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The main objective of the present study is to evaluate the mechanical properties, biocompatibility, and 
bioactivity behavior of scaffolds made of hydroxyapatite (HA)-modified by MnO2 and Palladium (Pd) for 

biomedical applications. Throughout the research, HA, MnO2, and Pd were developed using sol-gel and 

precipitation methods, respectively. The properties of the scaffolds were determined using Scanning 
Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDX), atomic absorption, and 

Brunauer−EmmeS−Teller (BET) method. To investigate the in vitro cell proliferation and alkaline 

phosphatase (ALP) assays, cell culture was done. Furthermore, the mechanical properties of the scaffolds 
were investigated before and after immersion in Simulated Body Fluid (SBF), and the interaction of Dental 

Pulp Stem Cells (DPSCs) with the nanocomposite scaffolds was assessed. The obtained results showed 

that the HA/MnO2/Pd scaffolds were characterized by higher compressive strength (35.72%), toughness 
(35.68%), microhardness (80%), and density (0.44%) than HA/MnO2/Pd filled by chitosan (CS) binder 

scaffolds. The biocompatibility properties indicated higher cell proliferation and ALP assay on the 
HA/MnO2/Pd filled by CS scaffolds than those of HA/MnO2/Pd scaffolds.  
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1. INTRODUCTION 
 

Bone tissue engineering uses both body's natural 

biological responses to tissue damage and engineering 

principles as a secondary regeneration strategy for 

repairing serious bone damages caused by different 

factors [1,2]. Among the mineral tissues that are 

extremely efficient in the field of biomedicine are 

enamel, dentin, and bone [3]. Bone has a high density 

with a variety of biological, mechanical, and chemical 

functions [4-6]. Natural bone is a composite of mineral 

hydroxyapatite (HA) particles reinforced by organic 

collagen fibers. In addition, HA is the most common 

bioactive synthetic calcium phosphate ceramic used for 

bone replacement mainly due to the chemical similarity 

of its crystal structure with the mineral components of 

bones and teeth [7,8]. 

However, due to low fracture toughness and 

inflexibility, application of HA is mechanically difficult. 

The inherent fragility of bioceramics overtime limits 

their clinical applications in biomedicine because their 

performance is relatively strong when exposed to high 
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pressure, yet quite weak under tensile and shear forces. 

High compressive strength of ceramics can improve the 

mechanical properties of the obtained ceramic 

composites under pressure [9]. Consequently, the 

reinforced phase in small amounts is a good strategy for 

enhancing the mechanical and biological properties of 

HA. So far, HA-based composites have been fabricated 

by materials such as aluminum oxide, titanium dioxide, 

carbon, graphene nanotubes, metal fibers, zirconia, and 

silicon nitride [7]. 

The molar ratio of Ca/P of apatite is less or more than 

1.67 (stoichiometric value for pure HA) depending on the 

age and type of bone in natural apatite as well as the 

synthesis method and sintering temperature in artificial 

apatite. In case the Ca/P ratio is less than 1.67, beta-

tricalcium phosphate (β-TCP) and other phases such as 

tetra-tricalcium phosphate (TTCP) are present in the HA 

phase. Abnormal phases may adversely affect the 

biological responses of implants. Moreover, TCP is a 

biodegradable bioceramic with the chemical formula of 

Ca3(PO4)2. Dissolved in a humid environment, this phase 

can be replaced by bone during implantation. TCP has 

four polymorphs, the most common of which are alpha 

and beta forms [8,10]. 

Biphasic Calcium Phosphate (BCP) ceramics are a 

mixture of two phases of HA and β-TCP commonly used 

in bone repair. It enjoys an advantage, i.e., its chemical 

properties will alter by changing the HA-to-β-TCP ratio. 

Higher levels of TCP in BCP cause a higher dissolution 

rate [11]. 

Although synthetic HA binds well to the osteoblast 

cells in body, the rate of differentiation of bone cells is 

low. HA is excellently bound to the living bone that can 

stimulate the differentiation of bone cells, and it must be 

produced with a structure close to that of the mineral 

phase of a living bone. The mineral phase of a living bone 

tissue is composed of many ions including fluorine, 

carbonate, magnesium, manganese, sodium, etc. [12]. 

The mineral part of the bone with the stoichiometric 

formula of Y2(XO4)6Me10 is known as HA. Bivalent 

metal cations (Me), anionic trivalent groups (XOn), and 

monovalent anion (Y) can easily replace the 

stoichiometric crystal structure of apatite. Bivalent 

cations such as Mn+2 play an important role in bone 

metabolism by proliferating osteoblasts and osteoclasts 

during tissue regeneration. Therefore, as the beneficial 

effects of Mn+2 on HA devices resulting from the applied 

constraints, the instability of the doped HA structure at 

high temperatures should be significantly reduced 

[13,14].  

According to the biological studies, manganese is 

essential for normal bone formation, enzyme function, 

and amino acid metabolism [15]. Any body without 

manganese will suffer from several problems such as 

joint wear, osteoporosis, skeletal deformity, weakness of 

tendons, and so on. In laboratory animals, the 

consequences of manganese deficiency are bone 

deformity, poor growth, impaired reproduction, and 

blood clotting. Exposure to manganese has been reported 

to have adverse effects on Central Nervous System 

(CNS) function and mood. Manganese absorption is 

inhibited in the presence of excessive amounts of calcium 

and phosphorus in the diet [16]. 

Manganese is not found in pure form in nature, and it is 

mostly present in the form of oxides, carbonates, and 

silicates. Manganese dioxide (MnO2), an important 

adsorbent with a relatively high level, is a microporous 

structure [17]. 

In this study, oxidized manganese (MnO2) was utilized 

to make a composite and achieve a structure similar to 

that of the bone mineral phase. One of the reasons for 

choosing MnO2 is its effect on fastening the bone growth 

as well as its biocompatibility and bioactivity [18]. 

Metal nanoparticles in ceramic scaffolds have several 

intrinsic properties including antimicrobial activity, 

mechanical strength, and ability to stimulate osteogenic 

activity, and angiogenesis in some cases. In addition, 

metal nanoparticles enjoy the advantage of being safer, 

more stable, and more likely to stimulate a strong 

immune response than other materials. Among metal 

nanoparticles, palladium nanoparticles have recently 

received considerable attention owing to their prominent 

catalytic, electronic, magnetic, and optical properties and 

their particle size and shape [18,19]. 

Palladium (Pd) has good biocompatibility, which is 

considered a reasonable choice to maintain the non-toxic 

properties of nanomaterial; it also has a great potential in 

biomedicine. For instance, is it commonly used in dental 

materials and surgical instruments [20,21]. 

Noble Pd nanoparticles with excellent 

physicochemical properties such as high thermal stability 

and good chemical stability can be synthesized in a wide 

range of sizes and shapes. The overlap of palladium 

nanoparticles with other biopolymers or molecules 

results in biocompatible nanoparticles with desirable 

properties. However, very few studies have employed the 

unique properties of palladium nanoparticles for textile 

engineering applications compared to other metals such 

as gold, silver, or iron. In this regard, this study aims to 

highlight the potential applications of palladium-based 

scaffolds in the field of biomedicine [22]. 

Using reinforced phases such as metal, ceramic, and 

polymer particles is one of the studied strategies for 

improving the mechanical properties of apatite implants. 

Among them, manganese dioxide can improve the 

mechanical properties of hydroxyapatite due to its 

desirable properties such as the ability to grow bone, 

reduce the sintering temperature, and increase the density 

of HA [23,24]. 

In our previous research, only the effect of MnO2 on 

HA [18] was investigated. The effect of Pd and ZnO on 

HA [25] was also investigated. In the present study, the 

simultaneous effect of two MnO2 and Pd modifiers on 

HA and the effect of porosity on biocompatibility 
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behavior and mechanical properties were evaluated. The 

novelty of this study lies in the fact that the subjects under 

study have not been published in any other paper.  

To be specific, the characterization, microstructure, 

mechanical and porosity properties, and bioactivity of 

scaffolds were then investigated. There were two types 

of scaffolds: HA/MnO2/Pd and HA/MnO2/Pd filled by 

natural chitosan (CS) binder scaffolds (porpos scaffolds) 

which were compared to each other. To evaluate the 

biocompatibility scaffold, cell culture was performed 

with Dental Pulp Stem Cells (DPSCs). 

 

 

2. MATERIALS AND METHODS 
 
2.1. Praparation of Nano Hydroxyapatite (HA)  

Nano-HA was synthesized by the sol-gel method, as 

previously described [26]. In this way, Ca(NO3)2.4H2O 

(0.1 M, Sigma-Aldrich, UK), and (NH 4)2HPO4 (0.06 M, 

Sigma-Aldrich, UK) were dissolved in deionized water 

separately, and the pH of both solutions increased up to 

11.0 upon the addition of ammonia solution. The solution 

of Ca(NO3)2.4H2O was added dropwise into the 

(NH4)2HPO4 solution for one h, and the white suspension 

and gelatinous precipitate were produced. After aging for 

24 h at room temperature, the sediments were filtered, 

washed several times by distilled water, dried at 80 °C, 

and calcined at 800 °C for one h. 

 

2.2. Preparation of HA/MnO2/Pd and 
HA/MnO2/Pd Filled by Chitosan (CS) Scaffolds  

Palladium nitrate (Sigma-Aldrich, UK) and KMnO4 

(Sigma-Aldrich, UK) solutions were mixed at room 

temperature. Nano-HA was then added to this solution. 

The mixture was stirred for three hours at 70 °C. The 

precipitate was then centrifuged, filtered, and washed 

with water several times; then, it was dried at 80 °C. The 

precipitates were calcined at 450 °C for two hours. The 

prepared powder was added to the 2% (v/v) acetic acid 

solution. The suspension was stirred for one h at 50 °C. 

Then, 0.15 g chitosan (CS) (Sigma-Aldrich, UK) was 

added into the solution and stirred for 1 h to prepare a 

gelous suspension. This gel was dried at 60 °C for 24 h 

and then, it was milled. 

The prepared powders, coated by CS and non-coated 

by CS, were pressed using the Cold Isostatic Pressing 

(CIP) technique at 250 MPa to prepare circular discs. 

Samples of 10 mm in diameter and 4mm in height were 

prepared for microhardness test, density measurement, 

and cell culture, respectively. To perform the 

compression test, the samples were made in the shape of 

a cylinder with the diameter and height of 10 mm. The 

sintering temperature was at 1450 °C for two hours with 

the heating rate of 5 °C/min. In this study, HA/MnO2/Pd 

and HA/MnO2/Pd filled by CS (0.15 g) were prepared, 

respectively [25].  

 

2.3. Material Characterization 
To determine HA, MnO2, and Pd contents within the 

HA/MnO2/Pd and HA/MnO2/Pd filled by CS scaffolds, 

an AA680 atomic absorption/flame mission 

spectrophotometer (Shimadzu, Japan) was utilized. A 

SEM equipped with Energy Dispersive Spectroscopy 

(EDS) was employed to examine the morphology of 

scaffolds. The porosity of scaffolds was also investigated 

using SEM. A transmission electron microscope (TEM; 

JEOL JEM-2100, Japan) was employed to investigate the 

morphology and determine the size of the nanoparticles 

in the composites powder. 

The porosity properties of samples were estimated by 

Brunauer−EmmeS−Teller (BET) method to determine 

the specific surface area. 

 

2.4. Evaluation of Mechanical Properties 
Compressive and hardness tests were carried out to 

evaluate the mechanical properties. The compressive 

strength test was performed using a universal testing 

machine (Zwick, Material Prufung, 1446e60) with a load 

cell of 10 kN. The crosshead speed of compressive 

mechine was 0.5 mm/min [27]. The toughness of the 

samples was calculated by surface area calculation of 

stress-strain curve. The microhardness (Hv) of the 

polished sintered disc shape samples was determined by 

the Vickers indentation (MHV1000Z) and an applied 

load of 200 g with a dwell time of 10 s. The density was 

measured by the Archimedes method. 

 

2.5. Bioactivity, Cell Culture, and ALP Assay 
The sintered HA samples were immersed in 20 mL of 

Simulated Body Fluid (SBF) [28]. The samples were kept 

in Ben Marie bath at 37 °C for 28 days and were dried at 

room temperature. Changes in the surface morphologies 

of samples before and after soaking in the SBF were 

investigated using SEM and EDX. 

To sterilize the samples for cell culture, they were 

washed in 70% ethanol three times and then, they washed 

with Phosphate Buffer Saline (PBS) for 15 min/cycle. 

Culture medium was prepared from Dulbecco&#39;s 

Modified Eagle Medium (DMEM, Sigma, USA) 

supplemented with 10% fetal bovine serum (FBS, Sigma, 

USA) and 1% Penicillin-Streptomycin (Invitrogen, 

USA). Human osteoblast cells (HOB, Cell Applications, 

USA) with the dimentions of 5×105 were cultured on the 

samples immersed in a culture medium. The medium was 

refreshed every two days. 

Dental pulp stem cells were also used for cell culture. 

After defrosting the cells, they were transformed to a 

flask containing RPMI culture medium containing 10% 

FBS and then, the flask was placed in an incubator at 

37 °C. The cells were then cultured in a culture medium 

containing scaffolds for seven days and finally, the 

microstructure of the cells was examined using the 

fluorescence microscope. 
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In order to measure the activity of alkaline phosphate, 

first, 10 thousand HOB cells were poured on each of the 

scaffolds and 100 μl of culture medium was added to 

each scaddold; after three hours, one ml of culture 

medium was added to facilitate the addition of the cells 

to the scaffold. After 24 hours, one ml of culture medium 

was added to the samples and after 14 days, the culture 

medium was collected on the samples and cell lysates 

were recognized for protein content using a micro-BCA 

assay kit (Pierce) and ALP was normalized to the total 

protein content, measured using Pierce BCA protein 

assay kit. Triplicate samples were used for this ALP 

experiment. All data were shown as the mean ± standard 

deviation (Mean ± SD). The significant difference was 

analyzed by ANOVA complemented by Tukey's multiple 

comparisons test. P-values < 0.05 were considered as 

statistically significant. 

 

 

3. RESULTS AND DISCUSSION 
 
3.1. Atomic Absorption Analysis and 
Microstructure of HA/MnO2/Pd Powder 

Atomic absorption analysis was conducted on 

HA/MnO2/Pd composite powder. Here, 0.02 g of this 

composite powder was used and dissolved in 28 cc 

solvent (chloridric acid) and the concentrations of Mn2+, 

Ca2+, and Pd2+ ions were to be 0.46, 211, and 0.67 mg/l, 

respectively. 

The ion contents in nanocomposite include 5.86, 0.015, 

and 0.021 mg of calcium, manganese, and palladium 

ions, respectlively, in a liter of solvent. Given that the 

selection of 0.02 g of powder for atomic absorption was 

used, the total amount of Mn2+, Ca2+, and Pd2+ ions in the 

total powder was 0.07, 29.17, and 0.098%, respectively. 

The molecular weights of Mn, Ca, and Pd were 54.94, 40, 

and 106.42 g/mol, resepctively, and the molecular weight 

of oxygen was 16 g/mol. Therefore, MnO2 deposited on 

HA is equal to 70.94 ×0.07%, which is approximately 

0.05%; however, Pd deposited on HA/MnO2 is equal to 

106.42×0.098%, which is approximately 0.104%. Due to 

the molecular weight of KMnO4 solution and Pd(NO3)2, 

2H2O and an initial amount of palladium salt, potassium 

permanganate salt, and HA were utilized in this study. 

Mn2+ and Pd2+ contributions are 11.8% and 2.13%, 

which, in proportion to the initial HA weight used (2 g), 

should be in the composite 4.6% and 0.82%. This is the 

reason why X-ray diffraction could not show MnO2 and 

Pd peaks; therefore, these two phases were characterized 

by atomic absorption and EDS. 

Figure 1 indicates TEM image of HA/MnO2/Pd 

powder. All of the particles shown in this figure are less 

than 100 nm. Therefore, HA, MnO2 and Pd are measured 

on a nano-scale scale. 

 
 
Figure 1. TEM image of HA/MnO2/Pd powders 

 

 

 

3.2. Scanning Electron Microscope Images Before 
and After Immersion in SBF and Porosity 
Properties 

Figures. 2(a) and (b) illustrate the cross-section of 

HA/MnO2/Pd scaffolds before immersion in SBF. Figure 

2a shows the cross-sectional area of HA/MnO2/Pd 

sintered scaffold at 1400 °C and the effect of Pd on the 

HA/MnO2 composite. As shown in Figure. 2(a), addition 

of Pd leads to a dense structure, and the porosity in these 

scaffolds is lower than that in Figure 2(c) which shows 

HA/MnO2/Pd filled by CS scaffold. Figure 2(c) shows 

the spherical porosity in the scaffold matrix after coating 

HA/MnO2 with CS. Increasing porosity can affect the 

mechanical properties and biocompatiblities of the 

scaffolds. In this respect, these properties are fully 

discussed in the following sections. Figure 2(d) shows 

the EDX analysis of the HA/MnO2/Pd filled by CS 

scaffold which confirms the presence of Mn and Pd in the 

composite. 

