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A B S T R A C T  

 

Bioactive glass-ceramic is used as a replacement material for bone tissue due to its compatibility, 

bioactivity, and the ability to form a crystallized hydroxyapatite layer, which is similar in composition 

and structure to the inorganic component of the bone mineral phase. In this paper, bioglass-ceramic was 
toughened using zirconia to improve its mechanical behaviour (i.e. crack opening dsplacement and 

fracture toughness). The fracture toughness of the bioactive glass cerami/zirconia composite was 

measured using three-point bending technique. Digital Image Correlation (DIC) technique was utilized 
for visualized the crack initiation and calculation the crack opening displacement (COD) at the tip and 

mouth of the crack and measuring of the crack propagation of the bioactive glass cerami/zirconia 

composite. The results indicated that the incorporation of the zirconia particles improved the measured 
fracture toughness of the BGC/ZrO2 composite. The toughness of composite bioceramics is enhanced 

due to crack branching and crack deflection due to the presence of zirconia particles. 

doi: 10.5829/ije.2021.34.09c.02 

 
 

NOMENCLATURE 
COD Crack Opening Displacement (mm) SEM Scanning Electron Microscope 

BGC Bioactive glass-ceramic KIC Fracture Toughness (GPa.m1/2) 
XRD X-ray Diffraction CMOD Crack Mouth Opening Displacement (mm) 
ZrO2 Zirconia CTOD Crack tip Opening Displacement (mm) 

 
1. INTRODUCTION1 
 

Bioactive glass-ceramic is groups of osteoconductive 

biomaterial that assessed for restorating and repairing of 

body tissues especially for orthopedics and dental 

implant. According to the location and function of the 

damaged tissue, glass ceramics may require high strength 

and fracture toughness to be a suitable repairing material 

[1]. The central point limiting the use of bioactive 

ceramics is their low mechanical strength and fracture 

toughness. One approach to use ceramics as implants in 

load-bearing applications is reinforcing the ceramic with 

a second phase [2]. The mechanical properties of bioglass 

are controlled by the addition of oxides such as magnesia, 

alumina, zirconia, or titania. The use of composites of 

ZrO2 and bioactive glass in the Na2O-CaO-SiO2-P2O5 

system [3], where high strength comes from the zirconia 
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reinforcing process and good compatibility and high 

bioactivity come from the bioactive glass, is an appealing 

way of producing strong bioactive materials [4]. Gali et 

al. [5] gave an evidence about increasing hardness and 

toughness of the glass ceramic-YSZ composites with 

varying amounts of YSZ (0, 5, 10, 15 and 20 wt.%). 

Kasuga et al. [1] confirmed the high bending strength of 

zirconia-toughened glass-ceramic composite with no 

degraded after in vivo implintation for 12 weeks, the 

optimum zirconia content to get high-strength and 

bioactivity was 30 vol.%. Rabiee and Azizian [6] used 

composite coating layer of bioactive glass-ceramic with 

various zirconia concentrations; the hardness test  

demonstrate that increasing zirconia content lead to 

rising of coating hardness. Zirconia was used to resolve 

the issue of ceramic brittleness and the resultant potential 

failed implants [7]. Fracture mechanics is a subject of 
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engineering science that deals with the failure of solids 

caused by crack initiation and propagation [8], cracks are 

everywhere around us, these cracks which often exist 

could result in from industrial flaws or a variety of 

environmental conditions in the course of loading. Crack 

opening displacement and crack propagation are the most 

important parameters in fracture mechanics [9]. Fracture 

mechanics is depended on the stress intensity factor, wich 

is describes the stress concentration at the crack tip [10]. 

Measuring the crack opening displacement is difficult 

and as values obtain smaller, distinct equipment is 

needed and for a ceramic, SEM has been utilized [11]. 

These methods require precise sample preparations and 

distinctive care for determining the precise value of 

displacements [12-13]. To solve these challenges, non-

contact optical technologies such as (DIC) Digital Image 

Correlation, which are used to determine the 

displacements and strains of samples for detecting crack 

propagation and measuring crack opening displacement, 

can be used to acquire a procedure for measuring the 

displacement of a specific location and precise strain 

measurements [14-15]. The aim of the study to improve 

the mechanical behaviour (i.e crack opening 

displacement and frcature toughness) of the bioactive 

glass ceamic tougheneing using zirconia and using 

digital image correlation for visualization of the crack 

initiation and measuring crack opening displacement and 

propagation in BGC/ ZrO2 composite. 

