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This study investigates the effect of carbide particle size on the microstructure, mechanical 
properties, and abrasive wear resistance of WC-17%Co HVOF-sprayed coatings. The 

characteristics of WC-1, WC-2, and WC-3 coatings with carbide sizes of 1 µm, 0.9 µm, and 0.5 µm, 

respectively, were also investigated. WC-1 coating experienced the maximum carbon loss of 42%, 
while WC-2 and WC-3 coatings underwent lower carbon losses of 30% and 29%, respectively. The 

XRD pattern revealed W2C/WC peak ratios of 15.58, 9.14, and 14.96% for WC-1, WC-2, and WC-

3 coatings, respectively. The Vickers microhardness of WC-1, WC-2, and WC-3 coatings was 
measured as 1418 ± 61, 1306 ± 71, and 1203 ± 57 kgf/mm2, respectively. The WC-2 coating showed 

the maximum fracture toughness of 5.9 MPa.m1/2, after which WC-3 and WC-1 coatings were 

characterized by 5.6 and 5.4 MPa.m1/2, respectively. The wear rate of the coatings abraded by 
alumina 60 was 1.2-7.8 times higher than that of the coatings abraded by silica 70 almost over the 

whole range of applied loads (19.6-127.5 N). The WC-3 coating exhibited lower abrasive wear 

resistance against alumina 60 than WC-1 and WC-2 coatings. The worn surfaces produced by 
alumina 60 abrasive showed indications of grooving, pitting, and cutting of the coatings’ surfaces. 

For all coatings abraded by silica 70, removal of the matrix, micro-grooving, carbide particles 

fragmentation, and voids formation through carbide pullout were detected. For WC-3 coating, in 
contrast to WC-2 and WC-3, the indications of sub-surface cracking were identified when abraded 

by both alumina 60 and silica 70. 
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1. INTRODUCTION 
 

Sintered WC-Co materials consisting of hard WC 

particles and a ductile cobalt binder phase are 

extensively utilized in wear-resistant applications such 

as cutting and machining tools, extrusion dies, etc. due 

to their excellent combination of high hardness, fracture 

toughness, and superior wear resistance [1-4]. Due to a 

decrease in WC particle size on the nanometer scale, the 

mean free path of cobalt matrix is reduced, thus resulting 

in greater resistance against deformation and binder 

phase extrusion. As a result, compared to conventional 

materials, sintered nanostructured WC-Co materials 

exhibited higher hardness and greater wear resistance 

[5-8]. Thermally sprayed WC-Co coatings, mostly 

deposited by High Velocity Oxygen Fuel (HVOF) 

spraying, have also received increasing attention and is 

utilized in numerous applications such as seats and gates 

in the petroleum industry, as well as copper crystallizers 
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and pinch rolls in the steel industry [9-11]. Researchers 

have studied the same approach with respect to 

nanostructured WC-Co coatings; however, the obtained 

results of the performance of coatings have been 

controversial to date. In other words, a review of several 

related studies shows that HVOF-sprayed 

nanostructured WC-Co coatings outperform 

conventional WC-Co coatings in terms of their higher 

hardness, wear resistance, and lower friction coefficient 

[12-14]. However, other researchers reached a different 

conclusion [15-18]. Therefore, additional investigations 

are required in this domain in order to explore a 

comprehensive study on WC-Co coatings and the 

relationship among the carbide particle size, mechanical 

properties, and wear resistance. 

In the present study, WC-17%Co powders of three 

different carbide particle sizes were deposited by HVOF 

thermal spraying. The effect of carbide particle size on 

the mechanical properties, microstructure, and abrasive 

http://www.acerp.ir/
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wear resistance was evaluated. 
 
 
 
 

2. EXPERIMENTAL PROCEDURES 
 
2.1. FEEDSTOCK POWDERS AND HVOF COATINGS 
Three commercial WC-Co powders with different WC 

particle sizes of 1 (WC-1), 0.9 (WC-2), and 0.5 µm 

(WC-3) were utilized as HVOF feedstock materials. All 

powders were agglomerated and sintered spheroids with 

nominal diameters ranging from 15 to 45 μm. Malvern 

Mastersizer S (Malvern Instruments Ltd, 

Worcestershire, UK) laser particle size analyzer was 

utilized to measure the particle-size distribution of the 

powders. Table 1 presents the general properties of the 

powders.  

 
TABLE 1. General properties of WC-Co powders 

Powder Manufacturer 
Powder 

designation 

WC 

size 

(µm) 

Composition (wt%) 

W Fe Co C 

WC-1 H.C. Starck Amperite 526 1 78.09 0.05 16.83 5.03 

WC-2 Sulzer Metco Woka 3202 0.9 77.97 0.04 16.83 5.16 

WC-3 Sulzer Metco Woka 3202 FC 0.5 77.85 0.03 17.02 5.1 

 

 

Plain-carbon steel (0.12% C, 0.7% Mn) sheets with 

dimensions of 59 × 25 × 3 mm and hardness of 241 

kgf.mm-2 were used as substrates for coating deposition. 

Prior to HVOF spraying, grit blasting the substrates with 

~250 μm brown alumina is required to degrease and 

roughen the surface. Praxair/UTP Top-Gun HVOF 

spray system, whose parameters are specified in Table 

2, was used to spray the feedstock powders onto the 

substrates. Hydrogen and nitrogen as the fuel and carrier 

gases, respectively, were used and the samples were 

cooled with compressed air jets during spraying.  
 

TABLE 2. Spray parameters employed for coatings 

deposition 

Spray parameter WC-1 WC-2 WC-3 

O2 flow rate (l min-1) 240 240 240 

Fuel gas (H2) flow rate (l min-1) 640 640 640 

Carrier gas (N2) flow rate (l min-1)   17 17 17 

Spray distance (mm) 250 250 250 

Number of pass 40 40 40 

Length of pass (mm) 77 77 77 

Carousel diameter (mm) 280 280 280 

Substrate velocity (m s-1)   1 1 1 

Gun transverse speed (mm s-1) 5 5 5 

Coating time (s) 733 674 669 

Consumption of powder (g) 665 710 711 

Coating thickness (µm) 350 445 460 

Powder feed rate (g min-1) 54 63 63 

2.2. MICROSTRUCTURAL CHARACTERIZATIONS 
This study used X-Ray Diffraction (XRD) (Siemens 

D500 diffractometer, 40 kV, 25 mA) to identify the 

phase composition of the powders and coatings via 

monochromatic Cu K (λ = 0.15406 nm) radiation. The 

XRD spectra were recorded over a 2θ range of 30°–80° 

with a step size of 0.010° and 4s dwell time per step. 