SEM images (Figure 3a and b) show the sediments on 

the surface of the HA/MnO2/Pd and HA/MnO2/Pd filled 

by CS. Both of sedimentations are perfectly uniform. The 

EDS pattern of the apatite formed on the surface of the 

HA/MnO2/Pd sample after immersion in the SBF is 

illustrated in Figure 3c. In this pattern (Figure 3c), the 

characteristic peak of the apatite containing Ca, P, and O 

has high intensity. In fact, upon immersing in the SBF, 

the ions in the SBF solution were sedimented on the 

scaffold surface. Table 1 presents the quantitative results 

of EDX analysis from apatite precipitation on samples 

after 28 days of immersion in SBF. The ratio of Ca/P is 

1.66, confirming the formation of apatite on the surface. 
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Figure 2. SEM images of (a,b) the cross-sectional area at the fracture of the HA/MnO2/Pd at two magnifications before immersion in 

SBF, (c) the cross-sectional area at the fracture of the HA/MnO2/Pd filled by CS before immersion in SBF, and (d) EDX analysis from 

HA/MnO2/Pd filled by CS 

 

 
 

Figure 3. The morphology of apatite crystals formed on the surface of samples after 28 days of immersion in SBF: (a) HA/MnO2/Pd, 

(b) HA/MnO2/Pd filled by CS, and (c) EDX analysis of the apatite formed on the surface of the HA/MnO2/Pd sample after immersion 

in the SBF
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TABLE 1. Quantitative results of EDX analysis from apatite 

precipitation on samples after 28 days of immersion in SBF 
 

Elem. Line Int. Err. K Kr wt% at.% ZAF 

O Ka 269.9 238.1921 0.366 0.159 61.44 77.47 0.2537 

Na Ka 84.4 27.0804 0.037 0.016 5.36 4.61 0.3056 

P Ka 278.4 100.0868 0.119 0.052 6.33 4.32 0.7675 

Cl Ka 601.7 4.2802 0.305 0.133 16.34 9.12 0.8134 

Ca Ka 268.2 2.2779 0.169 0.073 10.53 4.48 0.8516 

    1.000 0.434 100.0 100.0  

 

The reasons behind the formation of porosities in 

scaffolds were the incorporation of the CS binder and its 

removal. Table 2 shows the the porosity in these 

scaffolds, the porosity parameters of HA/MnO2/Pd, and 

HA/MnO2/Pd filled by CS scaffolds. The HA/MnO2/Pd 

filled by the CS sample has a higher specific surface area 

than the HA/MnO2/Pd samples. The specific surface area 

of the HA/MnO2/Pd filled by CS sample is 2.5 units 

higher than that of HA/MnO2/Pd samples, respectively. 

Further, the total pore volume and mean pore diameter 

parameters of the HA/MnO2/Pd filled by CS sample are 

more than those of the HA/MnO2/Pd samples. 

 
TABLE 2. Porosity parameters of HA/MnO2/Pd and 

HA/MnO2/Pd filled by CS samples 
 

Parameter HA/MnO2/Pd 
HA/MnO2/Pd 

filled by CS 

BET specific surface area 

(m2 g-1) 
3.3963 8.6547 

Total pore volume 

(cm3 g-1) 
0.0101 0.01912 

Mean pore diameter 

(nm) 
1.0102 12.654 

 

 

3.3. Density and Mechanical Testing 
According to Table 3, the bulk density of the 

HA/MnO2/Pd is more than HA/MnO2/Pd filled by CS 

scaffolds. This difference depends on the number of 

porosities in the scaffolds. The amount of porosities also 

depends on the amount of CS filled on the surface of the 

HA/MnO2/Pd powder.  

The hardness of the samples is given in Table 2. The 

results revealed that the hardness of the HA/MnO2/Pd 

sample was more than that of HA/MnO2/Pd filled by CS 

scaffolds. Given that the density of this sample is lower, 

it has more porosity and, hence, less hardness. 

 
TABLE 3. Bulk density and hardness of HA/MnO2/Pd and 

HA/MnO2/Pd filled by CS 
 

Composition 
Density 

(g/cm3) 

Hardness 

(GPa) 

HA-MnO2-Pd 2/4119 1.05 

HA-MnO2-Pd-filled by Cs 2/4012 0.21 

Figure 4 and Table 4 indicate the compressive strength 

of the samples. Sample HA/MnO2/Pd has higher 

compressive strength than that of sample HA/MnO2/Pd 

filled by CS. This increase in the compressive strength 

can be attributed to the higher density of this sample 

(Table 3). There is also this process after immersion. 

However, the difference in the compressive strength 

before and after immersion in HA/MnO2/Pd sample is 

greater than that in HA/MnO2/Pd filled by CS, indicating 

that the compressive strength would decreased 

significantly due to the presence of porosities in the 

sample and absorption of solution into the open 

porositeis. Moreover, a comparison of this study with that 

conducted by Azizi et al. revealed that after immersion in 

SBF solution, the mechanical properties of both of 

HA/MnO2/Pd and HA/MnO2/Pd filled by CS scaffolds 

were higher than those of pure HA before immersion, 

mainly due to the cohesiveness of the ceramic matrix 

(HA/MnO2) in the presence of Pd metal nanoparticles. 

Thereofore, it can be concluded that incorporation of 

palladium to HA and HA/MnO2 would increase the 

hardness, toughness, and compressive strength [18]. 

 

 
TABLE 4. Compressive strength and toughness of 

HA/MnO2/Pd and HA/MnO2/Pd filled by CS before and after 

immersion in SBF for 28 days 
 

 HA/MnO2/Pd 
HA/MnO2/Pd 

filled by CS 

Compressive 

Strength 

(MPa) 

Before 

immersion 
167.45 107.64 

After 
immersion 

76.38 54.52 

Toughness 

(MPa) 

Before 
immersion 

1.803 1.159 

After 

immersion 
0.823 0.587 

 

 

 
 

Figure 4. Compressive stress-strain curves of HA/MnO2/Pd 

and HA/MnO2/Pd filled by CS befpre and after immersion in 

SBF solution 
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Incorporation of metal nanoparticles improves the 

mechanical properties of ceramic composites. In general, 

porosity can reduce the mechanical properties of the 

HA/MnO2/Pd filled by CS scaffolds compared to the 

samples without porosity (HA/MnO2/Pd); however, 

compared to the study of Azizi et al., even after 28 days 

of immersion, the porous scaffolds (HA/MnO2/Pd filled 

by CS) outperformed the HA/MnO2 samples [18]. 

Chowhury indicated that the compressive strength, 

hardness, and Young’s modulus of ceramic composites 

decreased upin increasing the porosity [29]. 

 

3.4. In Vitro Evaluation 
Deposition of Pd and MnO2 on HA increased its 

biocompatibility. Azizi et al. previously cultured the 

same cell on HA produced by sol-gel method and 

HA/MnO2 nanocomposite, and they found that MnO2 

caused a slight decrease in the biocompatibility of HA 

[18]. According to the result of this study, Pd was added 

to HA/MnO2 nanocomposites, and the biocompatibility 

of HA/MnO2/Pd nanocomposite scaffolds was much 

higher than that of pure HA and HA/MnO2 scaffolds. 

Moreover, increasing the porosity of HA/MnO2/Pd by CS 

binder would increase the biocompatibility of this nano-

composite even more. Therefore, it can be concluded that 

Pd and porosity together are factors that can play a key in 

increasing cell proliferation.  

It is predicted that nano-scale ceramic scaffolds in this 

study, in addition to the desired mechanical properties, 

due to the high specific surface area of the particles, also 

have higher bioactivity than conventional composites 

based on hydroxyapatite and thus, they can be used as the 

tissue increases under load. The density, sinterability, and 

mechanical properties of ceramics made from nanoscale 

powders can be enhanced using hydroxyapatite 

nanocrystals, which are acknowledged to be better 

biocompatible with larger crystals [30]. 

Previous research has shown that scaffolds with high 

porosity could exhibit higher surface area, hence higher 

biodegradability [31]. At the surface roughness more 

than 50 nm, van der Waals forces are the main factor; 

however, at less distances between 10–20 nm, a 

combination of both van der Waals forces and 

electrostatic interactions affect the cell adhesion [32]. In 

medical implants made by metals, the desired surface 

roughness is usually less than 10 nm [33]. Rough surface 

promotes friction, thus decreaseing the mobility of the 

bacteria; this sessile environment improves the biofilm 

growth [34]. Hence, HA/MnO2/Pd filled by CS scaffolds 

have a significant surface roughness that can be a good 

place for cell proliferation. Figure 5(b) shows ALP assay 

of the HA/MnO2/Pd and HA/MnO2/Pd filled by CS 

scaffolds. The observed trend for the cell proliferation 

diagram (Figure 5(a)) was also observed in this diagram 

(Figure 5(b)). A comparison between this study and that 

of Heidari et al., who assessed the HA/ZnO/Pd 

nanocomposites, revealed that the sedimentation of Pd 

and ZnO on HA reduced its biocompatibility. According 

to the obtained results, it can be concluded that the 

decrease in the biocompatibility of HA/ZnO/Pd nano-

composite compared to pure HA resulted from Zn ions 

leakage, and Pd did not play any role in this reduction 

[25,35-36]. 

The small particle size of the nanocomposite facilitates 

its penetration into the bacterial cell membrane and 

destructs the cell cytoplasm and nucleic acids leading to 

cell death. The cellular response of toxicant is determined 

by viability assays. The toxic effect of nanocomposites 

on biological cells is known as cytotoxicity that depends 

on different characteristics. In order to prepare the non-

toxic composites, more emphsis should be put on the 

selection of metal to be incorporated. In this respect, 

optimum incorporation of Pd nano particles to the 

nanocomposite is essential for better cell viability. 

Lateral dimensions, amount of oxygen groups, large 

surface area, and selection of the material for 

incorporation provide better cell viability of Pd/ZnO that 

makes the nanocomposite a promising biocompatible and 

nontoxic nanomaterial used as an apoptosis agent for the 

appropriate drug delivery system in various biomedical 

applications [37]. 

 

 

 
 

Figure 5. Cell proliferation diagrams on (a) HA/MnO2/Pd and 

HA/MnO2/Pd filled by CS scaffolds, (b) ALP assessment on 

HA/MnO2/Pd and HA/MnO2/Pd filled by CS scaffold after 7 

days 
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4. CONCLUSION 
 

Two types of scaffolds containing HA, MnO2, and Pd 

were prepared and characterized in this study. 

HA/MnO2/Pd filled by CS had lower mechanical 

properties than those of HA/MnO2/Pd scaffolds before 

and after immersion in SBF solution. The results 

indicated that HA/MnO2/Pd nanocomposite scaffold was 

characterized by better cell viability and biocompatibility 

than those of HA/MnO2/Pd scaffolds. 
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This study investigates the antibacterial activity of TaN-Ag nanocomposite thin film as well as hydrophobic 

properties. TaN-Ag nanocomposite thin film was deposited on cleaned 316 stainless steel, which is 

suggested for surgical tools. The samples were synthesized using DC co-sputtering technique. After 

deposition, the heat treatment was done at 350 C at different times. The crystalline structure, topography, 

and morphology of the thin films were characterized by X-ray diffraction, atomic force microscopy, and 
scanning electron microscopy, respectively. Also, self-cleaning characteristics and hydrophilic properties 

were studied using contact angle tests. After four months, antibacterial test was performed using E.coli 

bacteria. The number of colonies was decreased up to 50%, after 6 hours without using UV irradiation 
during the incubating time. The results showed that the average size of nanoparticles was less than 50 nm 

and the self-cleaning properties of the TaN-Ag nanocomposite thin films were improved by surface 

roughness; so, the bacterial adhesion was reduced. 
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1. INTRODUCTION 
 

Surgical site infections associated with a surgical 

instrument remain a serious and common complication in 

surgeries. Therefore, today, the incidence of infections 

causes requires greater attention to the use of 

instrumental devices with antibacterial coating. Hence, 

using a suitable antibacterial coating on surgical 

instrument can solve the problem of infection, which 

accrues after operations [1-4]. Antibacterial coating 

should have some properties such as good mechanical 

properties (wear-resistance, oxidation-resistance), 

antiadhesion, self-cleaning, and biocompatibility. 

Current strategies to inhibit the adhesion of bacteria onto 

devices inside other properties mentioned above involve 

the use of proper coating; for example, TiN and ZrN 

coatings exhibit high antibacterial performance with 

respect to the oral micro flora and streptococcus [3]. In 

addition, Ta alloys are known for their excellent 

biocompatibility that makes an excellent protective 

coating in biomedical applications [3,5]. Researchers 

have reported that deposition of TaN thin film on Ti 

substrate is too hydrophobic [4]. The first step for 

infection is bacterial adhesion; a hydrophobic surface 

avoids bacterial adhesion and biofilm formation [1]. 

Therefore, using a coating with suitable hydrophobic 

property is useful. Moreover, J. H. Hsieh et al. [6] 

demonstrated that TaN thin films deposited using 
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DC co-sputtering technique had great mechanical 

properties including wear resistance, oxidation 

resistance, and high hot hardness. Surface modification 

of Ta with the coating or addition of antibacterial metals 

nanoparticles or nanoalloys to reduce the number of 

bacteria and adhesives is an efficient way to increase the 

benefit of clinical process. Ag and Cu are known as 

efficient antibacterial agents because of their specific 

antimicrobial and non-toxic activities [6]. It is noticeable 

that as a doping element, Ag can increase the 

antibacterial activities without light irradiation. [6]. M. 

Yoshinari et al. [7] reported that Ag nanoparticles 

avoided synthesis of bacterial DNA and had greater 

antibacterial activities against bacteria; therefore, Ag 

nanoparticles are good candidates. In addition, using high 

concentrations of Ag nanoparticle could be harmful 

because of its poisonous property [8]. To characterize the 

antibacterial layer, controlling the variation of some 

properties such as hydrophobic, roughness, and surface 

energy has received focus. According to reports, the 

roughness of TaN-Cu layer depends on the emergence of 

nanoparticles on the surface [9]. According to [2], surface 

energy reduction results in bacterial adhesion reduction. 

Another effective parameter in antibacterial activity of 

TaN-Ag layer is the average size of nanoparticles. 

Reduction in average size of nanoparticles can increase 

antibacterial effects of the TaN-Ag nanocomposite thin 

film [3]. In additional to the above, Riekkinen et al. [10] 

investigated the effect of TaNx on electrical and optical 

properties of annealed TaNx/Ag and TaNx films to find 

more complete information about the useful layers. In 

general, TaN-Ag thin film has enough useful properties 

to apply it to the antibacterial thin film. It is noticeable 

that the performance of systems such as antibacterial, 

photocatalyst or self-cleaning structures is related to 

synthesis method. Chemical methods like ultrasound 

irradiation can be one of the best methods for fabrication 

of new photocatalyst systems [11]. For example, Cu(I) is 

considered for photocatalyst nanocomposite [12] due to 

the collecting agent and efficient catalyst in organic 

photoreaction. Recent reports have shown that the 

mechanical properties of Ag-doped TaN films could be 

enhanced after thermal annealing. This is due to the 

formation of nano-sized Ag particles in the nitride matrix 

and their diffusion toward the surface by increasing the 

annealing temperature [3]. 

This study synthesizes and modifies TaN-Ag 

nanocomposite thin film. Therefore, useful properties of 

TaN-Ag coatings make it a good candidate as an 

antibacterial nanocomposite thin film for coating on 

surgical instrument. The aim of this study is the 

modification of anti-adhesion and self-cleaning 

properties by producing a TaN-Ag nanocomposite thin 

film with high hydrophobic property. In our study, we 

tried to save the hydrophobic property of a surface by 

modifying the surface parameters which is not interesting 

enough in other papers. 

2. MATERIALS AND METHODS 
 

TaN-Ag nanocomposite thin films were deposited on 

pre-cleaned 316 stainless steel substrates with 1×1 (cm)2 

using the reactive DC co-sputtering technique. The 

deposition chamber was evacuated to a base pressure of 

about 2.4 ×10-4 torr. A schematic and geometrical view 

of the sputtering system can be seen in Figure 1. To 

synthesize TaN-Ag nanocomposite thin film, Ag wire (12 

cm length and 1 mm diameter) was placed on cylindrical 

Ta target (20 cm length and 3.1 cm diameter). The Ta-Ag 

target was sputtered using 150 W power at a pressure of 

2.2 × 10-2 torr in mixed Ar-N2 (50%-50%) discharge gas 

to diffuse nanoparticles on the surface. The deposited 

samples were annealed at 350 C for 3, 5, and 7 minutes 

by electrical oven (A.R.K. Co) with a ramping rate of 
35 C/min. 

 

 
 

Figure 1. The schematic setup for deposition of TaN-Ag 

nanocomposite thin film 

 

 

Electron Dispersive X-ray (EDX), (VEGAΙΙ 

TESCAN) was used to measure the percentage of 

materials involved in as-deposited thin films. To 

determine the crystalline structure of TaN-Ag thin film, 

deposited samples were tested by X-Ray Diffraction 

(XRD), (CLRPD 3000, made in Italy) system before and 

after the annealing process. Topography and surface 

properties of the thin films were investigated by Atomic 

Force Microscopy (AFM). The AFM images of the 

samples were analyzed using image analyzer 2.1 (IP). To 

investigate the morphology of layers, Scanning Electron 

Microscopy (SEM) (VEGAΙΙ TESCAN) was used. After 

heat treatment, the samples were kept on 

no-sterile plates at room temperature for four months. 

