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In the current work, modified 45S5 glasses containing different amounts of copper oxide        
(1, 3, and 5 weight ratios) were prepared using melting procedure and characterized for their 
physical properties after sintering at various temperatures. Characterization of the copper doped 
glasses was performed using various analytical techniques, including X-ray diffractometry, 
differential thermal analysis, and scanning electron microscopy. To this purpose, a systematic 
study was conducted on densification-crystallization of the copper doped glasses and 
optimizing sintering temperature. Differential thermal analysis revealed weak exothermic peaks 
located above 800 °C, corresponding to the crystallization temperature (Tc) of the studied 
glasses. This analysis suggests that copper oxide has a limited effect on the thermal properties 
of the modified 45S5 glasses. Densification behavior of glass specimens was studied at 
temperatures ranging from 600 to 850 °C. The optimal densification temperature was found to 
be 650 °C, respectively. The results indicated that the presence of copper ions in the structure 
of studied glasses results in the formation of porous structures after sintering. It seems that 
copper ions generate oxygen gas during sintering and promote the formation of a cellular foam 
structures. 
© 2023 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

Biomaterials have played a crucial role in the field of medicine for 
decades. These materials are designed to interact with biological 
systems for therapeutic or diagnostic purposes [1]. Among various 
types of biomaterials, ceramics have shown significant potential due to 
their biocompatibility, bioactivity, and mechanical properties [2]. 
Ceramics are inorganic materials composed of metal or non-metal 
atoms bonded together through ionic or covalent interactions [3]. In the 
biomedical field, implants, coatings, and drug delivery systems 
extensively utilize these materials because of their impressive 
mechanical and chemical stability. Additionally, ceramics possess the 
ability to promote tissue regeneration and healing [4]. One of the 
subject’s undergone extensive research  for  biomedical  applications  is 

 
bioactive glass. The silicate-based bioactive glass was first introduced 
in the 1960s by Hench and colleagues, who discovered a particular 
glass composition (known as 45S5) with bone-bonding ability [5]. 
The composition of 45S5 glass consists of 24.5 Na2O, 24.5 CaO, 45 
SiO2, and 6 P2O5 (in weight percent) [6]. The bioactivity of this glass is 
attributed to the ability of hydroxyapatite formation on the glass 
surface when it comes in contact with biological fluids, facilitating 
bond formation between the glass and the surrounding tissues [7]. 
Nevertheless, to enhance the performance of 45S5 glass in the form of 
scaffolds, additional adjustments are required to customize its 
properties for particular biomedical applications. In this regard, 
controlled densification of 45S5 glass powder during sintering can 
create intricate structures for diverse applications in tissue engineering, 
bone regeneration, and other biomedical applications [7]. 
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Despite of numerous advantages, bioactive glasses are still used 
restrictedly due to insufficient mechanical strength, fracture toughness, 
and resistance to chemical degradation [8]. To overcome these 
limitations, researchers have explored the addition of various metal 
oxides to the composition of bioactive glasses to improve targeted 
properties [9]. The incorporation of transition metal ions into the glass 
matrix is utilized to achieve such modifications, as these ions can 
influence the structural and compositional properties of the glass [10]. 
Copper is a transition metal gained considerable attention in biomedical 
applications due to its antibacterial properties and potential for 
accelerated tissue regeneration [11]. Copper oxide (CuO) has been 
added to the bioactive glasses to enhance antibacterial activity and 
accelerate hydroxyapatite formation on their surface [12]. Furthermore, 
CuO can promote the proliferation and differentiation of osteoblasts, 
which are responsible for bone formation [13, 14]. 
This study focuses on the preparation and characterization of modified 
45S5 glasses doped with copper ions (Cu+, Cu2+). The main goal of this 
study is to explore the influence of CuO on the structure and 
densification-crystallization behavior of 45S5 bioactive glasses. In this 
regard, the synthesis process, detailed characterization, and thermal 
property assessment of the modified bioactive glasses are reported. 

 Experimental procedures 2.