Scanning Electron Microscope (SEM) (Philips XL30, 

FEI Ltd.) equipped with energy dispersive X-ray (EDX) 

analysis was used for microstructural examination of 

feedstock powders and as-sprayed coatings. SEM 

observations were carried out at an accelerating voltage 

value of 20 kV in both Secondary Electron (SE) and 

Back-Scattered Electron (BSE) modes. Image analysis 

software (ImageJ 1.41) evaluated SEM/BSE images at a 

magnification of 2500× to figure out the porosity of the 

coatings. The mean pore volume fraction was calculated 

by recording at least ten images. The line analysis 

method derived from BSE micrographs at 

magnifications ranging from 5000 to 10000× was 

utilized to estimate the volume fraction of phases and 

the carbide particle size of the powders and coatings. 

Chemical analysis of as-sprayed coatings by LSM Ltd. 

(London and Scandinavian Metallurgical Co. Limited, 

South Yorkshire, UK) was conducted. While XRF-HSS 

(quantitative) was applied to determine Oxygen and 

Carbon contents, X-Ray Fluorescence (XRF) technique 

using XRF-UniQuant (semiquantitative) was used to 

determine other elements. 

 
2.3. EVALUATION of MECHANICAL PROPERTISE  
LECO M-400 microhardness tester was applied in this 

study to measure Vickers microhardness of as-sprayed 

coatings under a load of 300 gf at a dwell time interval 

of 15 s. The coatings’ hardness is described as the 

average value of 10 indents taken along the mid-plane 

of the cross-section parallel to the coating/substrate 

interface. 

An indentation method was utilized to measure the 

coatings’ fracture toughness. To this end, Vickers 

indentation measurements were performed on the 

metallographically prepared cross-sections of the 

coating under a load of 5 kgf. The image analysis 

software (ImagJ 1.41) was also utilized to measure the 

length of cracks parallel to the substrate/coating 

interface via optical micrographs at a magnification of 

400×. At least 35 indentations were conducted for each 

coating. The model proposed by A.G. Evans and T.R. 

Wilshaw was considered to calculate the coatings’ 

fracture toughness (Kc) [19]: 
 

𝐾𝐶 = 0.079 (
𝑃

𝑎3/2
)  𝑙𝑜𝑔 (

4.5𝑎

𝑐
) (1) 
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where P is the applied indentation load (N), a is the 

indentation half diagonal (m), and c is the crack length 

from the center of the indent (m). The recommended c/a 

ratio for valid use of this equation is 0.6 ≤ c/a < 4.5. 

 
2.4. ABRASIVE WEAR TESTING 
To carefully study the coatings’ behavior under three-

body low stress-abrasion conditions, Dry Sand Rubber 

Wheel (DSRW) test was applied to test the samples. As 

shown in Fig. 1, the coating sample is held in a slot at 

the top of the rotating wheel to control the feed of 

abrasive to be passed between the wheel and the sample.  

 

Steel wheelRubber tyre

Load

Test specimen

Sand feeder

Counter balance

 
 
Figure 1. Schematic representation of dry sand rubber wheel 

abrasion test apparatus 

 
The rubber wheel made of a polyurethane cast elastomer 

(monothane A60; CIL, Preston, UK) was coated around 

an inner steel wheel to increase the total diameter to 227 

mm. According to Wallace Hardness Meter, the width 

and international rubber hardness of the tyre were 12 

mm and 63 ± 3 degrees, respectively. The rotation speed 

of the rubber was set at 195 rpm, equivalent to the 

sliding speed of 2.32 m s-1 and in agreement with ASTM 

standard G65.  

This study used two groups of abrasives: (a) angular 

alumina 60 (Abrasive Developments, Henley-in-Arden, 

UK) in a size range of 212 to 300 μm and sand feed rate 

of 2.64 g s-1, and (b) rounded silica 70 (The David Ball 

Company, Bar Hill, UK) in the size range of 180 to 250 

μm and sand feed rate of 2.37 g s-1 (Fig. 2). The LECO 

M-400 micro hardness tester at load hardness of 300 gf 

was used to measure the hardness of the abrasive 

particles. Abrasive particles were mounted on a hot 

hardening resin and, then, polished in order to keep the 

flat cross-section of the particles exposed to indentation. 

The reported hardness is the average of 5 indents taken 

from different regions. The Vickers hardness rates of 

silica 70 and alumina 60 abrasives assessed in the 

polished cross-sections with an indentation load of 300 

gf were 1116 ± 47 kgf.mm-2 and 2103 ± 25 kgf.mm-2, 

respectively. 

 
 

 
 
Figure 2. SEM images of (a) alumina 60 and (b) silica 70 

abrasive particles 

 
The wear experiments were carried out under the 

applied loads of 19.6, 49, 98, and 127.5 N. The abrasive 

particles were fed via a chute towards the rubber wheel 

just before the contact region between the test specimen 

and the wheel.  

Before and after each test, the coatings’ loss of mass was 

assessed through a GF-200 balance (A&D Instruments 

Ltd., Tokyo, Japan) with capacity and accuracy of 10g 

and 0.001 g, respectively. Prior to calculating the wear 

loss, the coating samples were washed in methanol and, 

then, dried. For the coating samples, the abrasion 

distances were 800, 1600, 2400, 3200, and 4000 

revolutions. The wear rate was obtained from the slope 

of the steady state part of the mass loss versus sliding 

distance graph.  

The wear mechanisms were studied by observing the 

worn surface of the coating samples using Scanning 

Electron Microscopy (SEM) (Philips XL30, FEI Ltd, 

Cambridge, UK) with an accelerating voltage of 20 kV 

3 
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in Secondary Electron (SE) and Back-Scattered Electron 

(BSE) imaging modes. 

3. RESULTS 
 
3.1. MICROSTRUCTURE OF FEEDSTOCK 
POWDERS AND HVOF COATINGS 
The XRD patterns of WC-1, WC-2, and WC-3 powders 

(Fig. 3) show the main peaks corresponding to WC 

phase and small peaks related to Co matrix. The XRD 

patterns reveal no additional carbide phase such as W2C 

indicating that all the tungsten content in the starting 

powders exists in the form of WC phase.  