The antibacterial activity of thin films against 

Escherichia coli (E.coli, ATCC25922) bacteria was 

evaluated by the Colony Forming Account (CFU) 

method. The test was performed with 6.9× 108 CFU for 6 

h at 7.5 pH and 37 °C. It is noticeable that all of our 
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antibacterial tests were done without UV irradiation, 

which can improve the ability of our coating in the 

surgical instrument. In order to determine the 

hydrophobic character of the prepared films, Contact 

Angle (CA) technique was used. The water contact angle 

measurements were performed in atmospheric air at 

room temperature after two weeks of the annealing 

process using the commercial contact angle meter (Data 

physics OCA 15 plus) with ± 1° accuracy. A water 

droplet was injected on several spots of the surface using 

a 2 ml micro-injection. 

 

 

3. RESULTS AND DISCUSSION 
 

The crystalline structure of the deposited thin films was 

studied by XRD (Figure 2(b)). After heat treatment, the 

peaks attributed to TaN with a hexagonal structure 

appeared at 34.54. As reported by others, Hexagonal 

Crystalline Structure is formed in a partial flow of N2 (N2 

/{Ar + N2}), equal to 10% [10]. In addition, XRD peaks 

belong to the diffraction line of the TaN phase (referring 

to standard card No. #71-0265). Based on our XRD 

result, no peaks belonging to Ag were observed in the 
X-Ray Diffraction due to its low concentration, but EDX 

(Figure 2(a) and 2(c)) analysis confirmed the presence of 

Ag nanoparticles in the matrix of TaN layers and 

antibacterial test implied the presence of these 

nanoparticles on the TaN surface. As expected, in the 

sputtering process, when the partial pressure of the 

reactive gases increased, the concentration of Ta particles 

vapor decreased. Of note, in all the films produced with 

reactive gases, the partial pressure lower than 3 mTorr, 

N/Ta ratio exceeds Ar/Ta ratio. For these films, the 

difference between N/Ta and Ar/Ta ratios is small, but as 

will be seen in the structural and properties analysis, they 

exhibit nitride like behaviors that lead to TaN formation. 

 

 

 
 
Figure 2. (a) Diagram of EDX, (b) XRD pattern, and C) Atomic 

percent of elemental analysis of as-deposited TaN-Ag thin film 

on 316 stainless steel substrate 
 

Figure 3 shows the SEM image of TaN-Ag 

nanocomposite films after and before the annealing 

process at 350 C for 5 min. According to Figure 3(a), for 

as deposited film, no feature with nano size was observed 

on the surface. However, during heat treatment, 

nanoparticles homogeneously became visible on the 

surface of the film. Due to the lower mobility of Ag 

nanoparticles, at low temperatures, the sputtered Ag 

atoms were aggregated in TaN and Ag clusters formed. 

Therefore, upon increasing the annealing temperature to 

350 C, Ag clusters in TaN received enough energy to 

diffuse toward the surface and formed particles. Based on 

our results, with increase in temperature, the higher 

number of metal (Ag) atoms could diffuse out on the 

surface due to the evidence of its greater tendency to lose 

electrons and higher catalytic and bioactivity, as reported 

elsewhere [13]. According to [14], Ag nanoparticles tend 

to form in rod shape. However, in Figure 3(b) and 3(c) 

(with different scale bar), Ag nano particles have fine and 

round shapes.  
 

 

 
 

 

 

C) 

(b) 
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Figure 3. The yielded SEM images of TaN-Ag layer: 

(a) before annealing process; (b) and (c) surface of films 

annealed at 350 C for 5 min 

 
 

To determine the average size of the Ag particles and 

their distribution, AFM technique was utilized. Figure 4 

shows the surface roughness and average size of 

nanoparticles after heat treatment at 350 °C at different 

annealing times (3, 5, and 7 min). According to Figure 4, 

the average size of the nanoparticles is about 50 nm. It is 

noticeable that the average grain size of nanoparticles 

obtained in our work is smaller than that in other similar 

studies [6]. This is because of the application of 

Cylindrical DC co-sputtering systems. According to Fig. 

1, the substrates were placed on the upper section 

compared to the Ag target; thus, the nanoparticles with a 

larger size could not reach the substrates because of their 

heavy weights. Hence, the average size was reduced. 

Obviously, in Figure 4, with a rise in the annealing time, 

the average size of nanoparticles increased. The same 

result was reported by others [3,6]. In addition, as shown 

in Figure 4, the average roughness as a function of 

annealing time increased with a rise in the annealing 

time.  
 

 
Figure 4. Average size of Ag nanoparticles and average 

roughness of TaN-Ag layers at 350 ºC was measured by AFM 

results 

Figure 5 shows the 3D AFM images before and after 

heat treatment (annealing time of 3 min). As can be seen 

in the figures, by performing heat treatment and diffusing 

the particles on the surface of the thin layer, the 

concentration of particles increased and increased the 

surface roughness, which confirmed the SEM images. 

 

 
 

 
 

Figure 5. 3D AFM images of TaN-Ag layers: (a) before and (b) 

after annealing at 350 C (3 min) 

 

 

After surface characterization, we have studied our films 

by measuring surface contact angle, which has an 

important role of antibacterial activity. Heng-Li Huang et 

al. [4] observed that the emergence of Ag nanoparticles 

decreased the contact angle of the TaN layer. However, 

in our samples, after the emergence of Ag nanoparticles, 

the contact angle increased. Roughness could explain this 

contrast. Table 1 shows the contact angle measurements 

of TaN-Ag thin films.  

 
 

TABLE 1. Contact angle, roughness factor, (CA/r) ratio, and 

antibacterial activities of the samples annealed at 350 ºC with 

different annealing times and Ag concentrations 

Annealing time (min) 7 5 3 
(Ag/TaN) percent ratio 7% 8% 8.5% 

Antibacterial activity (CFU) 52% 46% 39% 

Contact angle 95.6°±3 92°±3 93°±3 

Roughness factor (r) 1.04 1.03 1.04 

CA/r 92.8° 88.5° 89.423° 

(c) 
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Results showed that the presence of Ag 

nanoparticlesdid not reduce the CA; this is due to 

increasing surface roughness by adding Ag particles on 

the surface film. We found that the contact of a droplet 

with thin film surface was attenuated upon increasing the 

surface roughness which resulted in a greater contact 

angle. It is similar with butterfly wing effects. The 

butterfly wings decorated as bumps, which made them 

super hydrophobic surface [15]. Because of the lower 

adhesion of water and air than water and solids, 

roughness of surfaces can reduce the adhesive force on 

water droplets and liquid-to-solid contact area.  

Figure 6. shows that the contact of water droplets on 

TaN-Ag thin films was annealed at 350 C with different 

annealing times (without irradiation UV). Thus, based on 

our investigation, the negative effect of Ag nanoparticles 

on hydrophobic property of thin film was reduced by 

increasing surface roughness. Four months after the 

annealing process, antibacterial tests were performed for 

investigation of antibacterial longevity. To determine the 

effects of annealing time and Ag concentration on 

antibacterial activity, the layer with a higher 

concentration ratio of Ag/TaN was annealed at a lower 

time frame (3 min) and the layer with lower Ag/TaN ratio 

was annealed at a longer time frame (7 min). The results 

are summarized in Table 1. Antibacterial efficiency of 

the TaN-Ag nanocomposite against E.coli is shown in 

Table 1 for different Ag concentrations and annealing 

times. According to Table 1, thin films annealed at 

350 C for 7 min had better antibacterial behavior than 

either TaN-Ag nanocomposite. One of the reasons for 

this behavior is that by increasing the annealing time, Ag 

concentration on ion surface films increased. In other 

words, Ag nanoparticles need time to cross the inner 

matrix of TaN. After increasing annealing time, more Ag 

nanoparticles can approach the surface. Therefore, the 

sample with lower Ag/TaN percentage ratio and longer 

annealing time has the best antibacterial efficiency. In 

addition, a rough surface generally has a larger surface 

area, which increases the possibility of bacterial contact 

and thereby, promotes colonization by bacteria as well as 

spherical Ag nanoparticles. Therefore, TaN-Ag annealed 

at 350 C for 7 min has greater surface roughness and 

antibacterial activity, as reported by others [16]. Wang et 

al. [17] demonstrated that a smooth Ti surface exhibited 

a low S.aureus bacterial adherence, which resulted in a 

low probability of infection. On the other hand, in this 

case, less adherence of bacteria to the surface occurs. 

Therefore, the most significant short-term antibacterial 

effect can be observed on the surface with 95 CA. The 

samples were annealed again at the same time and 

temperature, i.e., 5 min and 350 C. 

Figure 7 exhibits the results of antibacterial test with 

respect to (Ag/TaN) percentage ratios of 1, 3, 6, and  

24 h. As is implied, with increase in Ag concentration, 

antibacterial activities increased. The result was 

emphasized by other studies [1,3,4,6]. 

 

 
 

 
 

 
 

Figure 6. Contact angle images of TaN-Ag layers, which were 

annealed at (a) 3 min (8.5% Ag), (b) 5 min (8% Ag), and 

(c) 7 min (8.5% Ag). 
 

 

Generally, the concentration of nanoparticles, 

annealing time, contact time with bacteria, and contact 

area of the antibacterial layer with bacteria play 

important roles in attaining good antibacterial activities. 

For antibacterial mechanism, there are many reports in 

the literature showing that the electrostatic attraction 

between negatively charged bacterial cells and positively 

charged nanoparticles is crucial to the activity of 

nanoparticles as bactericidal materials [18]. Recently, 
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Amro et al. [19] demonstrated that metal depletion might 

cause the formation of irregular shaped pits in the outer 

membrane and changed membrane permeability, as 

caused by progressive release of Lipopolyscaceharide 

(LPS) molecules and membrane proteins. We may 

speculate that a similar mechanism causes the 

degradation of the membrane structure of E.coli bacteria 

during treatment with silver nanoparticles. In addition, it 

is believed that DNA loses its replication ability and 

cellular proteins inactivate Ag+ treatment [20]. In 

addition, it was also shown that Ag+ would bind to the 

functional groups of proteins, causing protein 

denaturation [21]. It is noticeable that the mechanism of 

antibacterial properties of Ag nanocomposite is still not 

fully understood [22]. 

 

 
Figure 7. Variation of antibacterial activities by incubating 

time respect to the different Ag concentrations 

 

 

 

4. CONCLUSION 
 

The TaN-Ag nanocomposite thin films were deposited 

on 316 stainless steel substrates using reactive cylindrical 

DC co-sputtering system. The layers have suitable 

advantages which make them viable as coating for 

surgical instruments. Hexagonal crystalline structure was 

attained for TaN layer by a 50%-50% gaseous mixture of 

Ar-N2. Increasing the number of Ag nanoparticles on the 

surface causes an increase in its roughness. The Ag 

nanoparticles have fine and round shapes. The 

modification of the contact angle occurs due to increased 

roughness. On the other hand, increasing the contact 

angle decreases bacterial adhesion. Antibacterial activity 

efficiency depends on both Ag concentration and 

annealing time. Hence, the sample with lower Ag/TaN 

percentage ratio and the longer annealing time presents a 

better antibacterial activity. At the same annealing time 

for all three samples, the best antibacterial activity 

belonged to the layer with the highest Ag concentration. 

With a rise in annealing time at a constant temperature, 

the average size of nanoparticles increased. 
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In the present study, in vivo properties of poly (D/L) lactide (PDLLA)/polycaprolactone (PCL)/bioactive 
glass nanocomposites (PPB) and PDLLA/PCL blends (PP) were investigated up to six months. The in vivo 

results from the implants inserted on canine models indicated that the weight losses of PPB and PP were 

approximately 60 and 70%, respectively. In addition, the average molecular weight of both specimens 
decreased as a function of grafting times; however, such decrease in trend of blends was more considerable 

than that in nanocomposites. Moreover, the obtained histological images of the animal model up to six 

months of implantation distinguished the formation of the new bone within the implanted area, while no 
osteitis and osteomyelitis or structural abnormality were observed. Overall, the animal in vivo tests results 

of implants within a period of 180 days confirmed the good biocompatibility among them and appropriate 

degradation behavior of PPB, hence a proper candidate for Anterior Cruciate Ligament Reconstruction 
(ACLR) screws. 
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1. INTRODUCTION 
 

The stability of knee joint is ensured by four extremely 

strong ligaments: Anterior Cruciate Ligament (ACL) and 

Posterior Cruciate Ligament (PCL) prevent the tibia from 

slipping in sagittal planes; Medial Collateral Ligament 

(MCL) and Lateral Collateral Ligament (LCL) prevent 

the knee from bending in coronalplan [1]. Anterior 

Cruciate Ligament Reconstruction (ACLR) screws are 

the most popular implants among all orthopaedics 

implants used in fixation and reconstruction of damaged 

bones. 

Currently, metallic screws are the most commonly 

used ligament graft fixation devices in ACLR. To 

eliminate some of the potential problems related to 

metallic ACL screws, the biodegradable ones were 

generated [2,3]. The biodegradable screws can be 

resorbed in body during the determined time after 
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implantation, and degradation products disappear 

through metabolic routes [4]. As previously reported, the 

mechanical properties of PDLLA/PCL blends including 

tensile strength, tensile modulus, flexural strength, and 

flexural modulus [5] as well as creep and creep recovery 

[6] were enhanced by incorporating sol-gel-derived 

bioactive glass nanoparticles (BGn) into the matrix. This 

incorporation functions as a bone on growth agent and 

provides a reservoir of calcium and phosphate ions, thus 

accelerating the new bone formation and preventing 

voids after screw removal [7]. Moreover, adjacent bone 

can interact with screw and attach to the bioactive fillers 

of bioscrews while the polymeric matrix is 

simultaneously degraded [8]. 

With regard to biodegradable ACL screws, tailoring of 

degradation manner gains significance; therefore, there 

should be a harmonic trend between the mechanical 

properties of loosening that results fromdegradation of 

screw constructs and ligament healing process [9]. In 

vitro and preclinical animal in vivo studies have been 

extensively used to investigate the biocompatibility and 

degradation behaviors of biodegradable implants 

[10-12]. 

In preclinical in vivo tests, the animal model was 

selected based on the properties under study such as 

biocompatibility and biodegradation or biomechanical 

characterestics. The obtained results of in vivo tests were 

typically a combination of clinical examination, imaging 

(radiological, MRI, CT), macroscopic, histological 

evaluation, biomechanical, and physicalproperties (e.g., 

mass loss) [13-15].  

A number of researchers have conducted in vivo 

assessments of biodegradable polymeric materials and 

polymeric-based composites [16,17]. For instance, the 

three-month follow-up for in vivo tests of 

PLA/hydroxyapatite (PLA/HA) and PLA grafts revealed 

that the PLA/HA nanocomposites were characterized by 

good biocompatibility and promising potential 

applications for bone implants [18]. 

The present research aimed to carry out in vivo studies 

including mass loss, molecular weight variations, and 

histopathological analysisfor the PDLLA/PCL/BGn as 

the nanocomposite and PDLLA/PCL as the control 

groups. In addition, afforts have been made to develop 

PDLLA/PCL/BGn nanocomposite using solvent casting 

followed by a hot pressing step. The osteoinductive 

potential of the nanocomposites was investigated in a 

preliminary in vivo study in a canine tibia bone. It was 

hypothesized that the bioactive glass nanoparticles could 

enhance the bioactivity and biocompatibility of 

PDLLA/PCL throughout in vivo assessments. To the best 

of our knowledge, no or at least very few studies have 

been reported on the animal in vivo studies of 

PDLLA/PCL/BGn triple nanocomposites for any bio 

implants applications. 

 

 

2. MATERIALS AND METHODS 
 
2.1. Specimens Preparation 

The preparation details of PDLLA/PCL as the control 

(PP) and PDLLA/PCL/BGn as the nanocomposite (PPB) 

samples have been fully described in the previous paper 

[5]. Briefly, the control samples were produced by 

introduction of the PCL phase into the PDLLA matrix 

phase in a portion of 20:80 dissolving in chloroform 

solvent. The nanocomposite samples were also prepared 

by adding three wt% BGn into PDLLA/PCL bipolymeric 

solution. After homogenization by stirring, the mixtures 

were cast and dried at 50 °C and 80 °C in the oven and 

vacuum oven, respectively, to remove the solvent. 

Finally, the dried samples were poured into the molds and 

then, were compressed under 30 MPa at 180 °C followed 

by water-cooling to room temperature. Meanwhile, all 

nanocomposites were pressed under heating for less than 

three minutes. 

 

2.2. In Vivo Animal Model 
The animal model tests were conducted in the canine 

model. The control and nanocomposite samples were 

sterilized using gamma-ray with 25 K Gray energy for 10 

hours. General anesthesia was given by an intramuscular 

injection of 0.1 mg/kg atropine and local anesthesia by 

6–12 mg/kg of Zoletil. Local anesthesia was performed 

by an injection of lidocaine/epinephrine. The defects with 

the size of seven mm in diameter and three mm in depth 

were created with a trephine bur between methaphysis 

and diaphysis of tibia on canine. Bone defects were filled 

by PDLLA/PCL and PDLLA/PCL/BGn specimens, and 

an empty defect was used as a control (Figure 1). Samples 

(n=3) were harvested after each month up to six months. 

At each harvest time point, scalpel blade No.9 was 

usedرto collect the specimens that were immediately 

placed in 10% formalin. 