2.1. Material and methods 

Chemical composition of starting modified 45S5 glass included 
48SiO2, 20K2O, 18CaO, 5Na2O, 4P2O5, 3B2O3, and 2MgO (in weight 
percent). The copper element was introduced into this composition in 
amounts of 1, 3, and 5 weight ratios in the form of copper oxide (CuO). 
The glass batches were prepared from reagent-grade chemicals of silica 
(SiO2), phosphorus oxide (P2O5), calcium carbonate (CaCO3), sodium 
carbonate (Na2CO3), potassium carbonate (K2CO3), magnesium 
hydroxide (Mg(OH)2), and boric acid (H3BO3). All reagents used in the 
experiments were sourced from Merck, Germany. 
After thoroughly mixing, glass batches were melted in an electric 
furnace at 1350 °C for 2.5 h using fused silica crucibles. Subsequently, 
the molten glasses were rapidly cooled in a water bath to obtain frits. 
The as-received frits were dried and then ground using an electric agate 
mortar for 1 h to reach a glass particle size of less than 45 µm. To 
fabricate glass pellets, the glass powders (< 45 µm) were 
homogeneously mixed with 0.5 wt% PVA solution as the binder. These 
mixtures were then uniaxially pressed under a pressure of 60 MPa into 
discs with 12 mm in diameter and 3 mm in height. 
To evaluate the sinter-ability of the studied glasses, they were subjected 
to heat treatment at different temperatures using a heating rate of        
10 °C/min. They were soaked at the maximum temperature for 1 h and 
then were allowed to naturally cool down to room temperature. 

2.2. Characterization 

To ensure amorphous inherence of fabricated frits and identify 
crystalline phases formed during heat treatment, an X-ray 
diffractometer (XRD, Philips) equipped with a cobalt lamp                 
(kα = 1.78 Å) was employed. The glass powders were examined by a 
differential thermal analyzer (DTA, Polymer Laboratories) to 
determine both glass transition (Tg) and crystallization (Tc) 
temperatures. These characteristic temperatures play a crucial role in 
identifying the optimal temperature range of sintering. In this test, 

alumina powder served as the reference sample at a rate of 10 °C/min 
in the air atmosphere. 
After densification-crystallization heat treatment of glass compacts in 
the temperature range of 600–850 °C, sinter-ability parameters 
(including linear shrinkage, water absorption, and bulk density) were 
measured at each temperature, separately. 
Microstructural features of sintered specimens were observed by the 
field emission scanning electron microscope (FESEM, TESCAN-
MIRA3). Before this test, a thin layer of gold was sputtered on the 
surface of the samples. 

 Results and discussion 3.

Fig. 1 illustrates the X-ray diffraction analysis of the glass powders, 
revealing amorphous patterns without any discernible crystalline 
phases. The broad diffraction peaks observed in all samples correspond 
to the amorphous nature of the studied glasses. It seems that the 
incorporation of copper ions into the glass composition did not induce 
the formation of any crystalline phases within the glass matrix. This 
result is consistent with prior research on copper-doped bioactive 
glasses [15, 16].  
In Fig. 2, the DTA curves of the 45S5-Cu glasses in their as-fabricated 
state are presented. The corresponding values for the characteristic 
temperatures of glass transition (Tg) and crystallization peak 
temperature (Tc) can be found in Table 1. 
The characteristics of bioactive glasses, including parameters such as 
the glass transition temperature (Tg) and crystallization temperature 
(Tc), have a profound impact on their performance as biomaterials. The 
temperature marked as Tg represents the point at which the glass 
undergoes a transition from a rigid to a more pliable state, thereby 
influencing both the processability and mechanical properties of the 
material [17]. On the other hand, Tc corresponds to the crystallization 
peak temperature, which affects the stability and bioactivity of the glass 
[18]. 
The DTA curves of the copper-doped glasses exhibit a subtle peak in 
the temperature range of 530–580 °C, which corresponds to the glass 
transition temperature (Tg) of the glasses. Notably, the Tg values         
of the copper-doped glasses closely resemble those of the undoped 
45S5 glass, as shown in prior research [19]. 
In the case of the 45S5-5Cu variant, there is a reduction in Tg and 
compared to the base sample. However, for glasses with lower copper 
concentrations, the DTA results show no significant alterations 
concerning this temperature. The DTA results suggest that CuO 
dopants have a limited impact on the thermal properties of the 45S5 
bioactive glass but may have influenced the nucleation and growth of 
crystals during the heat treatment [20]. 
As depicted in Fig. 2, by the addition of copper to the base glass, the 
glass transition temperature initially increases and then decreases, 
indicating a dependence of copper's role in the glass structure on its 
content. Continuous decrease of Tg values of copper-doped glasses 
means that their viscosity declines with the increase of copper content 
in the glass composition. It is worth mentioning that the Tg of a glass 
material affects its structure, solubility, and degradation behavior. A 
lower Tg value is associated with a more open structure, higher 
solubility, and potentially faster degradation, while a higher Tg value 
corresponds to a more closed structure, lower solubility, and slower 
degradation in bioactivity assessments. Copper ions can serve as 
network modifiers in glasses, leading to alterations in the glass 
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structure and shifts in Tg [21]. Generally, the addition of copper tends 
to lower the Tg of the glass [22, 23].  
The DTA analysis also reveals that further incorporation of copper into 
the glass composition decreases the crystallization peak temperature. 
This decrease can be attributed to the disruption of the glass lattice in 
the presence of copper ions and lower glass viscosity. As shown in  