 

 
 

Figure 3. XRD patterns of starting WC-1, WC-2, and WC-3 

powders 

 

Fig. 4 shows the SEM images from morphology and 

cross-section of WC-1, WC-2, and WC-3 powders. It is 

evident that the agglomerated and sintered particles 

possess a spherical morphology and a highly porous 

structure.  

The results of the analysis conducted on the particle size 

distribution of different powders (Fig. 5), derived from 

laser diffractometry technique, reveal deviations from 

the size range and average size of particles in a way that 

WC-1 and WC-2 powders indicate the minimum and 

maximum d50% of 32 and 38 µm, respectively.  
Table 3 presents the particle size and volume fraction of 

WC phase calculated according to the cross-sectional 

BSE images of the powders through the line analysis 

method. Moreover, given the assumption that WC and 

Co densities are 15.63 g.cm-3 [22] and 8.90 g.cm-3, 

respectively, Table 3 shows the calculated volume 

fraction of WC based on the mass fractions claimed by 

the manufacturers. The results obtained from the 

calculated volume fraction of WC phase are in good 

agreement with each other, which verifirs their 

accuracy.  

 
 
Figure 4. SEM images from morphology and cross-section of 

(a,b) WC-1, (c,d) WC-2, and (e,f) WC-3 powder particles 

 

 
 
Figure 5. Particle size analysis of WC-1, WC-2, and WC-3 

powder particles 

 

 

 
TABLE 3. Particle size and volume fraction of WC in the 

powders measured via line analysis and calculated from the 

chemical composition of the powders 

 

Powder 
Measured volume 

fraction of WC (%) 

Calculated volume 

fraction of  WC (%) 

WC particle 

size (μm) 

WC-1 72 74 1.0 

WC-2 67 74 0.9 

WC-3 71 73 0.5 

 

4 
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Table 4 presents the chemical composition, carbon loss, 

and (W2C/WC) peak ratio of as-sprayed coatings. 

Obviously, for all coatings, significant carbon loss 

during HVOF spraying was observed. While WC-1 

coating experienced the highest rate of carbon loss 

(42%), WC-2 and WC-3 coatings underwent lower 

rates, i.e., 30% and 29%, respectively.  

Fig. 6 shows the comparative XRD patterns of WC-1, 

WC-2, and WC-3 coatings sprayed under the conditions 

specified in Table 2.  

 
TABLE 4. Chemical composition, carbon loss, and 

(W2C/WC) peak ratio for different coatings 

 

Coating 

Composition (wt%) Carbon 
loss 
(%) 

XRD peak height 
ratio 

(W2C/WC)×100 W Fe Co C 

WC-1 79.90 0.05 17.16 2.89 42 15.58 

WC-2 79.26 0.04 17.09 3.61 30 9.14 

WC-3 79.05 0.03 17.29 3.63 29 14.96 

 

 
 

Figure 6. XRD patterns of as-sprayed WC-1, WC-2, and WC-

3 coatings 
 

According to the observations, all types of coating 

experience WC decarburization during HVOF spraying. 

However, the levels of WC decarburization are 

different. When WC-1, WC-2, and WC-3 powder 

particles are exposed to high-temperature HVOF flame 

(~3000 °C), Co matrix melts upon which WC particles 

begin to dissolve into the liquid Co. The oxidizing 

atmosphere of HVOF flame makes a portion of 

dissolved Carbon oxidized in the form of CO/CO2 gas 

mixture that finally leads to decarburization. Some of 

the remaining dissolved W and C are recrystallized as 

W2C and W phases in the solidification process and the 

rest are kept in the binder to form W-rich Co matrix [23-

25]. For all coatings, XRD peaks that correlate with 

W2C and W phases formed during deposition are 

detected. A broad diffraction halo between 2θ values of 

approximately 37 and 47o for each coating is found, 

suggesting that there is an amorphous phase in the 

deposits. Moreover, the coatings’ XRD patterns show 

no crystalline peaks corresponding to the Co binder 

phase. The analysis of XRD pattern reveals that the 

W2C/WC peak ratios of WC-1, WC-2, and WC-3 

coatings are 15.58, 9.14, and 14.96% , respectively. 

According to Table 2, the spray parameters for all 

coatings were nearly the same; therefore, the powder’s 

particle size is likely the reason why the levels of 

decarburization are different. In other words, the smaller 

the particle size is, the higher the temperature reached 

by the powder particles leading to the larger extent of 

WC decarburization. According to the aforementioned 

findings, one can conclude that the maximum carbon 

loss and W2C/WC ratios of WC-1 coating (42% and 

15.58%, respectively) are highly dependent on its 

smaller particle size (32 µm), compared to WC-2 (38 

µm) and WC-3 (34 µm). However, this trend is not 

observed when comparing WC-2 and WC-3 coatings. In 

comparison with WC-2 with the particle size, carbon 

loss, and W2C/WC ratio of 38 µm, 30%, and 9.14%, 

respectively, WC-3 with the particle size of 34 µm 

shows almost the same carbon loss (29%), but a higher 

W2C/WC ratio (14.96%). This implies that at the same 

rate of carbon loss, the amount of W2C phase varies 

depending on the WC particle size. Given the reduction 

of the size of WC from 0.9 µm for WC-2 to 0.5 µm for 

WC-3, W2C/WC ratio increases from 9.14 to 14.96%. It 

can be suggested that at the same level of 

decarburization, smaller WC particles stimulate the 

formation of W2C phase upon solidification by acting as 

more effective nucleation sites for W2C precipitation 

than the larger WC particles. Fig. 7 illustrates the BSE 

images of cross-section of WC-1, WC-2, and WC-3 

coatings. 

 

 
 

Figure 7. BSE images of cross-section of (a) WC-1, (b) WC-

2, and (c) WC-3 coatings 

5 
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The above images demonstrate splat-like 

microstructures of thermal spraying characterized by 

bright and dark contrast matrix layers that correspond to 

the areas containing higher and lower average atomic 

numbers, respectively. Angular WC particles are visible 

within the darker regions of all coatings, whereas WC 

particles are round in shape and are fully or partially 

enclosed by an irregular bright fringe identified as W2C 

phase in the brighter areas [26,27]. Different dissolved 

W levels primarily give rise to different contrast levels 

of the matrices. Even though the size of the shells that 

cover WC particles prevents precise SEM/EDS, they 

clearly possess considerably lower carbon levels than 

the particle centers. Therefore, W2C and W phases as 

identified by XRD are likely to be the shells that cover 

WC particles. As shown in Fig. 7a, the microstructure of 

WC-1 coatings is characterized by a large extent of 

amorphous (high tungsten) binder phase in which 

rounded WC particles mostly surrounded by W2C phase 

are evident.  