 

2.3. Pathologic Procedure 
After decalcification of the samples, the implanted 

samples were excised using scalpel blade No.9, and the 

prepared section of samples of 5-6 μm in diameters was 

stained by Hematoxylin and Eosin (H&E) staining 

procedure. Sections were then examined for evidence of 

biocompatibility and bone regeneration under a light 

microscope. 

 

2.4. Degradation Assessments 
After biopsy, the supernumerary tissue was removed 

from implanted samples, and the samples were soaked in 

2.5 g/l collagenase-ɪɪ and 2 g/l tryptase solutions for one 

hour, respectively. Then, the samples were rinsed by 

distilled water and dried in the air for 24 hours. 

The animal in vivo degradation of samples at different 

intervals was identified by measuring the weight and 

molecular weight variations. The in vivo weight loss 
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Figure 1. The surgery procedure and implantation site of PPB 

nanocomposites and PP blends implants into canine tibia bone 

 
 
 
variations were estimated through the following 

equation: 

 

Wt%= 
Wf−Wi

Wi
× 100                  (1) 

 

where Wi is the initial dry weight of the sample and Wf is 

the dry weight of the sample at studying time periods. 

Values are expressed as the average of three replicates. 

The molecular weights of the samples before and after 

implantation were obtianed using Size Exclusion 

Chromatography (SEC) supplemented by alltima 

columns. In this chromatography, tetrahydrofuran with a 

rate of 1 mL/min was used as the refractory coefficient 

detector. For each sample, 30 μL of tetrahydrofuran 

solution was used, and standard polystyrene was chosen 

for calibration. 
 

 
3. RESULTS AND DISCUSSIONS 
 
3.1. Degradation Behaviors 

Figure 2a shows the weight loss variations of the 

implants for different time periods of implantation in the 

canine model. Both implants show a sharp trend at the 

early stage up to 30 days; then, the trend continues with 

a relative constant slop up to six month. 

Due to the prescence of dynamic circumstance as well 

as sever activities of macrophages cells and immune cells 

through animal models, it is expected that the weight loss 

percentages during in vivo studies bemore than that in the 

simulated body solutions. Figure 2b shows the weight 

variations for PP and PPB specimens in Simulated Body 

Fluid (SBF) and Phosphated Buffered Sulin (PBS) during 

180 days of immersion (equal to 4320 hours). 

The results indicated that the weight variations for PP 

and PPB specimens in PBS biological solutions were 

greater than those in the SBF solutions during immersion 

time. In addition, the findings had 64% and 55 % weight 

losses for PP and PPB, respectively, at the end of 

immersion times. At the end of six-month follow-up of 

in vivo assessments, the weight loss values range from 

70% to 75% for PP and 60% to 65% for PBB. Obviously, 

the remaining mass of PP and PPB implants was higher 

throughout the in vitro studies than that in the in vivo 

assay. 

 

 
 

Figure 2. (a) Weight loss variations of PP and PPB for different 

time periods of implantation in canine model study, (b) 

Exhibitions of weight loss variations for PP and PPB specimens 

in SBF and PBS solutions during immersion times up to 6 

months 
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It can be anticipated that the rate of weight loss would 

increase after six months since with the formation of 

some early prosities throughout the implants bulk, the 

exposure of the implants to the body fluid would 

significantly increase, thus leading to fast degradations. 

The lower degradation rate of PPB compared to that of 

PP implants may be related to the presence of BGn and 

their appropriate distribution throughout the 

PDLLA/PCL matrix [5]. It is hypothesized that the 

bioactive glass can be significantly grafted to the bone 

tunnel due to its similarity to natural bone in terms of 

composition. Therefore, it can act as a barrier against 

further hydrolization of PDLLA/PCL phases. Further, 

BGn prevents the migration of the products resulting 

from PDLLA and PCL degradation. The acidity of 

implants caused by the acid release from products can be 

neutralized by releasing Ca-P ions of BGn. Therefore, the 

self-catalytic effects within polymer degradation are 

suppressed which lead to a greater decrease in the 

degradation rate of PPB implants than that of PP ones. 

 
3.2. Molecular Weight Variations 

The averages of molecular weight (Mw) variations for 

PP and PPB implants within different implantation time 

periods are presented in Figure 3. 

 

 

 
 

Figure 3. Averages of molecular weight (Mw) variations for PP 

and PPB specimens for 6 months of implantation time periods 

 

 

These results are indicative of the accuracy of weight 

loss results. Both curves follow similar trends with those 

of the weight loss results, but inversely. Hence, at the first 

stage, both curves show a decreasing trend with a sharper 

slop rather than other stages.  

At the whole interval evaluations, PP has lower Mw 

than PPB, while the initial Mw was the same for both 

implants. Up to 30 days, Mw would considerably 

decrease which may be due to release of residual 

monomers of specimens. The decrease in Mw indicates 

that the major part of degradation mechanism is 

attributed to polymer chains breakaging. 

It can be concluded that the lower resorption and 

degradation rates of PPB than those of PP implants can 

play significat roles in manufacturing biodegrade internal 

fixation devices mainly because providing appropriate 

mechanical properties and optimum durability can be 

superior for an bioscrews applications. In addition, slow 

release of degradation products of PPB can enhance its 

biocompatibility [19]. 

 

3.3. Histopathological Analysis 
The histological analysis of groups with no implant 

replacements harvested from canine tibia bone after 30 

days and 180 days of follow-up stained with H&E is 

shown in Figures 4.  

 

 
 

Figure 4. Histopathological images of cavities inserted into 

tibia bone with no implants after following up to 6 months, NB: 

New Bone, CT: Connective Tissue 

 

 

The images show no adverse inflammation response 

after one-month follow-up. Moreover, ossifications in the 

vicinity of cavities are poor. After one month of 

implantation, the defect was filled by a mature 

connective tissue made up of lamellar collagen fibers and 

blood vessels. 

As observed, the mineralized osteoid was converted to 

immature bone spicules. After six-month follow-up, 
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some parts of defect were replaced by connective tissues, 

and the remaining parts were exchanged by the new bone 

in both modular and cortical forms as well as osteocytes. 

It should be noted that the thickness of collagen fibers at 

the early formation stages of connective tissues is higher 

than that of mature connective tissue. 

Figure 5 depicts the images of the decalcified area of 

defects inserted into the tibia of canine which was 

replaced by PP and PPB implants after 30, 60, 90, and 

180 days of follow-ups. 

 

 
 

Figure 5. Images of decalcified area of defects inserted into 

tibia of canine and replaced by PP and PPB implants after 30, 

60, 90 and 180 days follow ups 
 

 

Some fibroblast cells as well as local calcium 

precipitates and blood vessels for PPB implants were 

observed in the first month after the surgery. However, 

for PP implants, plenty of inflammation cells without 

calcium precipitations were observed. For PPB implants 

in the second post-surgery month, the spheroid-like 

osteoblast cells wereorderly observed in vicinity of 

collagen fibers. After 3 months post-surgery, the 

morphology of osteoblast cells was converted to lamellar, 

indicating the new bone formation. For PP implants, not 

only is there no evidence for order configuration of 

osteoblast cells in the vicinity of collagen fibers but also 

osteoblast cells are randomly distributed in vicinity of 

collagen fibersafter 2 and 3 months. For PPB implants in 

the 6th month, the collagen fibers would be converted to 

the lamellar structure and trabecular bone tissue. 

Overall, the histopathologic assessments confirmed 

that the novel formulation of PDLLA/PCL/BGn 

nanocomposites materials enhanced the bone 

reconstruction more efficiently than PDLLA/PCL. Of 

note, the degradation rate of PPB was lower than that of 

PP implants. 

 

 

4. CONCLUSIONS 
 

Based on the results of this study, the following 

concluding remarks can be made: 

 The weight loss changes within the canine model 

throughout the in vivo study showed that both PPB 

and PP lost approximately 60% and 70% of their 

initial total weights, respectively. 

 The average molecular weight variations as a function 

of grafting times illustrated that the decreasing trend 

of PP was more considerable than that of PPB. 

 The histopathological results up to six months of 

implantation confirmed the formation of the new 

bone within the implanted area, while no osteitis, 

osteomyelitis, and structural abnormality were 

observed. 

 The in vivo tests results of implants into tibia of the 

canine model during six months confirmed the good 

biocompatibility and appropriate degradation 

behavior of PPB which can promise it as a proper 

candidate for ACLR screws. 
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In the present study, a multiferroic (K0.5Na0.5NbO3)-22.5 Vol. % (BaFe12O19) composite was successfully 
obtained from conventional sintering (abbreviated as CS) method at 1080 °C. To compare the dielectric 

properties of the samples, lead-free K0.5Na0.5NbO3 (abbreviated as KNN) piezoceramics were prepared 

using CS method at 1125 °C. The structure and morphology were determined by X-Ray Diffraction (XRD) 
and Scanning Electron Microscopy (SEM), and the dielectric properties of samples were also investigated. 

In the X-ray spectra of composite samples, all peaks related to the KNN and BFO phases were observed 

without any trace of the second phase. In the SEM images of the composite, the distinct cubic morphology 

of the KNN phase, indicating the formation of the perovskite structure of the compound, and polygonal 

grains of the BFO phase were observed. The values of relative density, dielectric coefficient, and loss factor 
of the lead-free KNN ceramic at the sintering temperature of 1125 °C were measured to be 91 %, 390, and 

0.02, respectively. These values at the sintering temperature of 1080 °C were about 92 %, 200, and 0.18,  

respectively. Although the dielectric properties of KNN-BFO composite were lower than those of pure 
KNN, the presence of magnetic phase could create magnetic properties and, consequently, multiferroicity 

in the KNN-BFO composite. The dielectric properties also confirmed that this composite can be regarded 

as a new multiferroic composite. 
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A multiferroic material contains at least two types of 

ferroic properties simultaneously [1]. Four main ferroic 

orders are ferromagnetism, ferroelectricity, 

ferroelasticity, and ferrotoroidicity [1-4]. Of the 32 

symmetric groups of dielectric materials that can be 

polarized in an electric field, only 10 groups can be 
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ferroelectric [5]. In addition, out of 1516 symmetric 

groups of materials that are magnetized in a magnetic 

field, only 31 groups are contain ferromagnetic 

properties. Materials that have both ferromagnetic and 

ferroelectric properties are very rare [6]. Bismuth ferrite 

is the only single-phase material that has multiple 

properties at the ambient temperature [7]. Low 

resistivity, high current leakage, and presence of 

secondary phases in this material negatively undermies 

its application; plus, its magnetic moment is not optimal 

[1,7]. These are the main reasons why the researchers 

have focused on composites to overcome these 

disadvantages and improve the electric and magnetic 

properties of multiferroic materials. The multiferroic 

composite, which consists of a piezoelectric matrix and 

ferromagnetic reinforcement, is characterized by 

individual coupling properties [8]. This group of 

materials can have wide applications such as magnetic 

field sensors, transducers, memory equipment, etc [9]. 

One of the most important challenges in the production 

of multiferroic composites is use of a magnetic phase 

with a suitable magnetostriction coefficient and a 

ferroelectric phase with a high piezoelectric coefficient. 

PbZrO3, (abbreviated as PZT), is a solid solution of lead 

titanate and zirconate. PZT ceramic has high 

electromechanical properties [10-12] and enjoys several 

advantages such as ease of production and low cost [13]. 

However, use of PZT has serious environmental 

constraints because of the heavy toxic character of PbO. 

At high temperatures, lead oxide evaporates and causes 

problems in the sintering and pre-sintering process [14]. 

Lead interacts with many enzymatic systems in the body 

and carries many risks including neurological diseases, 

seizures, brain and kidney damages, etc. Due to the 

extended applications of electronic devices in homes, 

factories, and even hospitals, use of advanced ceramics 

based on PbO has been limited [15]. Therefore, 

researchers around the world face another challenge, i.e., 

how to find a suitable alternative to PZT. In this respect, 

there are three major candidates in this field: 

Bi0.5Na0.5TiO3 (abbreviated as BNT), BaTiO3 

(abbreviated as BTO), and (K,Na)NbO3 (abbreviated as 

KNN). The first group is based on Bi, the second group 

on Ba, and the third group, i.e., sodium-potassium 

niobate, on Nb [16]. Bismuth-based ferroelectrics have 

severe anisotropy due to the presence of the bilayer, and 

barium-based ferroelectrics generally have weaker 

piezoelectric properties than the other two groups [17]. 

This is the reason why further study of niobate-based 

ferroelectric has gained significance. 

Compared with the spinel ferrites and garnet, ferrite 

with a hexagonal symmetry as a strong magnetic 

anisotropy has a great intrinsic magnetic field [18]. Of 

note, Barium hexaferrite with hexagonal crystalline 

system has unique properties such as relatively high curie 

temperature, high magnetostriction coefficient, strong 

magnetic anisotropy, appropriate chemical stability, and 

corrosion resistance [19]. Depending on the application 

of these materials, different properties of these 

compounds are of high importance. Barium hexaferrite 

with the chemical formula of BaFe12O19 (abbreviated as 

BFO) is also one of the materials exhibiting hard 

magnetic behavior [20]. In this study, BFO with a high 

magnetostriction coefficient was used as the composite 

reinforcement, and KNN, a ferroelectric material with 

suitable properties, was selected as the composite matrix 

[21,22]. Particulate composites have drawn the 

researchers’s attention due to their isotropic properties 

and simplicity of the production process [23]. These 

composites can often be easily prepared using 

conventional sintering methods. In the proposed method, 

piezoelectric ceramic powder and magnetic oxide are 

mixed and then pressed into tablets; finally, sintering 

operations are performed at high temperatures [24]. In 

the present study, a multiferroic composite of KNN 

(matrix) and BFO (reinforcement) was prepared using 

solid-state method. Finally, the dielectric behaviour of 

the sample was evaluated and compared with that of pure 

KNN. 

 

 

2. MATERIALS AND METHODS 
 

The KNN phase was prepared as a ferroelectric matrix 

through conventional method, and the BFO phase as 

reinforcement was purchased from Taban Magnetic 

Materials Development Company. High-purity powders 

of K2CO3, Na2CO3, and Nb2O5 supplied by Merck 

company were selected as the precursors to the 

preparation of the electric component. For the synthesis 

of the ferroelectric phase, first, the raw powders were 

dried at 180 °C for eight hours in the oven to lose their 

moisture and then, they were quickly weighted with the 

consideration of the molar compositions of samples. 

Next, the weighed powders were milled in ethanol media 

using a planetary mill. The selected mixing time, ball-to-

powder-mass ratio, and rotation speed were 5 h, 5:1, and 

180 rpm, respectively. After mixing, the resultant 

component was dried and subsequently, the dried mixture 

was calcinated at 900 °C for two hours to complete the 

synthesis process of the ferroelectric powders. 

To prepare the composite (KNN-22.5 Vol. % BFO), 

the requisite amounts of KNN matrix and BFO 

reinforcement were weighted. Then, the weighed 

powders were mixed using a wet planetary ball mill (in 

deionized water) for two hours at a ball-to-powder ratio 

of 10:1 and rotation speed of 230 rpm. After mixing, the 

resultant sol was dried and then crushed using the agate 

mortar. Next, the resultant powder was sieved and 

granulated by the 2 wt. % of polyvinyl alcohol (PVA) 

solution binder. Then, the raw samples were prepared in 

the form of tablets with a diameter of 13 mm and 

thickness of 1 mm in the conventional press-forming 

method of 150 MPa. The samples were sintered at 

https://doi.org/10.30501/ACP.2021.298611.1071
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different temperatures (1000 °C-1125 °C) for 2 hours at 

the the heating rate of 5 °C/min in the ambient.  

Archimedes' method was also employed to determine 

the apparent densities of sintered tablets. X-Ray 

Diffraction (XRD) spectra were carried out on the 

sintered samples with the radiation of Cu K-alpha  

(λ= 1.5405 Å) using a diffractometer (Siemens D500 

powder). For all patterns, two theta range of about 

20-80 was selected. The size of each step was 0.01, and 

the rate of scanning step was 0.5 s/step. The 

morphological characteristic of the sintered samples were 

identified using a Scanning Electron Microscopy (SEM) 

(Oberkochen, LEO-1530). The pellets after silver pasting 

were heated for 15 min at the temperature of 600 °C. 

Finally, to evaluate the dielectric behavior of pellets, an 

Impedance Analyzer (HP4291 Precision Agilent, Palo 

Alto, CA) was amployed. 

 

 

3. RESULTS AND DISCUSSION 
 

Figure 1 shows the XRD patterns of the KNN 

piezoceramic sintered at 1125 °C (Figure 1(a)), BFO 

ferromagnetic at 1200 °C (Figure. 1(b)), and multiferroic 

KNN/22.5 % BFO composite at 1080 °C (Figure 1(c)) for 

2 hours. All characteristic peaks of the KNN sample 

(corresponding to card number 01-077-0038) with 

perovskite structure and monoclinic spatial group Pm can 

be observed in the XRD patterns of the ferroelectric 

phase (Figure 1(a)). Figure 1(b) illustrates the formation 

of pure ferromagnetic phase BFO (corresponding card 

number 01-078-0133) with a hexagonal structure and 

spatial symmetry group P63/MMC. The XRD pattern of 

a multiferroic composite in Figure 1(c) shows both the 

KNN ferroelectric and BFO ferromagnetic phases 

without any trace of the impurity phase. According to the 

results, the desired multiferroic composite was 

successfully prepared during the sintering process at a 

heating rate of 5 °C/min at the temprature of 1080 °C and 

sintering time of two hours. In this temperature range, no 

additional reactions occurred between the electrical and 

magnetic phases. Therefore, in the present study, the 

ferroelectric phase was detected in pure and composite 

samples. In this type of composite, after adding 22.5 % 

BFO as reinforcement, it was reveleaved that no 

additional phase was formed at high temperatures. 