Fig. 3, wollastonite (CaSiO3), pseudo-wollastonite (Ca3Si3O9), and 
sodium calcium silicate (Na2CaSi2O6) start to crystallize after 30 min 
heat treatment at the crystallization peak temperatures of copper doped 
glasses.  
The sintering behavior of copper-containing samples was assessed 
using three  parameters  including  water  absorption,  linear  shrinkage, 

Fig. 2. DTA analysis of modified 45S5 glasses. 

Fig. 1. X-ray diffractometry patterns of initial glass powders. 
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Table 1. Characteristic features of the examined glasses observed via 
DTA. 

Glass Tg (°C) Tc (°C) 

Modified 45S5 560 - 

Modified 45S5-1Cu 575 950 

Modified 45S5-3Cu 560 935 

Modified 45S5-5Cu 530 855 

 
 
and bulk density, at their respective heat treatment temperatures. Fig. 4 
presents the variations of water absorption observed in the heat-treated 
glass samples. 
As observed, the water absorption of the sintered copper-containing 
samples is nearly zero at temperatures exceeding 650 °C, indicating the 
vitrified surface of the specimens at various temperatures. The sample 
heat-treated at 600 °C exhibited significant water absorption, 
suggesting incomplete sintering.  
Fig. 5 illustrates the dimensional changes and the appearance of 
copper-containing samples after sintering at different temperatures. 
Obviously, an increase in the sintering temperature initially resulted in 
the expansion of all samples up to 790 °C, followed by a decrease at 
850 °C.  
The increase in expansion observed in all samples may be attributed to 
the gas release resulting from oxidation and reduction reactions, along 
with a decrease in the surface tension of the glass. Notably, two 
samples exhibited shrinkage and decreased dimensions at 850 °C, 
which can be attributed to the gas removal from the sintered specimens. 
This phenomenon was particularly pronounced in the samples 1Cu and 
5Cu. Visual examination of the samples sintered at temperatures 
ranging from 600 to 850 °C (see Fig. 5b) revealed that the dimensional 

change process commenced at 700 °C, while samples sintered at lower 
temperatures maintained their overall shape.  
To assess the influence of copper on the expansion rate of the samples 
at different temperatures, the dimensional changes of the samples 
against the copper percentage have been plotted, shown in Fig. 6. 
As depicted in Fig. 6, increasing the copper content at lower 
temperatures had no significant effect on the expansion rate of 
the samples. However, as the temperature was elevated to 790 
and 850 °C, the copper content started to have a noticeable 
impact. At higher temperatures, an increase in the copper 
content enhanced the expansion rate, likely due to the increased 
oxidation and reduction of copper ions occurring at these 
elevated temperatures. Actually, the primary reason for the 
expansion of the samples is the alteration of oxidation and 
reduction states and changes in copper states in varying 
capacities.  
The self-foaming effect observed during heat treatment and 
sintering of copper-doped bioactive glasses can be attributed to 
the reduction of Cu²⁺ ions to Cu⁺ ions. This process results in 
the production of oxygen gas (O₂) and the formation of a porous 
structure [24]. The Cu²⁺ ions serve as oxidizing agents and, 
when exposed to high temperatures, undergo a reduction 
reaction, accepting electrons and transforming into Cu⁺ ions. 
These generated Cu⁺ ions subsequently react with the 
surrounding silica network, leading to the breakdown of the 
glass network and the generation of oxygen gas.  
It should be noted that by further increasing of sintering temperature, 
gas molecules can escape from over-sintered specimens owing to their 
porous structure. Consequently, the dimensions of the samples decrease 
at temperatures above the optimized sintering temperature. The 
released gas forms a cellular foam structure within the glass, which is 
stabilized by the remaining Cu⁺ ions within the glass [24, 25]. 