After that, WC-3 (Fig. 7c) coating reveals the highest 

level of amorphous binder phase with bright contrast in 

which smaller WC particles partly enclosed by W2C are 

randomly distributed. As for WC-2 coatings, WC 

particles of angular morphology are distributed in a 

darker binder phase and more limited evidence of W2C 

phase is observed than WC-1 and WC-3 coatings. This 

finding can be ascribed to the larger sizes of WC-2 

particles (38 µm) that lead to their lower heating during 

spraying and, consequently, a lower W2C/WC ratio 

(9.14%) than other coatings.  

The metallographic technique of line analysis was 

employed to measure mean diameter of WC particles 

and volume fraction of the binder on the all coating 

cross-sections. Then, the following equation was used to 

measure the mean free path of the binder (λ) based on 

BSE images [28]: 
 

 

LN

f


1
  (2) 

 

where NL represents the number of discontinuous 

particles which are converged on a metallographic plane 

by a line of unit length and f is the volume fraction of 

the dispersed phase. In the case of every coating, the 

average of five measurements was reported. Table 5 

presents the average volume fraction of binders, WC 

particle size, and mean free path of the binders for all 

coatings.  

The results indicate that WC-1 coating is characterized 

by the lowest carbide phase amount and the highest 

mean free path value, while these values specific to WC-

2 and WC-3 coatings are comparable. Table 6 presents 

WC particle size and carbide volume fraction of both 

powders and coatings.  

It is obvious that the most significant change in volume 

fraction of carbide phase takes place during spraying of 

WC-1 (51%), while WC-2 by 18% exhibits the 

minimum change in the carbide phase volume faction. 

Furthermore, the carbide particle size varied by -10%, 

11% upon spraying of WC-1 and WC-2 coatings, 

whereas the changes in carbide particle size of WC-3 

were negligible. The image analysis of BSE images of 

the coatings was taken into account to calculate their 

porosity. Figure 8 represents the typical images of the 

coating’s cross-section followed by the coatings’ 

porosity analysis. 

 
TABLE 5. Volume fraction of carbide, WC particle size, and 

mean free path of the binders for WC-1, WC-2, and WC-3 

coatings derived from line analysis method 
 

Coating 
Volume fraction 

of WC (%) 

WC particle 

size (μm) 

Mean free path 

(μm) 

WC-1 35 ~1.1 2.03 

WC-2 55 ~0.8 0.68 

WC-3 49 ~0.5 0.54 

 
TABLE 6. Comparison of volume fractions and particle size 

of carbide in the powder and coating 
 

Coating 

Carbide phase 

volume fraction (%) 
Size of carbide particle (μm) 

Powder Coating Changes Powder Coating Changes 

WC-1 72 35 51 % 1.0 1.1 -10 % 

WC-2 67 55 18 % 0.9 0.8 11 % 

WC-3 71 49 33 % 0.5 0.5 0 % 

 

 

Figure 8. Image analysis performed on the cross-sectional 

BSE images of (a) WC-1, (b) WC-2, and (c) WC-3 coatings 

6 
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Table 7 indicates the volume fraction of the porosity 

together with the average pore size of the coatings. 

According to the findings, the porosity levels of WC-1, 

WC-2, and WC-3 coatings are quite limited (< 1.8 vol%) 

due to the high degree of melting and uniform plastic 

flow of splats upon impact to the substrate. WC-1 and 

WC-3 coatings reveal the maximum and minimum 

average pore sizes of 0.27 and 0.42 µm, respectively. 

 
TABLE 7. Porosity percentage and mean pore size measured 

by image analysis of the cross-sectional BSE images of the 

coatings 

 

Coating Average pore size (μm) Porosity (vol %) 

WC-1 0.27 1.6 

WC-2 0.36 1.8 

WC-3 0.42 1.2 

 
3.2. MECHANICAL PROPERTISE OF THE 
COATINGS 
The measured Vickers microhardness of WC-1, WC-2, 

and WC-3 coatings was 1418 ± 61, 1306 ± 71, and 1203 

± 57 kgf/mm2, respectively. While the hardness of WC-

3 was found to be the lowest, that of WC-1 coating was 

the highest. The hardness of thermally sprayed WC 

cermet coatings is highly dependent on the following 

criteria: the volume fraction of retained hard WC phase, 

volume fraction of new phases (e.g., W2C and W), 

hardness of the binder phase, and microstructural 

properties of  the coating (i.e., porosity, mean free path 

of binder, and WC particle size). The retained carbide 

phase plays a key role in assessing the hardness of the 

thermally sprayed WC cermet coatings. In this respect, 

considerable attempts have been made to take control 

over the decomposition of the carbide phase during the 

spraying process. According to the relevant 

investigations, the hardness of WC cermet coatings 

increases through decreasing decomposition [29,30]. 

Usmani et al. [31] suggested that upon an increase in the 

W2C content, the hardness of the coating decreased. The 

formation of a more brittle W2C phase around the WC 

particles reduces the WC-matrix cohesion and, 

consequently, deteriorates the mechanical properties 

including hardness [32,33].  

On the contrary, the larger the extent of WC 

decarburization during spraying is, the more enriched 

the binder phase in W and C will be. This happens due 

to the high solubility of these elements in the binder 

phase during rapid solidification [34]. Moreover, the 

hardness and brittleness of coatings are enhanced as a 

result of this enrichment. Although decarburization 

lessens the volume fraction of WC phase, its damaging 

impact on the hardness is compensated through 

hardening the cobalt matrix during the dissolution 

process of W and C into the binder phase [35]. WC-1 

coating owes its maximum hardness of 1418 ± 61 

kgf/mm2 to this enrichment. In fact, compared to WC-2 

and WC-3 coatings, the highest decarburization (42%) 

and low WC fraction signify considerable enrichment of 

the binder phase in both W and C that guarantees an 

increase in the hardness. 