The SEM micrographs of the fracture surfaces of pure 

KNN and composites are illustrated in Figure 2. The 

characteristic cube-like shape of piezoelectric KNN 

grains is clearly illustarted in Figure 2 [25]. The 

polygonal grains of magnetic BFO ceramic can be 

detected in the SEM images (Figure 2(b)). 

 

 
 

Figure 1. XRD patterns of (a) KNN, (b) BFO, and (c) 

KNN/22.5 BFO composite 

 

 

 

 

 

Figure 2. SEM microstructures of the fracture surfaces of 

various ceramic systems: (a) ferroelectric KNN and (b) 

KNN/BFO composite 

 

 

The SEM is consistent with XRD data, thus confirming 

that the composite was obtained from KNN and BFO 

ceramics. As observed in Energy-Dispersive X-ray 

Spectroscopy (EDS) plot (Figure 3(b)), the Yellow 

region indicated in Figure 3(a). is attributed to the KNN 

ferroelectric phase. It should be mentioned that  

Ba L-alpha is located at 4.465 keV. Since there is no trace 

of it in EDS spectrum, the other one appearing at about  

1 keV definitely corresponds to Na. 
 

a 
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Figure 3. SEM microstructure of the fracture surfaces of (a) 
KNN/BFO composite and (b) EDS plot of the marked region 

indicated in Fig. 3(a) 

 

 

Figure 4 presents the relative density values for the 

pure KNN and KNN/BFO composite versus the sintering 

temperature. In KNN ceramics, upon increasing the 

sintering temperature (1050 to 1125 °C), the relative 

density would increase. In addition, with a further 

increase in the sintering temperature (1125-1140 °C), the 

relative density would decrease. Moreover, in KNN-BFO 

samples, upon increasing the temperature from 1000 to 

1080 °C, the relative density would also increase; 

however, an increase in the temperature up to 1125 °C 

would decrease the relative density. This reduction in the 

relative density in both KNN and KNN-BFO samples can 

be related to the evaporation of volatile components (Na 

and K) at higher temperatures [26]. The relative density 

was 91 % for pure KNN and 92 % for multiferroic 

KNN/BFO composites, respectively. The obtained 

results are acceptable values for the samples. The optimal 

relative density in composite samples were obtained at 

lower temperatures (1080 °C) than that in pure KNN 

(1125 °C). It leads to less evaporation of Na and K among 

composite samples. Since the mean grain size and 

relative density of ceramics have remarkable effect on the 

electrical properties [27,28], samples that reach the 

highest relative density at the lowest sintering 

temperature are expected to have the highest dielectric 

properties. 

 
 

Figure 4. The effect of sintering temperature on the relative 

density of both KNN and composite KNN-BFO samples 

 

 

Figures 5 and 6 present the dielectric constant and loss 

factor for pure KNN and KNN-BFO composites as a 

function of sintering temperature. For both samples 

(KNN and KNN/BFO), upon increasing the temperature, 

the dielectric coefficient and loss factor would increase, 

and decrease, respectively. Then, upon further increasing 

the temperature, the dielectric coefficient would 

diminish, and the loss factor would increase. For pure 

KNN sample, the highest dielectric coefficient (390) and 

lowest loss tangent factor (0.04) were obtained at  

1125 °C. However, for KNN/BFO composite, the 

maximum dielectric constant (200) and minimum loss 

factor (0.18) were achieved at 1085 °C, respectively. 

Such decrease in the electrical properties of the samples 

at high temperatures may result from evaporation of 

alkaline elements (Na, K) that can increase in open and 

closed porosity of sample during sintering, hence a 

decrease in the relative density of these samples. The 

dielectric coefficient reported for the KNN 

piezoceramics ranges from 200 to 600 [26,29]. 

 

 
 

Figure 5. The effect of sintering temperature on the dielectric 

coefficient of both KNN and composite KNN-BFO samples 

a 
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Figure 6. The effect of sintering temperature on the dielectric 

loss of both KNN and composite KNN-BFO samples 

 

 

This result was obtained in KNN piezoceramics. 

However, the dielectric coefficient for KNN-BFO 

multiferroic composites is low. Since the dielectric 

properties of these samples depend on their density, and 

the KNN/BFO sample has a higher relative density than 

that of pure KNN, the presence of 22.5 % of non-

ferroelectric BFO powder to the ferroelectric phase of 

KNN reduces the dielectric properties. Although the 

remarkable percentage of non-ferroelectric phase can 

reduce the electrical properties, it causes magnetic 

behavior. 
 

4. CONCLUSIONS 
 

Multiferroic composites, i.e., KNN/BFO, were 

successfully prepared through a conventional ceramic 

process. The following conclusions can be drawn from 

this research: 

 The XRD data of the KNN/BFO samples could 

enhance the successful formation of the composite 

without any trace of impurity phase during sintering 

process. 

 SEM micrograph showed the cubic morphology of 

KNN grains and polygonal BFO particles in 

KNN/BFO composite and also confirmed the 

formation of composite from KNN ferroelectric 

matrix and BFO ferromagnetic reinforcement. 

 The relative density of these composite was about 

92 % at the sintering temperature of 1080 °C. It was 

about 91 % for pure KNN at the temperature of  

1125 °C. 

 The values of dielectric coefficient and loss factor 

for pure KNN at 1125 °C were 390 and 0.02, 

respectively. These values were calculated as 200 

and 0.18 for a composite sample at 1080 °C, 

respectively. Although the dielectric properties of 

KNN-BFO were reduced compared to the KNN 

sample, these values remained acceptable for 

composites containing 22.5 % of the non-

ferroelectric phase. Indeed, the existence of non-

ferroelectric component (22.5 %) could make 

magnetic properties and destroy the electrical 

behavior (it increased loss factor and decreased the 

dielectric constant compared with pure KNN). 
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 In this study, concrete samples were prepared by adding 0.1 wt. % Graphene Oxide (GO) and 50 wt. % 

Ground Granulated Blast Furnace Slag (GGBFS). Tests on the mechanical and chloride permeation 
properties were also conducted. Concrete samples were exposed to pressurized 3.5 % NaCl aqueous 

solution under a certain time and temperature condition. The water pressures were 0.1, 0.3, and 0.7 MPa, 

respectively. The chloride concentration profiles under different conditions were measured. The results 
indicated that addition of 0.1 wt. % GO and 50 wt. % GGBFS would increase the compressive strength of 

the concrete sample up to 19.9 % during 28 days and 17.6 % during 90 days compared to ordinary concrete 

sample. Concrete with a combination of 0.1 wt. % graphene oxide and 50 wt. % granular slag witnessed 
an increase in its flexural strength up to 15 % during 28 days and 13.6 % during 90 days. Compared to the 

ordinary concrete, 90-day cured concrete containing GGBFS and GO undergone high reduction in Rapid 

Chloride Permeability (RCP) from 4012 C to 1200 C. Chloride ion content was substantially enhanced 
upon increasing water pressure and exposure time. In this study, convection-diffusion coupling was the 

main mechanism of the chloride ion transfer in the concrete. The mix with 0.1 wt. % GO and 50 wt. % 

GGBFS exhibited acceptable performance in terms of chloride penetration in the concrete. Compared to 
ordinary concrete, this admixure reduced the chloride penetration by 17.6 % in 90 days. Chloride ion 

penetration was curtailed while adding GO and GGBFS to the ordinary concrete. The effects of pozolanic 

reaction in the concrete leading to the filling of the pores were significant factors in the proposed 
curtailment mechanism. 
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Hydrostatic water pressure can lead to rapid chloride 

diffusion into the concrete, establishment of 

concentration gradients in different directions, and its 

spread through the mass of marine structure [1-3]. The 

surface of the concrete exposed to the environment may 

experience dry and wet cycles, and in the presence of 
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dissolved chlorine ion, it will diffuse into the concrete 

[4]. Even if the concrete is dense and thick, chloride ions 

will eventually reach the interface of any rebar inside the 

structure. The rate of chlorine ion penetration into the 

concrete depends on its matrix structure, which itself is 

controlled by the quality of used materials and concrete 

preparation process [1]. Parameters such as the water-to-

cement ratio, gravel and sand, especially the additives 

and cement replacement materials, and degree of 

hydration process can significantly determine the final 

structure of the concrete. In the marine environments, the 

immersion depth and temperature also critically affect 

the ingression [4]. Many parameters affect the durability 

of the reinforced concrete structures in coastal and 

offshore marine environments with chloride-induced 

corrosion of rebar as a key problem [5,6]. Generally, 

concretes form a passive layer on the steel rebar which 

protects it from corrosion; however, chloride ions from 

marine environment diffused into the concrete will 

damage this layer that initiates corrosion [7-9]. Efforts 

have been made to minimize chlorine penetration into the 

concrete, including replacing cement with admixtures 

such as GGBFS and additives like Carbon nanotubes 

(CNTs), Carbon nanofibers (CNFs), Nano-SiO2 and 

nano-TiO2 particles, Graphene, and Graphene Oxide 

(GO) nanoplatelets [10-16]. 

Ying et al. showed that addition of Nano-SiO2 and 

nano-TiO2 particles refined the pore structure of 

Recycled Aggregate Concrete (RAC) and enhanced its 

resistance to chloride diffusivity of RAC. They also 

found that Nano-TiO2 slightly outperformed Nano-SiO2 

in terms of refining RAC [16]. In comparison with 

Natural Aggregate Concrete (NAC), RAC is more porous 

because of the old adhered cement and its total porosity, 

and the average pore diameter increased with an increase 

in the Recycled Coarse Aggregate (RCA) content [16]. 

Ying et al. examined the effects of RCA distribution on 

chloride diffusion with different RCA replacement ratios. 

The results indicated that chloride diffusivities of the 

RAC would generally increase with an increase in the 

RCA replacement ratios [17]. 

Ground Granulated Blast Furnace Slag (GGBFS) is a 

green mineral admixture that improves both mechanical 

and durability properties. Replacement of slag with 

Portland cement is beneficial since it reduces cement 

consumption in the concrete and CO2 emissions in the 

global cement industry[18]. Further, addition of slag 

modifies the hydration process and physico-chemical 

properties (such as porosity and transport properties) of 

cementitious materials [19]. Teng et al. showed that 

concrete with GGBFS was characterized by higher 

strength, lower permeability, and improved durability 

[20]. Sideris investigated the mechanical characteristics 

and durability of Self-Compacting Concrete (SCC) 

produced from ladle furnace slag. According to the 

findings, slag enhanced the durability characteristics of 

the concrete, thus leading to environmentally-friendly 

concrete mixtures with lower cost [21]. Chen et al. 

evaluated the effect of curing conditions on the strength, 

porosity, and chloride ingress characteristics of concretes 

made of High Slag Blast Furnace Cement (HBFC) and 

Ordinary Portland Cement (OPC). The results indicated 

that the HBFC concretes exhibited higher resistance to 

chlorides ion penetration than the OPC concretes [22]. 

Boucetta et al. employed Glass Powder (GP) obtained 

from the recovery of glass bottles and Granulated Slag 

(GS) of blast furnaces as admixtures in the concrete. 

Accordng to the conducted tests, incorporation of GP and 

GS would improve the mechanical strength of concretes 

and reduce the capillary water absorption and chloride 

ion diffusion [23]. Özbay et al. reported that in concretes, 

where 40, 60, and 80 wt. % slag was replaced by cement, 

exhibited much higher strength with 60 wt. % slag 

showing the maximum tensile and flexural strength [15]. 

Fan et. al used the slag/fly ash as the binding material. 

Their results revealed that the interfacial bond strength of 

the concrete increased significantly when the slag content 

was 50 wt. %, which was 62 % higher than that of OPC. 

Compared to OPC, this concrete exhibited the best 

chloride penetration resistance in the case of 50 wt. % 

slag content. In addition, some reactions occured 

between the alkali activated slag and cement, hydrated 

calcium silicate (C-S-H), and hydrated calcium 

aluminate (C-A-H) gels [24]. Chen et al. showed that the 

apparent chloride diffusion coefficient decreased with an 

increase in the exposure time, followed by an exponential 

relationship. In their study, slag had a positive effect on 

the concrete resistance to chloride penetration [18]. 

According to the conducted studies, GGBFS-added 

concretes are slow at gaining the maximum strength, but 

this can be counteracted by temperature during curing. 

[25-29]. Shi et al. evaluated the effect of GGBS addition 

on the chloride penetration into the concrete and found 

that 50 wt. % or more GGBFS could reduce permeability 

[25]. Ramezanianpour studied the penetration of chloride 

ion in concrete samples with 50 wt. % slag during for 1, 

28, and 180 days. The results showed 26.64 %, 74.52 %, 

and 82.58 % reduction in the chloride ion diffusion in 1, 

28, and 180 days, respectively [30]. Bagheri et al. 

observed that chlorine ion permeability decreased in 

concrete samples containing 50 % slag with a curing time 

of 28, 90, and 180 days [31]. Jau and Tsai also reported a 

decrease in the concentration of chloride ions in concrete 

samples by replacing 50 % slag with cement compared to 

ordinary concrete samples [32]. Haj Sadok et al. studied 

chloride permeation in concrete samples containing 50 % 

slag. The results showed that less chloride ion penetration 

occurred in concrete samples containing 50 % slag during 

270 days [33]. Sengul and Tasdemir observed lower 

penetration of chloride ions in concrete samples 

containing slag as a cement substitute [34]. Kayali et al. 

observed 35 % and 24 % reduction in the charge passed 

(Coulombs) of concrete specimens at the age of 350 days 

including 50 % and 70 % slag, respectively [35]. Yeau 
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and Kim showed that the chloride ion diffusion 

coefficient of concrete samples decreased after 28 days 

with partial replacement of cement with 55 % slag 

compared to ordinary concrete [36]. Through accelerated 

tests, Cheng et al. observed a significant decrease in the 

chlorine ion permeability among concrete samples 

containing 60 % slag [37]. Gupta employed a type of 

cement with 60 % slag to reduce the water penetration 

depth among 28- and 90-day concrete samples [38]. Dhir 

et al. observed lower chloride penetration into concretes 

containing 50 % and 66.7 % slag on 28 days of age. In 

this study, upon increasing the amount of slag , the 

permeability of chlorine ion would decrease [39]. Berndt 

observed lower chloride permeability among concrete 

samples during a year by replacing the cement with 50 % 

and 70 % slag [40]. Thomas et al. showed that concretes 

with 45 % and 65% slag as a cement substituted by a 

lower water/binder ratio reduced the chloride penetration 

after 25 years of tidal exposure. The chloride 

permeability further decreased by increasing slag content 

[41]. Mo et al. found 23.72 % reduction in the 28-day 

compressive strength of concrete specimens by partial 

replacement of cement with 60 % slag [42]. Gsoglu et al. 

showed 10.73 % reduction in 90-day compressive 

strength of concrete samples with 60 % slag as a cement 

substitute [43]. Aly and Sanjayan observed 82.89 and 

54.54 reduction in the compressive strength of one- and 

seven-day concrete samples by partial replacement of 

cement with 65 % slag [44]. Elahi et al. found lower 

chloride diffusion coefficient of concrete samples by 

partial replacement of cement with 50 % and 70 % slag 

[45]. McNally and Sheils showed that 50-70 % slag in the 

concrete contributed to the reduction in the chloride 

diffusion in the service life of 50 and 100 years [46]. 

Aprianti et al. observed less porosity in the concrete 

containing 50 % slag than that in the ordinary concrete 

[47]. Nazari and Riahi studied several researches on 

microstructural, thermal, physical and mechanical 

behavior of the self compacting concrete [48-53].They 

reported that use of 45 % and 60 % slag in concrete as a 

substitute for cement reduced the seven-day compressive 

strength and increased it at 28 and 90 days of age [50]. 

Johari et al. showed that as a result of using 60 % slag as 

a cement substitute the porosity of mortar samples was 

reduced at the age 28 days [54]. 

Currently, several studies have been conducted on the 

effect of GO on the microstructure and mechanical 

properties of cement-based composites. According to a 

number of these studies, changes in the mechanical 

properties were mainly caused by changes at the micro 

level. Lyu et al. believed that a combination of the right 

amount of GO could significantly improve the 

microstructure of the mortar mainly due to its sigjnificant 

role in the formation of cement hydration products [55]. 

The results obtained by Mohammad et al. revealed that 

composition of GO could not only improve the 

compaction and pore structure of cement mortar but also 

prevent the spread of fine cracks in cement mortar [56]. 

