةةةم  م و   م دحت من  م ةةةة ي  هص
 
درل سةةةة  ابامتن لل م ةةةة ي  مراا افميتيمر يا اسةةةةاو اسةةةة مداك اليمن بد 

٪ يا القيال   ما     م الص  اسةةةةةسون افميتيمر باسةةةةةق دار م صاو ل ع ةةةةةين السقذبذل ل صاو ص ةةةةةاب  الق ةةةةةعم /التال  15٪ ل 10٪ ل 5٪ ل  0
ت  احل م احت كم من م قي  الويسةةةةةةةةةةةةوال لكسص  التصدرل سةةةةةةةةةةةة  ابامتن الس ةةةةةةةةةةةة مدل  بس ةةةةةةةةةةةة ي  الزراا لل لقال  التال  اللأسمنالق ةةةةةةةةةةةةعمو ل عسياح الس ق ر

ال افيا /     
ا يا  15اللأسمنالق ةةةةةةةةعم فسةةةةةةةةسون افميتيمر الزراأر  ت ةةةةةةةةتم مع يل  ايترل ال   خمال ،ال ال   ا سةةةةةةةةع صا ا ٪و من هصدرل سةةةةةةةة  ابامتن ملب  

لملأدلال الق ةةةةةةةةةعم لخسةةةةةةةةةسون الس ق ر    ةةةةةةةةة   الوقابس لل ان لضةةةةةةةةةا   بعيرال هصدرل سةةةةةةةةة  ابامتن لتا ملب        يا ملأال   لموايم    ص ةةةةةةةةةاب  السوالل 
ت ،ال الس قي  السو وض من الويسةةةةةةوال /يال  القوايمو لالسو وض من هصدرل سةةةةةة  ابامتن    اك     خمال الس ق ر

الق ةةةةةةعم لخسةةةةةةسون الس ةةةةةةوس  ال  
ال السياح الس ا   اتقاا مياح مرمصسص  ،ال ص اب  مثالص  ملالىم  للاسق دار  .السر ري  لذلت، ي م م  ي   مر    
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