Despite approximately the same decarburization degree 

of WC-2 and WC-3 coatings, their hardness is different 

from each other. According to the data given in Table 6, 

the volume fraction of carbide in WC-2 (55%) is higher 

than that of WC-3 (49%); however, the lower W2C/WC 

ratio in the former (9.14%) verifies more retained WC 

phase in the coating’s microstructure. This is why WC-

2 exhibits shows greater hardness than WC-3 coating.  

Evans and Wilshaw’s Equation was used to calculate the 

coatings’ fracture toughness through measuring the 

Vickers indentations under a vertical load of 5 kgf. For 

each coating, the measured fracture toughness ranged 

orderly from low toughness (long cracks) to high 

toughness (short cracks). In the light of this approach, 

Fig. 9a presents the cumulative distribution of fracture 

toughness for different coatings. 

 

 
 

Figure 9. (a) Cumulative percentiles and (b) mean values of 

indentation fracture toughness for WC-1, WC-2, and WC-3 

coatings 

 
As shown in Fig. 9a, the cumulative percentile versus 

fracture toughness shows a very similar variation for 

different coatings. Fig. 9a confirms that WC-2 coating 

has the maximum mean fracture toughness of 5.9 

MPa.m1/2; WC-3 and WC-1 coatings show lower values 

of 5.6 and 5.4 MPa.m1/2, respectively. The lower 

fracture toughness of WC-1 coating than that of other 

coatings results from the larger extent of decarburization 

(42%), amorphous binder phase formation (see Fig. 7a), 

and higher W2C/WC ratio (15.58%). It is well 

established that the amorphous W-rich binder phase, 

embrittled by WC dissolution, is the preferential path for 

crack propagation, thereby deteriorating the coatings’ 

fracture toughness [36-38]. In addition, large amount of 

7 



S. M. Nahvi / ACERP: Vol. 6, No.3, (Summer 2020) 1-14 

 
 

W2C phase precipitated in the vicinity of WC particles 

for WC-1 coating weakens the cohesion of WC-binder 

interface enabling the initiation and propagation of 

cracks on the coating [39]. Although WC-2 and WC-3 

coatings undergo the same decarburization level, the 

lower W2C/WC ratio in the former (9.14%) accounts for 

its greater fracture toughness.  

 
3.3. THE COATINGS’ ABRASIVE WEAR  
The Dry Sand Rubber Wheel (DSRW) testing was 

implemented to calculate the coatings’ abrasive wear by 

means of alumina 60 and silica 70 abrasives under four 

different loads of 19.6, 49, 98, and 127.5 N, 

respectively. The least squares fit of the data in the linear 

(steady state) regime determines the wear rate. Fig. 10 

represents the rates of steady state wear with alumina 60 

and silica 70 abrasives for each type of coating as a 

function of load. 

WC-1 coating abraded by alumina 60 shows a marginal 

increase in wear rate from 0.0245 to 0.0417 mg.m-1 as 

the applied load rises in the range of 19.6 to 127.5 N. A 

slightly higher wear rate with maximum amount of 

0.054 mg.m-1 was obtained for WC-2 coating abraded 

by alumina 60 under the load of 49 N. On the contrary, 

the wear rate of WC-3 coating, in comparison to WC-1 

and WC-2 coatings, shows a significant increase from 

0.0628 to 0.191 mg.m-1 with the applied load ranging 

from 19.6 to 127.5 N, which suggests lower abrasive 

wear resistance against alumina 60.  

The wear rate of WC-1 coating abraded by silica 70 

particles increases in the range of 0.0091 to 0.0327 

mg.m-1 with an increase in the applied load from 19.6 to 

98 N; this is followed by a drop in the wear rate to 

0.0239 mg.m-1 at the load of 127.5 N. The wear rate of 

WC-2 coating constantly increases from 0.0114 to 

0.0449 with the applied load of up to 98 N, reaching a 

plateau with further load increase to 127.5 N. Finally, 

the wear rate of WC-3 coating shows an increasing 

linear trend ranging from 0.016 to 0.0415 mg.m-1 with 

the applied load rising from 19.6 to 127.5 N. As shown 

in Fig. 10c, the wear rate of the coatings abraded by 

alumina 60 is ~1.2-7.8 times higher than that of coatings 

abraded by silica 70 almost over the whole range of the 

applied load. The wear rate is sensitive to the ratio of 

abrasive hardness Ha to the surface hardness Hs. 

Abrasion under Ha/Hs > 1.2 and Ha/Hs < 1.2 conditions 

can be termed as “hard abrasion” and “soft abrasion”, 

respectively [40]. Fig. 11 illustrates the Ha/ Hs values for 

each coating-abrasive combination. It is observed that 

the abrasive wear by silica 70 is located in the “soft” 

regime, while abrasion by alumina 60 imposes “hard” 

regime on all coatings. 

 

  
 

Figure 10. Plots indicating wear rates of WC-1, WC-2, and 

WC-3 coatings abraded by (a) alumina 60 and (b) silica 70 

under different loads; (c) Comparison of the wear rates of the 

coatings abraded by alumina 60 and silica 70 

 

 
 

Figure 11. A plot indicating transition between “hard” and 

“soft” abrasive wear mechanisms (
𝐻𝑎

𝐻𝑠
= 1.2) for the coatings 

abraded by silica 70 and alumina 60 
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Following wear testing, the central zone of the worn 

surfaces abraded under minimum and maximum applied 

loads was examined by SEM. Fig. 12 a,b shows the plan-

view SEM images of WC-1 coating abraded by alumina 

60 under the loads of 19.6 and 127.5 N, respectively. In 

both cases, two areas with high and low densities of 

carbides are apparently separated. Moreover, the wear 

track formed at the applied load of 19.6 N shows 

evidence of grooving, carbide cracking and voids; the 

latter is caused by carbide pull-out. These features 

become more notable at the load of 197.5 N, leading to 

the formation of some small pits. The carbide cracking 

and pull-out are also obvious in the cross-sectional view 

of WC-1 worn surface (Fig. 12c), while no evidence of 

subsurface cracking can be observed. Fig. 12 d,e  

illustrates the plan-view images of wear scar of WC-1 

coating after abrasion with silica 70 under the minimum 

(19.6 N) and maximum (127.5 N) applied loads. The 

worn surfaces appearing at both loads suggest that the 

matrix is removed at a higher rate, leaving the exposed 

carbide particles as well as carbide cracking and pull-out 

that are of significance at higher loads. Although the 

cross-sectional SEM image taken at the highest load 

(Fig. 12f) reveals no significant subsurface cracking, it 

indicates that the carbide particles are standing proud of 

the matrix signifying the preferential wear of the matrix 

phase.  
 