Many other studies have shown that GO could create a 

denser microstructure of cement-based materials and 

reduce the total pore volume of the cementitious 

composite [57-62]. Wang et al. showed that the main 

reasons why GO could improve the mechanical strength 

of cement-based materials were to promote secondary 

hydration, reduce pore volume, and refine CH crystals 

[63]. Yang et al. confirmed that GO had no effect on the 

structure of C-S-H, and that the improvement of its 

mechanical properties resulted from the acceleration of 

hydration [64]. According to their findings, followed by 

addition of 0.2 wt. % GO [64], the compressive strength 

of cement-based composite increased up to 42.3 % and 

35.7 % in three and seven days, respectively. Liu et al. 

evaluated the correlation between the damage 

development in concrete and resistivity reaction of 

cementitious composites infilled with Graphene Nano-

Platelets (GNPs). They also showed that the 

piezoresistivity of smart concrete containing GNPs could 

be a promising tool for detecting damages in detail [65]. 

Xu et al. reported that GNPs additive could reduce the 

diffusion coefficient of chloride ion into the cement 

matrix [66]. Somasri and Kumar showed that GNPs were 

incorporated into the concrete to improve the 

performance characteristics [67]. Lv et al. reported  

78.6 %, 6.6 %, and 39.9 % increase in the tensile strength, 

flexural strength, and compressive strength, respectively, 

as a result of adding just 0.03 wt. % Graphene Oxide [68]. 

Gong et al. reported that adding 0.63 wt. % GNPs would 

result in a 40 % increase in both compressive strength and 

tensile strength of the concrete due to the reduction in the 

pore size in the cement matrix as well as enhanced 

cement hydration rate [69]. Of note, GNPs surface is 

suitable for C-S-H nucleation, thus enhancing the 

hydration process [70]. Jiang et al. showed that adding 

GO would decrease the porosity and proportion of large 

capillary pores curtailing the diffusion of chloride [71]. 

In addition, temperature could significantly affect 

diffusion with an adequate temperature gradient 

providing the driving force for chloride ion diffusion  

[72-74]. Isteita et al. found that coupled temperature and 

chloride concentration gradients appreciably increased 

the diffusion rate of chloride [74]. On the contraty,  

Yuan et al. and Nguyen et al. showed that higher 

temperature would result in enhanced chloride diffusion 

and greater permeation depth [75,76]. Al-Khaja studied 

the durability of high-strength and ordinary concrete 

exposed to 5 % NaCl environments at temperatures of 20 

and 45 °C and reported a significant increase in the 

chloride ingress with temperature [77]. Other researchers 

have proposed some models and took into account both 

temperature and pressure in their modeling for silica 

fume, slag, and fly-ash containing concretes [78-85]. 

Nowadays, under different environmental conditions, 

structures do not function as expected. Damages in the 

form of structural cracks caused by stress as well as 
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scaling and shrinkage caused by loss of fine aggregates 

and high wear, leakage, etc. lead to the failure of concrete 

structures. In addition, use of ordinary concrete leads to 

premature destruction of structures. Therefore, use of 

high-strength concrete containing GGBFS and GO as a 

building material in marine structures can be useful. 

Using such high-performance concretes can reduce the 

cost of materials by reducing the thickness of the 

structure, increasing the mechanical, physical and 

corrosion properties, and saving the required materials. 

As predicted, addition of GGBFS and GO enhanced both 

compressive and flexural strength as well as resistance to 

chloride permeation into the concrete. Moreover, use of 

GGBFS and GO in the concrete is progressing due to its 

exceptional properties. Further, incorporation of GGBFS 

and GO would increases the compressive and tensile 

strength of the concrete and its resistance to chloride 

permeation into the concrete, mainly due to reduction in 

pore size in the cement matrix as well as enhanced 

cement hydration rate. GO has become popular and 

widely used in different fields around the world since it 

is cheaper than multi-walled CNTs, single-walled CNTs 

and CNFs (which are 250, 1280, and 218 times more 

expensive than GO per 100 g, respectively) [86]. 

Therefore, the mix of GGBFS and GO is the best 

candidate for this research. No study has been reported 

on GO and GGBFS inclusion in concrete composites 

with regards to chloride permeation to get a clear picture 

of whether or not this investigation will be helpful for 

practical application in construction industry. To this 

end, this study was carried out to develop a nano-

reinforced concrete composite with addition of GO and 

GGBFS. The present study put the main focus on the 

application of GO-GGBFS as a nano-filler in developing 

a concrete for industrial applications in marine 

environment. In this paper, the chloride ion penetration 

into the ordinary concrete and that containing GO and 

GGBFS under different conditions was measured, taking 

into account the temperature, pressure, and time. 

 

 

2. MATERIALS AND METHODS 
 

The present study employed concrete mixes with the 

chemical composition and mechanical properties 

according to ASTM C109, ASTM C136, and ASTM 

C117 standards made from type II Portland cements to 

form samples. Samples were made according to ASTM 

C192M-16. The samples were kept in the mold in the 

laboratory for 24 hours and placed in a bath containing 

lime for 90 days at 25 °C and a relative humidity of  

95 %. Both ordinary concrete and that containing  

50 wt. % GGBFS and 0.1 wt. % GO were employed in 

this study. The mix was selected due to the good behavior 

of concrete with 50 wt. % slag and that with 0.1 wt. % 

graphene oxide independently in sources. In addition,  

50 wt. % GGBFS substitution was as a cementing 

material in the concrete, and 0.1 wt. % GO as a additive. 

Table 1 shows the mixing ratio of the concretes. GGBFS 

with blaine fineness of 3500 cm2g-1 and CaO/SiO2 ratio 

of 1.4 corresponding to ASTM E1621-13 was used as the 

cement replacement in samples containing graphene 

oxide. Infrared Fourier Transform Spectroscopy (FTIR) 

was empolyed to determine the amount and type of 

functional groups present in graphene oxide. 

 
 

Table 1. Quantity of materials used in m3 of concrete samples 

Materials 

Mix 

C1 
(Ordinary Concrete) 

C2 
(Concrete Containing 

GGBFS and GO) 

GGBFS (wt. %) 0.00 50 

GO (wt. %) 0.00 0.10 

GGBFS (Kg/m3) 0.00 212.5 

GO (Kg/m3) 0.0000 0.4250 

OPC (kg/m3) 425 212.5 

Water (kg/m3) 170 170 

FA (kg/m3) 1005.5 1005.5 

CA (kg/m3) 676.5 676.5 

SP(kg/m3) 0.0425 0.0425 

   
 

� OPC: Ordinary Portland Cement, GO: Graphene Oxide, GGBFS: 

Ground Granulated Blast Furnace Slag, FA: Fine Aggregate, CA: 

Coarse Aggregate, SP: (Carboxylate based) Super Plasticizer 

 

 

ASTM C39M-18 and C78M-18 standard tests were 

carried out to examine the compression and flexural 

strength of concrete specimens. Chloride permeability 

resistance was evaluated per ASTM C1202 accelerated 

test [87]. The total coulombs of electricity thus passed, 

would be proportional to the electrical resistance of the 

specimen which, inversely relates to chloride ion 

penetrating the sample. So, the lower the electric current 

passed indicates higher resistance to chloride ingress. For 

determining the resistivity of concrete, Wenner test was 

applied with modifications based on AASTHO TP 95-11 

standard [88,89]. Total porosity and pore size distribution 

were determined using mercury porosity (Mercury 

Intrusion Porosimetry-MIP) based on ASTM D4404 with 

a maximum pressure of 201 MPa. A contact angle of 140 

degrees and pores between 10 and 1000 nm were 

selected. Further, permeation tests were performed on the 

specimens using the apparatus shown in Fig. 1. One side 

of the samples was exposed to 3.5 % NaCl solution from 

a especially constructed reservoir which enabled sealing 

the face in contact with solution which was then put in 

contact with water under pressure in the experiment 

duration. The existing Chinese standard JTJ270-98 was 

taken into consideration to build a penetration test set up 

[82]. Water pressures of 0.1, 0.3, and 0.7 MPa was 

exerted on the samples to determine the amount of 

chlorine ion in different immersion depths. Table 2 

shows the factors and levels of permeation tests. After the 

time set for each test, the sample was removed from the 
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penetration test set-up, and its chloride content was 

determined based on ASTM C 1556 by drilling in six 

different depths with a 2.5 cm drill in the Z direction.  

Fig. 2 shows a schematic of concrete sampling on the 

drilling direction. Chloride content was measured 

through chemical analysis described in ASTM C1152 

and ASTM C1218 and titration method according to 

ASTMC124. Titration with silver nitrate solution 

according to AASHTO T269 and ASTM C114 was taken 

into account to measure the complete concentration. 

 

 
 

 

Figure 1. Permeability test set up to study chloride penetration 

under constant pressure and temperature 

 

 
Table 2. Factors and levels of permeation tests 

Test Factor Values Level 

Pressure 0.1 MPa, 0.3 MPa, 0.7 MPa 3 

Temperature 25 °C, 35 °C, 55 °C 3 

Pressuring Time 24 h, 72 h, 144 h 3 

Concrete Type 
Ordinary Concrete, Concrete 

Containing GGBFS and GO 
2 

Test Samples 54 

   

 

 

3. RESULTS AND DISCUSSION 
 

Fig. 3 shows the FTIR spectroscopy results of the 

nanoparticles used in this study from Hummer method. 

As observed, Graphene oxide has different functional 

groups including hydroxyl, epoxy, carboxyl, phenol, 

ether, and aldehyde. The strong vibration band in the 

region of 3399.77 cm-1 is attributed to the OH hydroxyl 

group resulting from moisture absorption. The tensile 

vibration bands in 1727.69 cm-1 and 1620.71 cm-1 are 

related to carbonyl bonds C=O and bond C=C, 

respectively. While the tensile vibration in 1364.36 cm-1 

band belong to C-OH bond, 1226.86 cm-1 and  

1064.76 cm-1 belong to CO bond of epoxy group. The 

vibration band of 515.51 cm-1 indicates CH bond. Peak 

intensities confirm the presence of these functional 

groups as the main groups in graphene nano-oxide after 

the oxidation process, which is consistent with the 

findings from the published literature [90]. X-Ray 

Diffraction (XRD) diagram of graphene nano-oxide used 

in this study is shown in Fig. 4. Based on the obtained 

diffraction spectrum, all peaks related to primary graphite 

are removed, and the only peak observed in the XRD 

spectrum is related to graphene oxide nano plates which 

is in agreement with the results from the literature 

[91,92]. 

 

 
Figure 2. Schematic of concrete sample and sampling and 

powdering areas 

 

 

 
Figure 3. FTIR graph of GO produced by Hummer method 
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Figure 4. X-ray diffraction diagram (XRD) of GO 

 

The singular peak shown at the scattering angle of  

2θ = 12° corresponds to the (001) graphene oxide plate, 

and lack of any other peak is indicative of complete 

graphite oxidation and high purity of graphene oxide. 

The results confirmed that oxygenated functional groups 

were introduced between the primary graphite plates, 

thus weakening the interactions among them. This helps 

the graphene oxide sheets disperse more easily in 

aqueous solutions, hence prepeartion of a stable 

suspension. The plate spacing in the graphite structure is 

2.9 to 3.6 Å and in the case of graphene oxide, it is about 

7 Å, which is indicative of an increase in the distance 

between the primary graphite plates in the process of 

producing graphene oxide, thus confirming the entry of 

functional groups between the graphene oxide plates 

[91,93]. 

FE-SEM images from the powder sample in Fig. 5 

show wrinkled thin layers, thus creating a porous lattice 

morphology that is somewhat a recognizable and 

distinctive feature of the material, as previously reported 

by other researchers [94-104]. According to this figure, 

the dimensions of the graphene oxide plates range from 

2 to 15 μm, and the average thickness of the plates is 

about 7.7 nm. The results of XRD and XRF analysis of 

GGBFS used in this research are shown in Fig. 6 and 

Table 3, respectively. According to Table 3, the main 

constituents are CaO and SiO2, followed by Al2O3 and 

MgO. The main peaks belong to Ca2MgSi2O7, 

Ca2Al2SiO7, and Ca2SiO4 (as shown in Fig. 6 as red, 

green, and blue lines) that are in accordance with the 

results from previous sources [105]. According to  

ASTM E1621, and results given in Table 3, the ratio of 

CaO to SiO2 is calcuated as 1.4. 

Fig. 7 presents the results of the mechanical and 

physical tests for samples of 28 and 90 curing days, 

showing marginal improved compressive strength, 

flexural strength, electrical resistivity, and electrical 

conductivity in the concrete containing GGBFS and GO 

at the curing time of 28 and 90 days. 

 
 

 
 

 
 

 
 

Figure 5. FE-SEM images of graphene oxide nano sheets 
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Figure 6. XRD analysis of granular slag 

 
Table 3. XRF analysis of granular slag 

Constituent % 
Na2O 0.55 

P2O5 0.06 

CaO 43.64 

SrO 0.18 

MgO 6.17 

S 1.25 

TiO2 1.81 

BaO 0.32 

Al2O3 9.16 

Cl 0.02 

MnO 1.96 

L.O.I. 1.50 

SiO2 31.10 

K2O 1.11 

Fe2O3 1.17 

Total Sum 100.00 
 

 

As observed, addition of admixture was effective in 

improving the mechanical strength of specimens. This 

was true for 28- and 90-day cured samples, hence in good 

agreement with the published literature [74]. Upon 

increasing the curing time, the mechanical strength 

increased (Fig. 7-a and 7-b) mainly because the hydration 

reactions took place completely and thus, the final 

structure of the produced concrete would turn into a 

flawless structure [33]. It has been reported in previous 

studies that upon increasing the curing time of concrete 

samples containing graphene oxide, their compressive 

strength would also increase [106].  

The admixture could effectively reduce the passing 

current in the conductivity test and enhance the concrete 

resistance to chloride penetration. According to Fig. 7-c, 

the lowest charge was passed in the concrete containing 

GGBFS and GO. High reduction was observed in the 

electrical conductivity from 4012 C to 1200 C for 90-day 

cured concrete containing GGBFS and GO. This 

observation that addition of admixture in 28 and 90 days 

cured samples could significantly decrease the charge 

conducted in Rapid Chloride Permeability tests (RCPTs) 

signifies increased resistance against chloride penetration 

(in Coulombs). Fig 7-d shows the Wenner test results 

from C2 samples that exhibit high surface electrical 

resistivity as well as the least electrical charge conduction 

(1200 to 2058 C) as a sign of high resistance to chloride 

ingress. 

 

 

 

 

 
 

Figure 7. Mechanical and physical tests results of concrete 

samples at curing time 28-days and 90-days 

(a) 

(b) 

(d) 

(c) 
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ASTM 1202-12 Standard designates such charge 

conduction as low chloride permeability (Table 4). 

Electrical charge transfer during the RCPT was 

significantly declined in the concrete containing GGBFS 

and GO, thus confirming the positive role of GGBFS and 

GO in decreasing the chloride permeability and 

movement by immobilizing the free chloride. 

 
Table 4. Chloride ion penetrability based on charge passed 

according to ASTM 1202-12 Standard 

The Charge Passed (C) Chloride Ion Permeability 

>4000 High 

2000-4000 Moderate 

1000-2000 Low 

100-1000 Very low 

<100 Negligible 
 

 

Fig. 8 shows the penetration of chloride ions in both 

ordinary concrete and that containing GGBFS and GO at 

the constant water temperature of 25 °C, constant time of 

144, and pressures of 0.3, 0.5, and 0.7 MPa. In all 

experiments, upon increasing pressure, the penetration of 

chlorine ions into the ordinary concrete and that 

containing GGBFS and GO would increase. According 

to Fig. 8, water pressure is an important factor in the 

penetration of chlorine ions into the concrete. For 

example, at a pressure of 0.3 MPa, which is equivalent to 

30 meters of water depth, penetration of chlorine ions 

into the concrete is less than 0.5 and 0.7 MPa. The direct 

effect of the water pressure on the penetration of chlorine 

ions has already been proven in other studies [82-85]. 

Equation (1) shows Fick's second law, where D is the 

diffusion coefficient, z the distance from the surface, C 

the chloride concentration, Cs the surface concentration, 

and t the time (s). 

 

Cz,t = Cs (1 − erf (
z

2√Dt
)) (1) 

 

This equation makes it possible to derive 

concentration-dependent diffusion formulas and relate 

localized concentration to time [29,107]. The mechanism 

of the transfer of chloride ions under hydrostatic pressure 

is elaborated according to Fick's second law. In this 

study, the chloride diffusion coefficient in concrete was 

calculated using the least squares method and 

experimental data. Fig. 9 shows the diffusion coefficient 

of chloride ions in both ordinary concrete and that 

containing GGBFS and GO at the water temperature of 

25 °C, time of 144 h, and pressures of 0.3, 0.5, and 0.7 

MPa, respectively. According to this Figure, with an 

increase in the water pressure, the diffusion coefficient of 

chlorine ions in both types of concrete would increase. 

Based on these results, the highest diffusion coefficient 

of chlorine ion in both ordinary concrete and that 

containing GGBFS and GO is related to 0.7 MPa are 

6.37×10-11 m2/s and 5.78×10-11 m2/s, respectively. The 

lowest penetration coefficients related to 0.3 MPa are 

3.18×10-11 m2/s and 3.08×10-11 m2/s, respectively. 

Accordingly, upon increasing water pressure from  

0.3 MPa to 0.7 MPa, the diffusion coefficient of chlorine 

ion in both ordinary concrete and that containing GGBFS 

and GO would increase up to 100 % and 87 %, 

respectively. The diffusion coefficient of chlorine ion in 

the concrete is shown in Fig. 10 at water temperatures of 

25, 35, and 55 °C, respectively, and they are compared 

with each other. According to the results listed in this 

figure, the diffusion coefficient of chlorine ions is 

directly related to water temperature; in other words, it 

increases with an increase in the water temperature. This 

trend can be seen in both types of concrete. These results 

are consistent with those of the previous studies [72-

77,108,109].  