 

 

2. EXPERIMENTAL PROCEDURES 
 
2. 1. Materials Preparation         Bioglass-ceramic was 

prepared by melting technique. The preparation method 

and characterization were explained by Aswad et al. [16] 

and zirconia-yttria nanopowder/ nanoparticles (ZrO2-3Y, 

99.95%, 20 nm, metal basis). 
 

2. 2. Bioglass-ceramic/ Zirconia Composite        The 

composites were prepared from mixing different 

amounts of  zirconia-yttria nanopowder/ nanoparticles 

(ZrO2-3Y, 99.95%, 20 nm, metal basis) with prepared 

bioglass-ceramic powders. Where was mixed (3,5) wt.% 

of ZrO2 nanopowder with bioglass-ceramic powder by 

using magnetic stirrer for 6 h using ethanol as solvent. 

The resulting slurry dried at 120 oC in the oven for 48 h. 

The dried powder was then crushed and sieved to be 

ready for compaction. 

 
2. 3. Compact of BGC ansd BGC/ZrO2 Specimens         
Bioglass-ceramic and BGC/ ZrO2 powders were mixed 

with (2 wt %) poly vinyl alcohol, PVA as a binder's 

material [17]. Uniaxial semi-dry pressing techniques 

were used to form green ceramics specimens utilizing 

rectangles molds made of stainless steel with (60×6×5 

mm) dimension. Figure 1 shows the compacts specimen 

for the fracture test. The appropriate pressure was 150 

MPa. Solid specimens were bonded by sintering at 

temperatures 1000 °C with the heating rate (10°C/min) 

and soaking time 3 h and cooling down inside the 

furnace. 

 

2. 4. Single Edge Notched Beam Sample         Figure 

2 shows the sample with dimensions (3 ×4 ×50) mm, and 

the samples were prepared to study fracture using a single 

edge notch beam [18]. Notch was made using a 170 μm 

thick diamond cutting disk (BT-MS210) in the ceramic 

laboratory/ Material Engineering College/ Babylon 

University [19]. 

 
2. 5. Digital Image Correlation          The DIC method 

is an optical technique, which utilizes the full field, non-

contact and high precision measurement of deformations 

and displacements. The artificial speckles pattern was 

created by sprayed randomly with black paint (vinyl 

acetate/ethylene VAE) on the BGC/ ZrO2 composite 

specimen surface as shown in Figure 3. The speckles 

pattern are required to be non-repetitive, isotropic and 

contrast enough to permit the software to be able to 

identify and match the image before and after 

deformation [20-21]. The sprayed of a sample is 

necessary to make a subset, as shown in Figure 4. The 

software of DIC used for calculation named GOM 

(Gesellschaft fur Optische Mebtechnik) from a German 

company. These calculations start with a reference image 

captured before loading that was compared with other 

images during the loading periods. The assumption 

 

 

 
Figure 1. show compacts specimens for fracture test (a) 

before sintering, (b) after sintering with surface finishing 

(grinding and polishing) 
 

 

 
Figure 2. BGC/ ZrO2 composite specimen after created 

Notched using SENB method 
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Figure 3. Speckles of black paint 

 

 

 
Figure 4. Subsets show when speckles of black paint (right 

side), unlike without black paint (left side) 

 
 
proposed was that the color values of the image remain 

the same before and after the deformations. Firstly, the 

images are divided into subsets and look for the 

corresponding subset after deformations based on the 

assumptions and calculate their displacement; finally, 

deformations or displacement distributions maps are 

made. Figure 5 shows using digital image correlation for 

displacement measurement. 

 

2. 6. Loading Setup and Test Procedure          
Specimens were subjected to the load microcomputers 

controlled electronics universal testing machines. These 

testing machines have loadings capacities of 5 KN and 

the loading rates are very low, resulting in a displacement 

not exceeding 0.005 mm/min. This camera is a digital 

microscope camera (Genesys Logic), and it has a lamp 

that is used to lighten the speckle pattern and is adapted 

to capture digital images during the loading process. The 

camera was positioned such that its lens was as parallel 

to the specimen surface as possible, and the focal length 

was changed to ensure that the picture was clear. The 

resolution of the camera was set to 640 × 480 pixels and  

 

 