Fig. 13 a,b shows the SEM images of the WC-2 coating 

after abrasion with alumina 60 at the loads of 19.6 and 

127.5 N, respectively. Carbide pull-out voids and a 

number of furrows are detected after the matrix removal. 

Cracked carbides and higher density of voids are 

observed at higher loads. While no subsurface cracking 

takes place during abrasion testing of WC-2 by alumina 

60, the cross-section of the worn surface (Fig. 13c) 

confirms WC pull-out and cracking. Plan-view SEM 

images of wear scars of WC-2 coating after abrasion 

with silica 70 at the minimum (19.6 N) and maximum 

(127.5 N) applied loads are presented in Fig. 13 d,e. 

These wear scars are characterized by three different 

criteria: 1) regions densely occupied by carbide 

particles, 2) regions less occupied by carbide particles, 

and 3) dark regions appearing as carbide pull-out voids. 

At higher loads (Fig. 13e), some carbides’ cracking and 

a number of furrows are observed as a result of matrix 

removal. The matrix removal, by itself, results in 

leaving the carbides unprotected and making them more 

susceptible to pull-out mechanism during abrasion. 

Cross-sectional SEM image of worn surface of WC-2 

coating abraded by silica 70 (Fig. 13f) shows no sub-

surface cracks. 

 

 

 
Figure 12. Plan-view SEM images of wear scar of WC-1 

coating abraded by (a,b) alumina 60 and (d,e) silica 70 at the 

loads of 19.6 and 127.5 N, respectively. Cross-sectional SEM 

images of wear scar of WC-1 coating abraded by (c) alumina 

60 and (f) silica 70 at the load of 127.5 N 

 
 
Figure 13. Plan-view SEM images of wear scar of WC-2 

coating abraded by (a,b) alumina 60 and (d,e) silica 70 under 

19.6 and 127.5 N, respectively. Cross-sectional SEM images 

of wear scar of WC-2 coating abraded by (c) alumina 60 and 

(f) silica 70 under 127.5 N 
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Fig.  14 a,b demonstrates SEM images of the WC-3 

coating after abrasion by alumina 60 at minimum (19.6 

N) and maximum (127.5 N) applied loads. Two different 

regions having high and low densities of carbides are 

evident at both loads. In addition, under 19.6 N load 

(Fig. 14a), many scratches and some narrow grooves in 

different directions can be detected, while at the highest 

applied load (Fig. 14b), wide and deep grooves along the 

direction of sliding flow are visible. The cross-sectional 

image of the worn surface under the highest load (Fig. 

14c) presents sub-surface cracking with cracks running 

through the bright binder phase region. Fig. 14.d,e 

shows images of the central zone of the wear scar on 

WC-3 coating followed by abrasion with silica 70 at the 

lowest (19.6 N) and the highest (127.5 N) applied loads, 

respectively. The wear scars comprise areas with high 

and low densities of carbides accompanied by a small 

number of voids caused by carbide pull-out. Further, a 

number of furrows on the sides of carbide particles 

because of the removal of matrix at higher rates are 

visible. The worn surface cross-section after wear at the 

highest load (Fig. 14f) reveals sub-surface cracks 

propagating through the bright binder phase. Further, 

unshielded carbide particles due to preferential wear of 

the binder phase are apparent on the surface.   

 
 
Figure 14. SEM images of wear scar of WC-3 coating abraded 

by (a,b) alumina 60 and (d,e) silica 70 under 19.6 and 127.5 N, 

respectively. Cross-sectional SEM images of wear scar of 

WC-3 coating abraded by (c) alumina 60 and (f) silica 70 

under 127.5 N 

 

4. DISCUSSION 
 
4.1. WEAR MEASUREMENTS 
The abrasive wear rate of the coatings generally 

increases with the applied load during abrasion by both 

alumina 60 and silica 70 (see Fig. 10). However, there 

are several exceptions for WC-2 abraded by alumina 60 

and for WC-1 and WC-2 abraded by silica 70 so that 

with increasing the applied load to 127.5 N load, the 

wear rate reveals either unchanged or lower values. This 

arises from the fact that in DSRW test, the temperature 

of both sample and wheel increases, the degree of which 

under a given test parameter depends on abrasive type, 

sample materials, and applied load [41]. Increasing the 

rubber temperature as a result of higher load leads to its 

lower hardness; accordingly, the wear rate decreases in 

some cases as the applied load increases to 127.5 N [42].      

The ratio of abrasive particle hardness to coating 

hardness shows that for all coatings, the abrasive wear 

by alumina is “harder” than that by silica which is “soft” 

(Fig. 11). For all the coatings and test conditions 

examined, the wear rate by silica 70 particles is 

significantly lower than that by alumina 60. The worn 

surface examination verifies that almost in all cases, 

silica 70 abrasive shows evidence of the preferential 

cobalt matrix abrasion followed by carbide cracking and 

pull-out, while alumina abrasive imposes more severe 

carbide cracking and pull-out together with grooving 

along the direction of abrasive flow. Increasing the 

applied load faciliates the formation of deeper grooves. 

Further, pieces of evidence of subsurface cracking are 

observed for WC-3 coating abraded by both silica 70 

and alumina 60 abrasives. The angular morphology and 

higher hardness of alumina than those of more rounded 

silica particles result in significant differences in wear 

behavior of the coatings.   

Fig. 15 displays the wear rate of WC-1, WC-2, and WC-

3 coatings as a function of the coating hardness.  

 

The results confirm that the wear rate of the coatings 

abraded by silica 70 does not necessarily decrease with 

increasing the coatings’ hardness; for instance, WC-2 

coating abraded by silica 60 under 98 and 127.5 N shows 

a higher rate of wear than WC-3 coating, although the 

former is subject to higher hardness. This originates 

from the complicated mechanism of abrasive wear in 

thermally sprayed cermet coatings and importance of 

parameters other than coatings hardness, e.g., type of 

abrasive, fracture toughness of the coatings, applied 

load during DSRW testing, etc.  
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Figure 15. Wear rate versus microhardness plots of WC-1, 

WC-2, and WC-3 coatings abraded by (a) alumina 60 and (b) 

silica 70 abrasives 

4.2. ABRASIVE WEAR WITH ALUMINA 
The hardness of alumina 60 particles (2103 ± 25 

kgf.mm-2) is higher than that of all the three coatings 

examined. These abrasive particles exhibit an angular 

morphology and a narrow size range (Fig. 2b). 