 

 
 

Figure 8. Profiles of chlorine ions penetration in Ordinary 

concrete(C1) and concrete containing GGBFS and GO (C2) at 

water temperature of 25 °C, time of 144 h and at pressures of 

0.3, 0.5 and 0.7 MPa 

 

 

Figure 9. Chloride ion diffusion coefficient in both ordinary 

concrete (C1) and that containing GO and GGBFS (C2) at time 

of 144 hours, water temperature of 25 °C, and pressures of 0.3, 

0.5, and 0.7 MPa 
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Fig. 10 shows the effects of pressure and temperature 

on the diffusion coefficient of chlorine ion in both 

ordinary concrete and that containing GGBFS and GO in 

144 hours. According to the results from this figure, the 

diffusion coefficient of chlorine ion is directly related to 

pressure and temperature. On the contrary, the diffusion 

coefficient of chlorine ion in the concrete containing 

GGBFS and GO in all test cases is less than that in the 

ordinary concrete. 

The main mechanism of chlorine ion transfer in the 

concrete at low pressures results from capillary 

adsorption. Increased chloride ion penetration caused by 

an increase in the pressure is indicative of a change in the 

chloride ion diffusion mechanism in a way that at high 

water pressures, the diffusion mechanism is considered 

the main mechanism for chlorine ion to enter the concrete 

in concrete [82,83]. A comparison of the the results in 

these two types of concrete in Figures 8-10 revealed that 

the concrete containing GGBFS and GO exhibited 

greater resistance to chlorine ion penetration. In addition, 

an increase in the chloride ion penetration resistance in 

this type of concrete is caused by an improvement in the 

pore structure [10,110-112]. Table 5 shows the physical 

structure characteristics of the tested concrete specimens, 

including ordinary concrete and that containing GGBFS 

and GO obtained from porosity test. Fig. 11 shows the 

pore size distribution in these two types of concrete used 

in this study. These results were obtained from the 

porosity test using mercury. This information includes 

the total amount of pores (more than 10 nm), small 

capillary pore volume, large capillary pore volume, and 

medium pore size (D50). Concrete has different pores in 

different sizes. The volume value of pores with different 

sizes occupies about one gram of cement paste that is 

called the pore size distribution [113].  

Capillaries that are classified in two types are large 

capillary pores with a size of 50-1000 nm as well as small 

capillary pores with a size of 10-50 nm [102]. The 

average pore size equals 50 % of the cumulative volume 

of porosity that can indicate the pore size distribution 

[113]. According to Fig. 11, a comparison of the concrete 

containing GGBFS and GO with the ordinary one reveals 

that GGBFS can not only reduce the total porosity but 

also convert large capillary pores into small capillary 

pores. According to Table 5, in ordinary concrete, the 

volumes of large and small capillary pores are 33 and  

18 ml/g, respectively; and in the concrete containing 

GGBFS and GO, these values are 16 and 30 ml/g, 

respectively. As a result of adding GO and GGBFS, the 

volume of small capillary pores increased, and that of 

large capillary pores decreased. According to these 

results, the average pore size in the concrete containing 

GGBFS and GO was considerbaly reduced compared to 

that in the concrete without additives. reduced compared 

to that in the concrete without additives. The average 

pore sizes in the concrete containing GGBFS and GO and 

ordinary concrete are 27 and 87 nm, respectively.  

 
Figure 10. Chloride ion diffusion coefficient in Ordinary 

concrete (C1) and in concrete containing GO and GGBFS (C2) 

in 144 hours, at water temperatures of 25, 35, and 55 °C and at 

pressures of 0.3, 0.5, and 0.7 MPa 

 
Table 5. Physical structures in ordinary concrete and concrete 

containing GO and GGBFS 

 

Porosity 

(%) 

D50 

(nm) 

Small 

Porosity 

Volume 

(mL/gr) 

Large 

Porosity 

Volume 

(mL/gr) 

Sample 

Code 

13.1 87 18 33 C1 
11.1 27 30 16 C2 

 

 

Figure 11. Comparison of pore size distributions in ordinary 

concrete (C1) and concrete containing GGBFS and GO (C2) 

 

This reduction in porosity results the addition of 

GGBFS and GO, which causes more density in the 

samples. The effects of pozzolanic reaction in the 

concrete contributes to filling the pores and cracks and 

consequently, the concrete is compacted, and its 

resistance to chloride ion penetration is improved 

[105,113]. Fig. 12 shows the penetration of chloride ions 

in ordinary concrete and that containing GGBFS and GO 

at constant pressures of 0.7 MPa, constant water 

temperatures of 25 °C, and different times of 24, 72, and 
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144 hours repsectively. According to this figure, the 

concentration of the chloride ion increased over time in 

both ordinary concrete and that with GGBFS and GO 

additives. The concentration of chlorine ions in the 

concrete after 144 hours was much higher than that of 

chlorine ions in 24 hours and 72 hours in both types of 

concrete. According to this Figure, penetration of 

chlorine ion in the ordinary concrete sample at a depth of 

10 mm from its surface of exposed to salt water 

containing chlorine ion for 144 hours is 2.2 times of that 

of the concrete sample for 24 hours. However, this 

difference was eliminated at greater depths. This 

behavior was also observed in the concrete containing 

GGBFS and GO sample. 

In the environment of water pressure, chloride ion 

transfers to the internal parts mainly through convective 

motion caused by concentration diffusion and pressure 

infiltration [114-116]. The depth of capillary absorption 

and penetration is limited, and the convective region 

exists only within a certain depth beneath the surface of 

the concrete [115]. DuraCrete thought that the depth of 

influenced convection was 14 mm [116,117]. Lei 

concluded that the depth of a convection zone in an 

underground structure was approximately in the range of 

5 mm-10 mm [118]. Within this depth, the chloride ion 

was transferred into the internal layer of the concrete 

under the action of the convection-diffusion coupling. In 

case the depth was greater than this value, the chloride 

ion transfer was mainly under the influence of diffusion 

[115-119]. Hence, the convection-diffusion coupling is 

the main machanism of the chloride ion transfer in the 

concrete used in this research. Fig. 13 shows the effect of 

time on the diffusion coefficient of chlorine ions in both 

ordinary concrete and that containing GGBFS and GO at 

a pressure of 0.7 MPa and ambient temperature. 

According to this figure, exposure time had a 

considerable effect on the diffusion coefficient of 

chlorine ions in concrete, and upon increasing the time, 

the diffusion coefficient of chlorine ions in concrete 

would decreases and become more stable over time. Of 

note, over time, the concentration of chlorine ions in the 

concrete increased much less than that in the concrete 

containing GGBFS and GO. Based on these results, the 

highest diffusion coefficient of chlorine ion in the 

ordinary concrete and that containing GGBFS and GO 

related to 24 hr are 22.8×10-11 m2/s and 20.8×10-11 m2/s, 

respectively. The lowest penetration coefficients related 

to 144 hr are 6.37×10-11 m2/s and 5.78×10-11 m2/s, 

respectively. Fig. 14 shows the effect of time and 

temperature on the diffusion coefficient of chlorine ion in 

both ordinary concrete and that containing GGBFS and 

GO at 0.7 MPa. According to this figure, the diffusion 

coefficient of chlorine ion is directly related to time and 

temperature. According to Fig. 14, upon increasing time 

in both types of concrete, the chlorine ion diffusion 

coefficient decreases, and upon increasing temperature, 

the chlorine ion penetration coefficient increases. 

 
 

Figure 12. Profiles of chlorine ions penetration in ordinary 

concrete (C1) and concrete containing GGBFS and GO (C2) at 

constant water temperature of 25 °C, constant pressure of 0.7 

MPa and at times of 24, 72, and 144 h 

 

 
 

Figure 13. Chloride ion diffusion coefficient in ordinary 

concrete (C1) and in concrete containing GGBFS and GO (C2) 

at a pressure of 0.7 MPa, at water temperatures of 25 °C and at 

times of 24, 72, and 144 hours 

 

 

Figure 14. Chloride ion diffusion coefficient in ordinary 

concrete (C1) and in concrete containing GGBFS and GO (C2) 

at a pressure of 0.7 MPa, at water temperatures of 25, 35, and 

55 °C and at times of 24, 72, and 144 hours 
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However, the diffusion coefficient of chlorine ion in 

concrete containing GGBFS and GO in all test cases is 

less than that of chlorine ion diffusion in ordinary 

concrete. According to the findings, water temperature 

also has a significant effect on the penetration of chlorine 

ions in concrete. Chloride ion penetrates significantly 

into both ordinary concrete and that containing GGBFS 

and GO at 55 °C, and this rate of change in ordinary 

concrete is greater than that of concrete containing 

GGBFS and GO mainly because the pores are filled with 

hydration products over time [120-123]. Sun et al. 

showed that when hydration reactions continued over 

time, the chloride concentration would increase, and the 

chloride diffusion coefficient would decrease with an 

increase in time at a certain depth [122]. 

Concrete containing GGBFS and GO exhibited the 

lowest penetration depth of chloride ion at a certain time. 

This difference was caused by the improvement of 

concrete structure due to the presence of GO and GGBFS 

during the test. On the contrary, the diffusion coefficient 

of chlorine ion in the concrete containing GGBFS and 

GO in all test cases was less than that of chlorine ion in 

concrete. In addition, according to Fig. 14, while the 

chlorine ion diffusion coefficient decreased upon 

increasing time, the value of decrease between 24 and 72 

hours was greater than the that of decrease between 72 

and 144 hours. This behavior was observed in both types 

of concrete with a main difference, i.e., the chlorine ion 

penetration coefficient in ordinary concrete samples was 

higher than that in the concrete containing GGBFS and 

GO. Therefore, it can be concluded that the 

microstructure of the concrete changes with time in 

different locations. Both chloride ion concentration and 

chloride diffusivity varied with time and space [122]. The 

coefficient of chloride diffusion decreased over time 

because the capillary pore structure was changed due to 

the continuous formation of hydration products, thus 

reaching a stable value [119,122].  

Fig. 15 shows the diffusion coefficient of chloride ions 

in both ordinary concrete and that containing GGBFS and 

GO under different test conditions. As water pressure and 

temperature increased, the diffusion coefficient of 

chlorine ions in both types of concrete increased, too; 

however, upon increasing time, the diffusion coefficient 

of chlorine ions in both types of concrete would decrease. 

Based on these results, it can be concluded that the 

highest diffusion coefficient of chlorine ion in ordinary 

concrete and that containing GGBFS and GO observed at 

0.7 MPa, one-day time (24 hr), and 55 °C are  

28.1×10-11 m2/s and 25.7×10-11 m2/s, respectively. The 

lowest penetration coefficients related to 0.3 MPa, six-

day time (144 hr) and 25 °C are 3.18×10-11 m2/s and 

3.08×10-11 m2/s, respectively. The mix with 0.1 wt. % GO 

and 50 wt. % GGBFS showed considerable performance 

in terms of diffusion. The results revealed that addition 

of 0.1 wt. % graphene oxide and 50 wt. % granular slag 

decreased the chloride penetration in the concrete sample 

up to 17.6 % during 90 days compared to ordinary 

concrete sample. Table 6 lists the values of D in different 

concrete samples were obtained through Equation (2) by 

other researchers and compares them with the results 

from this research [85, 124-139]. According to this table, 

the values of D in different concrete samples in this study 

are the same as those previously obtaiened by other 

researchers.  

In order to further investigate the microstructure of 

concrete specimens, Fig. 16 depicts the SEM images of 

ordinary and concrete containing GO and GGBFS after 

90-day curing time. As can be clearly seen obviously, 

after addition of GO and GGBFS, the structural porosity 

of the concrete was significantly reduced, hence a dense 

structure. 
 

 
 

Figure 15. Chloride ion diffusion coefficient in ordinary 

concrete and in concrete containing GGBFS and GO under 

different experiments 

 

 
Table 6. Chloride diffusion coefficient values in ordinary 

concretes obtained from some other studies and this study 

Maximum Exposure Time 

(Day) 

D 

(m2/s) 

Reference 

1 5E-11 [85] 

108 1E-10 [124] 
10 8E-12 [125] 

1 1E-11 [126] 

30 1E-11 [127] 
28 2E-11 [128] 

1022 5E-12 [129] 

25 6E-11 [130] 
365 6E-12 [131] 

5 9E-12 [132] 

240 1E-12 [133] 
180 3E-11 [134] 

28 2E-11 [135] 

30 3E-11 [136] 
100 5E-12 [137] 

30 1E-12 [138] 

60 7E-12 [139] 
6 3E-11 to 2E-10 This Paper 

 

Test Factors 
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Figure 16. Comparison of pore size distributions in ordinary concrete (C1) and concrete containing GGBFS and GO (C2) 

 

 

 

In typical concrete specimens, the microstructure is 

generally composed of C-H calcium hydroxide plate 

crystals and hydrated needle-shaped compounds along 

with hydrated calcium silicate compounds C-H-S. All of 

these compounds are formed in the concrete structure as 

a result of initial reactions between cement and water in 

the hydration process. The initial reaction of cement and 

water in the hydration process is as follows [61,99]: 

2(3CaO·SiO2) + 6H2O → 3CaO·2SiO2·3H2O +  

                                           (Primary C–S–H) 

                                           3Ca(OH)2  

(2) 

 

In the presence of granular slag, activated SiO2 can 

react with high-purity calcium hydroxide and calcium 

silicate hydrate to make hydrated calcium silicate more 

stable. At the same time, activated Al2O3 can react with 

Crack 
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C1 

A 

C1 

A 
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calcium hydroxide to produce hydrated calcium 

aluminate. The main reaction is as follows [105,113]. 

 

3Ca(OH)2 + Slag + H2O → 3CaO·2SiO2·3H2O + 

                                             (Secondary C–S–H) 

                                             4CaO·Al2O3·3H2O 

                                             (Secondary C–A–H)  

(3) 

 

As a result, secondary reactions of calcium hydroxide 

(C-H) crystals in the presence of slag are converted to  

C-H-S, and this combination leads to more filling of 

cavities and structural pores [105,113]. 

The microstructure of the ordinary concrete specimens 

is largely composed of needle-shaped grains and plate as 

well as hexagonal crystals of calcium hydroxide C-H. 

Despite the formation of some hydrated silicon 

compounds in them, their amount was negligible enough 

to affect the porosity of the concrete structure. Fig. 16 

shows the areas with folded plate morphology of 

graphene oxide sheets. The analysis of elements from 

points A and B shown in the microstructural images of 

the concrete containing GGBFS and GO specimens are 

shown in Fig. 17. According to the results in Fig. 17, 

addition of slag and graphene oxide to the concrete led to 

the formation of these secondary compounds with a 

lower Ca-to-Si ratio, which is about two in ordinary 

cement. However, with the formation of these 

compounds, i.e., hydrated calcium silicate, in many parts 

of the cementitious background, this ratio would decrease 

by 1.4 [140-142].  

Slag contains higher amounts of aluminum, silicon and 

magnesium, which leads to the formation of 

hydrotalacite, resulting in the replacement of silicon by 

aluminum in C-S-H and reducing their C/S ratio less than 

Portland cement in concrete [142]. 

The interactions among pressure, time, and 

temperature as well as their effect on the concentration of 

chlorine ion in both ordinary concrete and that containing 

GGBFS and GO at a depth of 20 ± 1 mm from the surface 

of the sample exposed to water containing chlorine ion 

are shown as a three-dimensional diagram and Pareto 

 

 

 

Figure 17. Analysis of point elements in microstructural 

images of ordinary concrete (area A) and concrete containing 

GGBFS and GO (area B) 
 

 

diagram in Fig. 18 and Fig. 19, respectively. The Pareto 

diagram shows the absolute values of the standardized 

effects listed hierarchically from the maximum to the 

minimum. The diagram also draws a reference line to 

determine which effects are statistically significant. The 

reference line for statistical significance depends on the 

level of significance (indicated by α). According to Fig. 

18, pressure has a greater effect on chlorine ion 

penetration than other parameters. After pressure, time is 

the most important factor, and temperature is the third 

one. In the next positions in terms of their simportamce 

are the interaction between pressure and time as well as 

concrete composition. Fig. 19 shows the sequence of 

factors affecting the release of chlorine ions in the 

concrete used in this study. All factors that cross the 

reference line (2.31) are statistically significant. The 

order of the effective effects of the evaluated parameters 

is also shown in this Figure. According to these results 

indicate, the level of significance for each evaluated 

response is different from the other. These results also 

indicated that the level of significance for each evaluated 

response is different from the other. According to Fig. 19, 

the intensity of the effect of different parameters on the 

amount and chlorine ion diffusion in concrete is as 

follows: 

1- Water pressure 

2- Exposed time 

3- Water temperature 

4- Interaction of water pressure - exposed time 

5- Concrete composition 

The cost of casting the mixed designed were estimated 

and reported in Tables 7 and 8. The cost of concrete 

composites was estimated using the commercialized 

market prices of the materials. The economic index for 

strength (compressive strength/cost per m3) was observed 

to have same value at concrete containing GGBFS and 

GO compare to ordinary concrete but the economic Index 

for electrical conductivity (electrical conductivity/cost 

per m3) shows that concrete containing GGBFS and GO 

area A 

area B 
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is a better mix than the ordinary concrete in terms of 

chlorine ion permeability and economy. Table 8 reveals 

that the cost of materials for making concrete containing 

GGBFS and GO sample is 24.5 % higher than this cost 

for ordinary concrete; however, given the economic 

index for electrical conductivity, using this mix is cost-

effective. 