 
Figure 5. Setup for displacement measurement using digital 

image correlation [20] 

the length pixel ratios of the imaging systems are 0.0008 

mm/pixel. Cameras were programmed for capturing the 

image automatically at frames rates of 30 images/s, and 

these frames rates suit to store and to capture large 

numbers of images for further. The DIC method is to 

match maximum correlation between small zones (or 

subsets) of the specimen according to equations below: 

R(x, y, x*, y*) = ∑ F(x, y) - G (x*, y*) (1) 

C(x, y, x ∗, y ∗) =
∑ F( x ,y ) G ( x∗,y∗)

√∑ 𝐹( 𝑥 ,𝑦 )2 ∑𝐺 ( 𝑥∗,𝑦∗)2
  (2) 

 
2. 7 Measurement of The Crack Opening 
Displacement          The position of crack mouth and 

crack tip opening displacement can be noticed in Figure 

6 [22]. The crack opening displacement (CMOD and 

CTOD) can be measured throw DIC using two curves as 

shown in Figure 7. By the crack opening calculation with 

distance checks, you can analyze how the distance 

between two curves deviates from a reference value. The 

reference value can be a nominal value or a distance in 

the first active stage. 
 

 

3. RESULTS AND DISCUSSION 
 
3. 1. Fracture Toughness        The fracture toughness 

of samples is known to be affected by the crack 

propagation behavior of composites [23]; thus, crack 

deflection and crack branching increase fracture 

toughness in the presence of ZrO2 particles in the matrix 

as shown in Table 1. As the crack front interacts with a 

second-phase inclusion, such as ZrO2 particles, the crack 

propagates out of the plane, lowering the stress intensity 

factor at the crack tip. To put it another way, it slows 

down crack propagation because it takes more energy to 

propagate a crack [24-25]. Crack deflection may be 

caused by residual stress in the composite or weak 

matrix/second phase interfaces [26]. 
 

 

 
Figure 6. Position of CMOD and CTOD in GOM 

 

 

 
Figure 7. Measurement of CMOD and CTOD 

https://www.google.iq/search?biw=1366&bih=613&tbm=isch&q=setup+for+displacement+measurement+using+digital+image+correlation&spell=1&sa=X&ved=0ahUKEwjY9Zv_4fPcAhUM16QKHZcGDgIQBQg4KAA
https://www.google.iq/search?biw=1366&bih=613&tbm=isch&q=setup+for+displacement+measurement+using+digital+image+correlation&spell=1&sa=X&ved=0ahUKEwjY9Zv_4fPcAhUM16QKHZcGDgIQBQg4KAA
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TABLE 1. Fracture toughness of BGC and composites 

Sample Fracture Toughness (MPa.m1/2) 

Pure BGC 0.75 

BGC / 3%ZrO2 1.04 

BGC / 5%ZrO2 1.61 

 

 

The fracture toughness of this study was calculated 

according to ASTM C1421 as shown below: 

KIc = g[
𝑃𝑚𝑎𝑥  𝑆𝑜   10−6

𝐵𝑊
3

2⁄
] [

3[𝑎
𝑤⁄ ]

1
2⁄

2[1−𝑎
𝑤⁄ ]

3
2⁄
] (3) 

 
3. 2. Toughening Mechanism               The toughening 

mechanisms were investigated by Vickers’ indentations 

were made on the polished surfaces and the cracks 

propagations path was as shown in Figure 8. The cracks 

of the BGC specimen show a transgranular fracture 

behavior, indicating that the toughness of BGC is 

independent of its grain size. Because of this 

transgranular fracture behavior, very straight cracks are 

often observed radiating from indentation corners, as 

shown in Figure 9, for the sample with 5wt.% ZrO2. The 

crack is deflected when it encounters zirconia particles. 

Sometimes crack branching occurs by zirconia particles. 

Therefore, the toughening is attributed to both crack 

deflection and crack branching at sites of zirconia 

particles [25-27]. 

 
3. 3. Visualization and Propagation of Cracks          
DIC is a good method for visualized the crack and its 

initiation, otherwise, these cracks are not visible without 

using the DIC technique [28]. The results obtained from 

DIC to identified crack propagation with load and time 

of pure BGC and BGC-3, 5wt.% ZrO2 is shown in Figure 

10, respectively. These figures show the change in strain 

mapping near the notch at different loads and times for 

bioglass-ceramic and composite samples. Each figure 
 
 

 
Figure 8. Indentation crack propagation pattern in pure 

bioglass-ceramic sample sintered at 1000ᵒC 

 
Figure 9. Indentation crack propagation pattern in 

BGC/5wt.% ZrO2 sample sintered at 1000ᵒC 

 