Moreover, as plotted in Fig. 11, the ratios of abrasive 

hardness (Ha) to the hardness of the coatings’ surface 

(Hs) for all coatings are higher than 1.2, demonstrating 

the role of “hard wear” mechanism. These conditions 

are conducive to plastic deformation that occurs mostly 

by plastic ploughing, cutting followed by some local 

associated fracture in the more brittle cermet coatings 

[43].  

The worn surfaces produced by alumina abrasive show 

indications of grooving, pitting, and cutting of the 

coatings’ surface. Based on cross-sectional 

examinations, abrasive wear of WC-3 coating is 

accompanied by subsurface cracking.  

These results show that the two main wear mechanisms, 

namely plastic deformation and fracture, play a role in 

material removal. The passage of hard and sharp 

abrasive facilitates plastic deformation of the surface, 

leading to the formation of grooves with materials piling 

up at the groove’s edges at the first stage. At the second 

stage, due to the preferential elimination of the cobalt 

binder phase, the support is no longer present for carbide 

particles, leaving them unshielded against the collision 

of abrasives and leading to both carbides fracture and 

their pull-out from matrix during abrasive wear. The 

comparison of the wear rates of the three coatings 

indicate the highest, medium, and the lowest abrasion 

resistance rates of WC-1, WC-2, and WC-3 coatings. 

Considering that the difference in fracture toughness of 

the coatings is inconsiderable (varying between 5.4-5.9 

MPa.m1/2 as shown in Fig. 9), it is proposed that the 

overall hardness of the coatings controls the rate of 

abrasion by alumina 60; in other words, the higher the 

coating’s hardness, the higher the resistance against 

alumina 60 abrasive particles. As for WC-3 coating, 

besides carbides fracture and pull-out, subsurface 

cracking caused by fatigue of the surface layers leads to 

the spallation type of failure (see Fig. 14c). As a result, 

the high-level removal of materials takes place for WC-

3 coating resulting in the higher wear rate than the wear 

rate of WC-1 and WC-2 coatings abraded in the same 

conditions.  

 
4.3. ABRASIVE WEAR WITH SILICA 
The hardness of silica 70 particles (1116 kgf.mm-2) is 

lower than that of all three coatings examined. These 

abrasives are characterized by a round morphology and 

a narrow size range (Fig. 2a). Abrasive hardness (Ha) to 

the hardness of coatings’ surface (Hs) ratio of all 

coatings is lower than 1.2 indicating “soft wear” regime 

and, as such, particle blunting is likely to occur during 

abrasion resulting in a lower wear rate under a three-

body (rolling) abrasion mechanism than the wear rate of 

harder alumina 60 abrasive particles. As proposed in Ref 

[44], the removal of selective binder phase from the 

near-surface layers is a significant step in the wear 

process of cermet materials by soft abrasives. Cyclic 

indenting contact of abrasive particles during a three-

body abrasion process leads to compressive stresses on 

the coatings’ surface. Therefore, the binder is initially 

compressed out of the surface ahead of and to the sides 

of the indenter. The next stage is damage to carbide 

particles located in the heavily loaded regions in which 

the binder phase has plastically flowed. Hence, carbide 

particles are exposed to fracture into small fragments 

and are gradually pulled off the surface.  

Cross-sectional examination of WC-3 worn surface 

abraded by silica 70 (Fig. 14f) confirms that sub-surface 

cracks mostly propagate through W-rich binder phase of 

this coating, while no significant evidence of this type 

of cracking can be observed for WC-1 and WC-2 

coatings. Elastic-plastic indentation of the abrasive, 

facilitating the formation of sub-surface crack close to 

the WC-3 coating’s surface, leads to the detachment of 

the surface material [45].   

As illustrated based on the SEM images of wear scars 

on all coatings, it can be seen that the metal matrix is 

abraded at a higher rate, leaving carbides unprotected on 

the surface. For all coatings, removal of matrix is more 

pronounced at higher applied loads with micro-grooves 

being formed by the sides of the carbide particles and, 
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also, a number of fragmented carbide particles and voids 

due to the pulling out of the carbides. 

A comparison of the wear rates of WC-1, WC-2, and 

WC-3 coatings shows a similar trend until high applied 

loads (98 and 127.5 N) are reached. WC-1 with the 

largest carbide particles and the lowest WC volume 

fraction (owing to the high degree of decomposition 

during spray process) shows maximum resistance 

against silica 70 abrasive, probably because of its higher 

overall hardness than other coatings. The high hardness 

of thermally sprayed composite carbide with relatively 

low carbide content results from the high hardness of the 

brittle amorphous phase formed after spraying. The 

higher hardness of the binder phase in an abrasion wear 

test makes its preferential wear quite limited, leading to 

a reduction in the wear rate [46,47].  

 
5. CONCLUSIONS 
 
1) The highest carbon loss was measured for WC-1 

(42%), while lower values of 30% and 29% were 

obtained for WC-2 and WC-3 coatings, respectively.  

2) The Vickers microhardness of WC-1, WC-2, and 

WC-3 coatings was calculated as 1418 ± 61, 1306 ± 

71, and 1203 ± 57 kgf/mm2, respectively. 

3) WC-2 coating had the maximum fracture toughness 

of 5.9 MPa.m1/2, after which WC-3 and WC-1 

coatings showed lower values of 5.6 and 5.4 

MPa.m1/2, respectively.  

4) The wear rate of the coatings abraded by alumina 60 

was ~1.2-7.8 times higher than that of the coatings 

abraded by silica 70 almost over the whole range of 

applied loads (19.6-127.5 N). 