 

 
 

 

 

 
 

 

 
 

 

 
Figure 18. The interactions of time, temperature and pressure 

on the chloride content in ordinary concrete and concrete 

containing GGBFS and GO at a depth of 20 ± 1 mm 

 

Figure 19. Effect of time, temperature and pressure and their 

interactions on the concentration of chlorine ions in concrete  

 

 
Table 7. Cost of materials 

Materials Cost ( USD/kg) 
OPC 0.1 
GO 0.02 

GGBFS 0.15 

Water 0.0007 

Fine Aggregate 0.02 

Coarse Aggregate 0.013 

SP 1.6 

� OPC: Ordinary Portland Cement, GO: Graphene Oxide, GGBFS: 

Ground Granulated Blast Furnace Slag, SP: (Carboxylate based) 
Super Plasticizer 

 

 

Table 8. Cost analysis of mixes per m3 of concrete 

   Mix 

C1 

(Ordinary 

Concrete) 

C2 

(Concrete Containing 

GGBFS and GO) 
Compressive Strength (MPa) 28.4 33.4 
Electrical Conductivity (C) 4012 1200 

Cost of GGBFS (USD) 0 31.875 

Cost of GO (USD) 0 6.936 
Cost of OPC (USD) 42.5 21.25 

Cost of water (USD) 0.119 0.119 

Cost of Fine Aggregate (USD) 20.11 20.11 
Cost of Coarse Aggregate 

(USD) 

8.794 8.794 

Cost of Super Plasticizer 
(USD) 

0.068 0.068 

Total Cost (USD) 71.591 89.152 

Economic Index for Strength 0.397 0.375 
Economic Index for Electrical 

Conductivity 

56.040 13.460 

 

 

 

 

4. CONCLUSIONS 
 
Throughout this study, the following concluding 

remarks were made: 

(a) Influence of Pressure and Time 

(b) Influence of Pressure and Temperature 

(c) Influence of Time and Temperature 

https://doi.org/10.30501/ACP.2021.304143.1072
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1. Addition of 0.1 wt. % graphene oxide and 50 wt. % 

granular slag increased the compressive strength of 

concrete sample upto 19.9 % during 28 days and 

17.6 % during 90 days compared to ordinary 

concrete sample. Concrete with a combination of 0.1 

wt. % graphene oxide and 50 wt. % granular slag 

exhibited an increase in the flexural strength of 15 % 

during 28 days of curing and 13.6 % during 90 days 

of curing. 

2. High reduction in electrical conductivity from 

4012C to 1200C was observed for 90-day cured 

samples containing 0.1 wt. % GO and 50 wt. % 

GGBFS compared to the ordinary sample. Addition 

of 0.1 wt. % GO and 50 wt. % GGBFS led to the 

highest surface electrical resistivity and the least 

electrical charge conduction, a sign of high 

resistance to chloride ingress and this mix is cost-

effective. 

3. The penetration of chlorine ions into ordinary 

concrete and concrete containing GGBFS and GO 

concrete increasedsignificantly upon increasing 

water pressure and temperature. The mix with  

0.1 wt. % GO and 50 wt. % GGBFS exhibited 

considerable performance in the case of chloride 

penetration in the concrete. This admixure reduced 

the chloride penetration by 17.6 % in 90 days 

compared to ordinary concrete. 

4. The convection-diffusion coupling is the main 

mechanism of the transfer of chloride ion in concrete 

in this research. 

5. Increasing resistance to chloride ion penetration in 

the concrete containing GGBFS and GO was caused 

by the improvement of pore structure and increase in 

concrete density. Due to the filling of pores and 

cracks, concrete becomes denser and its resistance to 

chloride ion penetration was improved. 

6. UPon increasing water pressure and tempertature, 

the diffusion coefficient of chlorine ions in both 

types of concrete increased; however, an increase in 

time reduced the coefficient mainly because the 

capillary pore structure was changed due to the 

continuous formation of hydration products, thus 

reaching a stable value over time. 

7. The order of the effect of the studied parameters on 

the amount and intensity of chlorine ion emission in 

concrete, respectively: 1) water pressure, 2) 

exposure time, 3) water temperature, 4) water 

pressure interaction - exposure time, and 5) concrete 

composition. 
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In this study, Y3Al5O12-MgAl2O4 (YAG-Spinel) composites, with different molar ratios (1:1 and 1:3), were 

in-situ fabricated using Reactive Spark Plasma Sintering (RSPS) technique. To this end, Al2O3, MgO, and 

Y2O3 powders were used as the starting materials. In-situ formation of YAG-Spinel composites was 
investigated based on the reaction 3.5 Al2O3 + MgO + 1.5 Y2O3 → Y3Al5O12 + MgAl2O4. Both synthesis 

and densification processes were accomplished using a single-cycle RSPS with one-step heating. The RSPS 
process was performed at a sintering temperature of 1300 °C for 30 min hold time with a maximum uniaxial 

pressure of 90 MPa under vacuum conditions. The synthesized phases and microstructures were 

investigated by X-ray diffraction and field emission scanning electron microscopy. The unwanted phases 
such as YAP (YAlO3) in a composite microstructure were removed using LiF additive. LiF was used as a 

sintering aid in the process of sintering. The in-situ synthesized YAG-Spinel composites exhibited no 

internal infrared transmittance over the infrared wavelength ranges of 2.5-25 µm. 
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1 

1. INTRODUCTION 
 

In recent years, infrared technology is widely used in 

military and civil applications, and the development of 

infrared transmitting materials is a requirement of this 

technology [1]. Optical infrared windows that can 

transmit infrared wavelengths well have many 

applications [2]. Some of the transparent ceramics used 

in this field include Al2O3, Y2O3, MgO, YAG, MgAl2O4 

spinel, and AlON [3]. In recent years, many studies have 

been conducted on optically transparent ceramics such as 

Al2O3, Spinel, Y2O3, and YAG due to their good optical, 

mechanical, and thermal properties [4,5]. Most 

researches on transparent ceramics have focused on 

single phases, and only a few researches can be found on 

making transparent ceramic composites [4]. A ceramic 

composite can be made transparent if the refractive 

indexes of different phases very closely match each other 

[6]. Nevertheless, it was found that a normally 

translucent ceramic can be made transparent when the 

grain size is far less than the wavelength (one-twentieth 

wavelength) [4,6-8]. The first research on transparent 

composites pertains to the Y2O3-MgO system [6]. It was 

reported that Y2O3-MgO composite with a grain size of 
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about 400 nm exhibited good infrared transmission. In 

this composite, the solubility of each phase in the other 

phase is quite low. 

As shown, obtaining a transparent ceramic material 

implies sintering with a high theoretical density, very 

close to ≥ 99.9 %, and keeping few pores left. As a result, 

the sintering method gains significance in achieving this 

objetive [9]. RSPS is a newly developed method for 

obtaining fully-dense transparent ceramics at low 

temperatures within short-time durations. In this method, 

the sintering time is short due to the simultaneous 

formation and synthesis in one step [10]. 

YAG and MgAl2O4 spinel ceramics are both infrared 

transparent materials. In addition, both of these materials 

have a medium wavelength cut-off and, consequently, 

are used as an infrared transmission window [11,12]. An 

important issue may arise here, that is, ‘whether YAG-

Spinel composites can exhibit a transmission for an IR-

wavelength’. To the best of the authors’ knowledge, no 

published study has been carried out on the fabrication of 

YAG-Spinel composites. The main objecive of this study 

is to investigate the microstructural and optical properties 

of YAG-Spinel composites. 

 

 

2. MATERIALS AND METHODS 
 

Al2O3 (purity of 99.9 %, average particle size of 50 nm, 

US Research Nanomaterials, Inc.), MgO (purity of  

99.9 %, average particle size of 20 nm, US Research 

Nanomaterials, Inc.), and Y2O3 (purity of 99.9 %, 

average particle size of 1 µm, Henan Huier Nano 

Technology Co.) were selected as the starting materials 

to prepare the YAG-Spinel composites with different 

compositions. The molar composition of YAG: Spinel 

composites was 1:1 and 1:3. Further, Al2O3, Y2O3, and 

MgO powder mixtures were ball milled for six hours in a 

polymer cup with alumina balls using ethanol as a 

dispersion medium. In the next step, the powder mixtures 

were dried in an oven at 100 °C for two hours. The dried 

powders were placed in a cylindrical graphite die with an 

inner diameter of 40 mm and consolidated into bulk 

specimens using the SPS system (SPS-20T-10, Easy 

Fashion metal products trade Co., China). The average 

heating rate during the SPS process was about 50 °C/min. 

During the SPS process, the temperature was monitored 

by an optical pyrometer focused on the small hole on the 

surface of the die. In the SPS process, a pressure of  

20 MPa was initially applied to the specimen that 

increased to 90 MPa at the maximum temperature. The 

specimens were sintered at 1300 °C for 10-30 min. The 

specimens’ codes for 1 mol % YAG-1 mol % Spinel and 

1 mol % YAG-3 mol % Spinel were abbreviated as Y1S 

and Y3S, respectively. 

The phase composition was determined by the XRD of 

specimens using a Philips-PW3710 operating at 40 kV 

and 30 mA using Cu Kα radiation (λ = 0.15406 nm). The 

microstructure of the gold-coated specimens was 

characterized by a field emission scanning electron 

microscope (FESEM, MIRA3 TESCAN operating at  

15 kV) equipped with Energy Dispersive Spectroscopy 

(EDS). The in-line transmittance of the polished samples 

with a thickness of 1.5 mm was evaluated using Fourier-

Transform Infrared Spectrometer (FTIR) (Vector 33, 

Bruker Bio spin Corp, USA) in the wavelength range of 

2.5-25 µm. 

 

 

3. RESULTS AND DISCUSSION 
 

To prepare the Y1S composite, the mixture of 

Al2O3-MgO-Y2O3 powders was subjected to the SPS at 

1300 °C for 15 min. The X-ray analysis of this sample 

shows that in addition to the spinel and YAG phases, the 

unreacted YAP and Y2O3 phases are also present in the 

structure (Figure 1). 

 

 
 

Figure 1. X-ray diffraction pattern of Y1S specimen sintered at 

1300 °C for 15 min 

 

 

The microstructure of the Y1S SPS-ed specimen is 

shown in Figure 2. The regions marked with the letters 

A, B, and C represent the phases Y2O3, YAG, and Spinel, 

respectively. This sample has no infrared transmission 

due to the presence of the YAP phase in the 

microstructure. Although many of the physical properties 

of this phase are similar to those of the YAG phase, its 

structure is orthorhombic and non-isotropic in terms of 

optical properties [13]. 

To prepare the Y3S composite, the mixture of 

Al2O3-MgO-Y2O3 powders was subjected to SPS at  

1300 °C for 10 min. The microstructure of the SPS-ed 

sample is depicted in Figure 3. According to this figure, 

in addition to the YAG and Spinel phases, the unreacted 

YAP and Y2O3 phases are also present in the structure. 

The regions marked with A, B, C, and D represent the 

Spinel, YAG, Y2O3, and YAP phases, respectively. 
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Figure 2. FESEM micrograph of the Y1S specimen sintered at 1300 °C for 15 min 

 

 

 
 
 

Figure 3. FESEM micrograph of the Y3S specimen sintered at 1300 °C for 10 min: (a) low and (b) high magnifications 
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The presence of Y2O3 and YAP phases in the structure 

indicates that the sintering time or temperature is not 

sufficient. In this regard, increasing the sintering time can 

contribute to the complete diffusion of the elements in 

raw materials and as a result, the target phase will be 

easier to consider. For this purpose, sintering time 

increases from 10 min to 30 min. According to the X-ray 

analysis of the SPS-ed sample for 30 min, the main peaks 

belong to the YAG and Spinel phases and the interphase 

peaks of YAP are visible in the spectrum (Figure 4). 

 

 
 

Figure 4. X-ray diffraction pattern of Y3S specimen sintered at 

1300 °C for 30 min 

 

 

Of note, there was no unreacted yttria in the structure, 

indicating that the sintering time of 10 min was not 

appropriate for the reaction of yttria with alumina to form 

the YAG and spinel phases. The annealing process at 

1300 °C for 10 h as well as a temperature increase up to 

50 °C did not affect the residual phase removal process 

of YAP and other solutions should, therefore, be 

considered. Until now, many researchers have used LiF 

as a sintering aid in the process of sintering Spinel  

[14-16], Y2O3 [17], and MgO [18], mainly because it 

enjoys several advantages: reducing the sintering 

temperature, faster diffusion of elements and thus better 

sintering, reducing the grain size, increasing the density 

of the liquid phase during sintering, and improving the 

optical transmittance [15,19]. In this study, 1 % wt. of 

LiF sintering aid was used in the mixture of initial 

powders, and the mixture of Al2O3-MgO-Y2O3 powders 

was subjected to the SPS at 1300 °C for 30 min. 

Temperature-Time-Displacement-Pressure behavior of 

this sample is shown in Figure 5. Displacement changes 

in the positive direction of the graph mean contraction as 

well as the negative direction mean sample expansion. 

The densification of the sample during the SPS process 

was evaluated based on the displacement of punch rods 

caused by shrinkage of the specimen. According to the 

figure, before reaching the approximate temperature of 

500 °C, no change in displacement was observed; 

however, upon increasing temperature, some 

displacement in the positive direction was observed. The 

abrupt displacement of approximately 0.3 mm in the 

sample is indicative of the initiation of spinel synthesis. 

In fact, the synthesis began with the reaction of MgO and 

Al2O3, and an increase in volume during sintering is 

caused by the volume difference between unit cells of 

reactant material with spinel. During synthesis and 

formation of the spinel phase, volumetric expansion 

between 5-7 % has been reported [20]. This displacement 

continued up to the approximate temperature of 1050 °C, 

 and with a gradual increase in the temperature, the 

displacement rate increased gradually and remained 

unchanged at the stable temperature of 1300 °C. 

 

 
 

Figure 5. Temperature-time-displacement-pressure behavior 

during the SPS process of the Y3S specimen using LiF additive 

 

 

The X-ray analysis of the sample is illustarted in Figure 

6. As shown earlier, all peaks belong to the two phases of 

YAG and Spinel. In this case, the LiF sintering aid 

permeates the components faster to form the YAG and 

spinel phases; in other words, it performs well, leaving 

no residual and unwanted phases such as YAP in the 

sample. 

 

 
 

Figure 6. X-ray diffraction pattern of Y3S specimen using LiF 

additive sintered at 1300 °C for 30 min 
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Figure7. FESEM micrograph of the Y3S specimen ,using LiF additive, sintered at 1300 °C for 30 min 

 

 

 

Figure 6 and X'Pert HighScore Plus software (version 

3.0 e, developed by PANalytical BV Company, Almelo, 

Netherlands) were employed to calculate the quantitative 

phase identification result of the YAG and Spinel based 

on Rietveld refinement method which were 59.13 and 

40.67 wt. %, respectively. The real density value of the 

spark plasma sintered Y3S measured through 

Archimedes method was 4.087 g/cm3, and the relative 

density was 99.98 %. The density value tends to approach 

the theoretical density (ρtheo= 4.086 g/cm3). According to 

the microstructure of this sample, the two phases of YAG 

and Spinel were the only phases shown in Figure 7 by 

letters A and B, respectively. Visible transparency of the 

sample is given in Figure 8. As observed, the sample 

exhibits no transparency. Figure 9. shows the in-line 

transmittance (Tin) of the sintered Y3S as a function of 

wavelength. Internal transmittance examination of IR 

waves from this sample exhibited no internal 

transmittance over the infrared wavelength of 2.5-25 µm. 

According to the findings, this transparent ceramic 

cannot be used as an optical mid-IR-window. Among the 

reasons why there is no transmittance, we can refer to the 

difference between the refractive indexs of two 

components in the composite. Refractive index for Spinel 

in the wavelength range of 0.35-5.5 μm is 1.7488-1.5722, 

and for YAG is 1.8608-1.7219 [21]. The difference 

between the refractive indexs of two-phase YAG and 

Spinel is between 0.11 and 0.15, which is significant for 

this composite system. However, the presence of porosity 

can be another reason for the lack of IR transmittance. 

 

 
 

 

Figure 8. Picture of the Y3S specimen disc, 40 mm in diameter 

and 2 mm thick, consolidated by SPS 
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Figure 9. Optical transmission of a Y3S sample as a function 

of the incident light wavelength 

 

 

 

4. CONCLUSION 
 

In-situ synthesis and sintering of YAG-MgAl2O4 

composites with molar ratios of 1:1 and 1:3 were 

performed using alumina-yttria-magnesia raw materials 

through the reactive spark plasma sintering method. The 

unwanted phases such as YAP in composite 

microstructure were removed using LiF additive in the 

mixture of starting materials. The results showed that two 

phases of YAG and Spinel, each of which revealed 

transparency, led to the formation of composites with no 

internal transmittance in the infrared wavelength range. 
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