Fig. 3. X-ray diffractometry patterns of copper doped glasses heat treated at crystallization peak temperature. 
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Fig. 7 shows microstructural images of the 5Cu sample heat-treated at 
different temperatures. Based on the findings depicted in Fig. 7, higher 
temperatures resulted in larger pore sizes in this specimen. Conversely, 
there was a tendency for the pore structure to contract. This refers to 
the increased pressure of oxygen gas trapped in the glass structure of 
high copper-containing specimens.  
Fig. 8 indicates scanning electron microscope images of copper-
containing samples sintered at 760 °C. As observed, with an increase in 
the copper percentage, the pore size increased from about 330 µm in 
the 1Cu sample to nearly 440 µm in the 5Cu sample. 
The increase in pore size at elevated temperatures can be attributed to 

the increased release of gases resulting from the oxidation and 
reduction of copper ions at higher temperatures. This factor can lead to 
the formation of larger pores.  
It should be noticed that the mechanism responsible for the self-
foaming effect induced by copper ions in bioactive glass has remained 
incompletely understood. Nevertheless, several researchers have 
suggested that the incorporation of copper ions into the bioactive glass 
composition may facilitate the generation of copper oxide 
nanoparticles. These nanoparticles, in turn, can serve as nucleation sites 
during the heat treatment and sintering processes, thereby promoting 
the formation of gas bubbles. The generation of oxygen from the 

a) 
b) 

Fig. 5. Dimensional changes of copper-containing samples after sintering at different temperatures, a) variations of linear shrinkage and b) visual 
appearance. 

Fig. 4. Water absorption variations of examined glasses during heat treatment. 
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copper oxide nanoparticles may additionally contribute to the creation 
of gas bubbles, further fostering the development of a cellular foam 
structure within the bioactive glass. Furthermore, the presence of 
copper ions can enhance the redox reactions occurring during the heat 
treatment and sintering processes, potentially augmenting the self-
foaming effect [26–28].  

Fig. 9 presents variations in the bulk density of copper-
containing specimens at various sintering temperatures. As seen 
in this figure, there is an initial increase in bulk density with 
rising temperature, up to 650 °C, followed by a decrease at 
higher temperatures. This behavior closely resembles that of the 
original glass. Upon closer examination, it becomes evident that 

Fig. 6. The effect of copper content on dimensional changes of each specimen sintered at different temperatures. 

Fig. 7. Scanning electron microscope images of 5Cu specimen heat treated at a) 600, b) 650, c) 700, d) 760, e) 790, and f) 850 °C. 
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the 1Cu specimen closely matches the density of the original 
sample. However, with an increase in copper content, the bulk 
density gradually diminishes. Notably, among samples sintered 
at different temperatures, those sintered at 650 °C exhibited 
higher densities.  
As the sintering temperature increases, the bulk density of the sintered 
samples experiences a reduction. This decrease in bulk density is 
attributed to the formation of gas bubbles at higher temperatures during 
the sintering process, leading to the development of highly porous 
structures.  

 Conclusions  4.

Modified 45S5 glasses containing different amounts of copper 
oxide were obtained using a conventional melt-quenching 
technique. The changes in thermal behavior induced by the 

addition of copper oxide to the glass composition strongly 
depend on the copper ion content. DTA data indicate that the 
incorporation of copper from 1 to 5% weight ratios decreases 
the crystallization temperatures of corresponding glasses. This 
reduction can be attributed to the disruption of the glass lattice 
due to the presence of copper ions which increases lattice 
mobility and, consequently, the crystallization rate at lower 
temperatures. 
The addition of copper oxide to the glass composition influenced 
sintering behavior, resulting in the generation of oxygen gas and the 
formation of a cellular foam structure within the glass. 
The exploration of sintering and crystallization behavior provided 
valuable insights into both the processing parameters and material 
properties of copper-doped glasses. Optimal isothermal sintering 
conditions were identified at 650 °C for 60 min, resulting in the lowest 
porosity and the highest bulk density.  

Fig. 8. SEM images of copper-containing samples sintered at 760 °C, a) 1Cu, b) 3Cu, and c) 5Cu. 

Fig. 9. Bulk density variations of copper-containing specimens sintered at various temperatures. 
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