 

 

 

 
Figure 10. Strain maps with different load and time (a) Pure 

BGC,(b) BGC-3wt.% ZrO2, (c) BGC-3wt.% ZrO2 
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contains six images, The image (a) in every figure shows 

the undeformed sample (before applied loading), image 

(b) doesn’t show a change in strain mapping near the 

notch tip, whereas the image (c) shows change in strain 

mapping near the notch tip which indicates to stress 

concentration near the notch tip. Critical load and crack 

have been formed as shown in image (d). Thereafter the 

specimen losing the bearing capacity and load rapidly 

decrease when the crack propagated as shown in images 

(e) and (f).The critical load for pure BGC (11 N) and the 

time when crack initiation was 412s. Also from this 

figure can be noticed that the critical load for (BGC-

3wt.% ZrO2) is 15 N at critical time 712s while the 

critical load for (BGC-5wt.% ZrO2) is 22 N at critical 

time 1637s. The effect of addition ZrO2 to bioglass-

ceramic enhanced fracture toughness of bioglass-

ceramic. 
Figure 11 shows the relationship between load and 

time, in the SENB method. The curved divides into three 

parts: The first part represents the lower slope, it is before 

and the beginning of the emergence of the crack, The 

second part is steeper slope represents crack propagation 

before reaching the critical load, the top peak is 

represented a critical load. The last part is after the arrival 

of the sample to the critical load and continues to 

progress rapidly until the specimen fails. 
 

3. 4. Crack Opening Displacement of Specimen          
The relationship between applied force and crack 

opening displacement (CMOD and CTOD) [29] shown 

in Figure 12. From this figure can notice the force versus 

COD curve can be divided into three parts. In the first 

part, the relationship is linear, the second part start as 

soon as the curve deviates from linearity. The crack 

opening begins to widen at a faster rate, signaling the 

onset of material damage. The load continues to rise in 

this section until the peak load value is reached, at which 

point the material's full loading capacity is reached. As 

the crack mouth opening displacement continues to 

increase and the load begins to decrease after the peak 

load level, the last part begins [30]. 
 

 

 
Figure 11. Represent the relationship between the load 

versus time of all specimens 

 

 

 
Figure 12. Load versus COD (a) BGC pure, (b) BGC-3wt.% 

ZrO2, (c) BGC-5wt.% ZrO2 
 
 
4. CONCLUSIONS  
 
According to the results of the experimental work, can be 

concluded the DIC is a good method for visualizetion of 

the crack initiation and measuring crack opening and 

propagation in BGC/ ZrO2 composite. The critical stress 

intensity factor (KIC) of BGC, BGC with 3, and 5wt.%  

ZrO2 was  0.75, 1.04, and 1.61 MPa. √m respectively, and 

the critical load of BGC, BGC/3, and 5 wt.% ZrO2 were 

11, 15, and 22 N, respectively for the experimental result. 
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Persian Abstract 

 چکیده 
ختار مشابه با اجزای غیر آلی فاز سرامیک شیشه ای زیست فعال به دلیل سازگاری ، فعالیت زیستی و توانایی تشکیل یک لایه هیدروکسی آپاتیت متبلور ، که از نظر ترکیب و سا

امیک بیوگلاس با استفاده از زیرکونیا برای بهبود رفتار مکانیکی آن  مواد معدنی استخوان است ، به عنوان ماده جایگزینی برای بافت استخوان استفاده می شود. در این مقاله ، سر

با استفاده از روش خمش )به عنوان مثال محل انعطاف پذیری بازشو و مقاومت در برابر شکست( سخت شد. مقاومت در برابر شکست کامپوزیت شیشه زیستی فعال / سرامیک  

در نوک و دهان ترک و اندازه     (COD)برای تجسم شروع ترک و محاسبه جابجایی بازشدگی ترک  DICیر دیجیتال  سه نقطه ای اندازه گیری شد. از روش همبستگی تصو

 BGCزه گیری شده کامپوزیت  گیری انتشار ترک ترکیبی از سرامیک شیشه ای / زیرکونیا استفاده شده است. نتایج نشان داد که ترکیب ذرات زیرکونیا مقاومت شکستگی اندا

2ZrO / ترک به دلیل وجود ذرات زیرکونیا افزایش می یابد. را بهبود می بخشد. مقاومت بیوسرامیک کامپوزیت به دلیل انشعاب ترک و انحراف 

 

 