5) The wear rate of WC-3 coating showed a significant 

increase from 0.0628 to 0.191 mg.m-1 with the 

applied load ranging from 19.6 to 127.5 N, which 

demonstrated its lower abrasive wear resistance 

against alumina 60 than WC-1 and WC-2 coatings.  
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In this research, the SiC-matrix composite with different amounts of TiC (0, 2.5, 5, 7.5, and 10 wt%) 

supplemented with additives including 4.3 wt% Al2O3 and 5.7 wt% Y2O3 were utilized to initiate 
the required liquid phase. The sintering process was performed using pressureless sintering at      

1900 °C for 1.5 hours under argon atmosphere. The composition and microstructure of the obtained 

composites were analyzed using X-Ray Diffraction (XRD), Field Emission Scanning Electron 
Microscope (FESEM), and Energy-Dispersive X-ray Spectroscopy (EDX). The results showed that 

TiC additives improved the densification of samples and impeded the growth of SiC grains. 

According to the phase analysis, the SiC was the main phase, while the TiC and YAG were 
characterized as partial phases. Additionally, due to the reaction of TiC and Al2O3, the composition 

of the liquid phase contained YAG and YAM. Assessments revealed that the microstructure and the 

final properties of composites were affected by density, produced phases and their distribution in 
the matrix, and grain size. According to the results, upon increasing the TiC up to 5 wt%, all the 

measured properties including density, hardness, elastic modulus, and fracture toughness improved 
and reached 97.40%, 26.73 GPa, 392 GPa, and 5.80 MPa.m1/2, respectively. However, with 

increasing the additives to more than 5 wt%, these properties deteriorated. Microscopic evaluations 

revealed that crack deflection and crack bridging mechanisms contributed to the fracture toughness 
of SiC ceramics. 
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1. INTRODUCTION 
 
  Due to high thermal conductivity, low thermal 

expansion coefficient, and stability of mechanical 

strength up to 1400-1500 °C, silicon carbide (SiC) can 

readily tolerate thermal cycles at elevated temperatures 

[1-7]. The SiC is resistant to thermal shocks [8-11]. In 

addition, using SiC ceramics is 10 to 50% more energy-

efficient than metallic superalloys [11]. Silicon carbide is 

a hard material (17-25 GPa) with Young’s modulus of 

400-450 GPa [8,11]. The chemical reactivity of SiC is 

low at room temperature, which is regarded as one of its 

inherent chemical properties [8]. 

  Given the mentioned characteristics, SiC ceramics are 

utilized in industrial heat exchangers, steam and gas 

turbines, glass industry, metallurgical industries, ceramic 
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industry, nuclear and thermal power stations, and 

aeronautical constructions [12-14]. 

   Despite these desirable characteristics, there are also 

other undesirable ones including low fracture toughness 

which not only limit the use of SiC in the  

industry but also encourge scientists to solve this 

weakness [8,11]. Some researchers argue that reinforcing 

the structure of SiC ceramics is the best solution to this 

flaw [15,16]. 

   SiC-matrix composites are manufactured in different 

ways [8]. Among them, pressureless sintering is the most 

significant one since it provides the possibility of 

producing large pieces or complicated shapes [11,13]. 

   In order to reach over 95% of the theoretical density, 

the methods of solid-state and liquid-state pressureless 

sintering were employed [17-20]. Liquid-state sintering 

yields superior mechanical properties to those produced 

http://www.acerp.ir/
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by solid-state sintering for the SiC, increasing the 

employment of liquid-state sintering [11, 20].  

   The presence of the liquid phase produces improved 

homogeneity and mechanical properties, especially 

fracture toughness [20-23]. Liquid-phase sintering 

depends on the composition of base materials and liquid-

phase additives [8,11]. In this respect, the most common 

additives are Al2O3-Y2O3 [12,19], Al2O3-Yb2O3 [10], 

Al2O3-La2O3 [24], Al2O3-Dy2O3 [10], and (SiC-AYC) 

Al2O3-Y2O3-CaO [11]. Among these additives, Al2O3 

and Y2O3 have been studied more than others because 

they can react with SiO2 which exists on the surface of 

SiC powders, thereby enhancing sinterability [20,26]. 

Moreover, it has been proved that adding oxides, 

carbides, nitrides, and borides such as TiO2, B4C, TiB2, 

and ZrB2 as the secondary phase or reinforcement 

improves the fracture toughness of SiC ceramics [20]. 

   The related pieces of research have shown that 

employing TiC particles increases the sinterability of SiC 

ceramics [8]. Such particles impede the growth of matrix 

grains and improve the mechanical properties [27]. 

Further, the existence of TiC particles on the path of 

crack growth increases fracture energy [8,20] and 

generates subgrains and microcracks; in addition, the 

mismatch between the thermal expansions of TiC and 

SiC plays a significant role in improving the properties 

[8]. 

   The present study investigates the effect of different 

amounts of TiC (0, 2.5, 5, 7.5, and 10 wt%) on the 

properties and microstructure of the pressureless sintered 

SiC-TiC composite. 

 

 

2. EXPERIMENTAL PROCEDURES 
 
2.1. Raw materials and Methods 
   In this study, α-SiC made by Alfa Aesar, with the mean 

grain size of 0.3 microns, was utilized as the main 

powder. In addition, 10 wt% α-Al2O3 and Y2O3, made by 

Alfa Aesar, with the particle size less than 1 micron and 

a ratio of 4.3:5.7 were utilized to produce the liquid 

phase. TiC powder, with the particle size less than 1 

micron was produced by Merck Co., and employed as 

reinforcement. 

   Compositions analogous to those shown in Table 1 

were prepared to assess the impact of TiC additive on the 

properties of samples. The weight ratio of Y2O3 to Al2O3 

in these compositions was determined to be 57:43 based 

on the lowest eutectic temperature. 

   The powders were mixed in a planetary mill in a 

tungsten carbide chamber and an ethanol setting, whose 

rotational speed was set to 180 rpm for 3 hours. Then, the 

obtained slurry was dried at 100 °C for 24 hours. Next, 

the samples underwent uniaxial pressing (90 MPa) and 

turned into cylindrical specimens. Finally, the samples 

were sintered at 1900 °C under argon atmosphere for 1.5 

hours. 

   The heating rate was 2 ˚C/min. After sintering, samples 

were kept at environment temperature inside the furnace. 

   According to the assessments, 1900 °C was the best 

temperature for sintering SiC-Al2O3-Y2O3 system [8, 11, 

20, 25]. 
 
TABLE 1. Compositions of each sample 
 

wt% 
Raw 

materials Sample 

5 

Sample 

4 

Sample 

3 

Sample 

2 

Sample 

1 

80 82.5 85 87.5 90 SiC 

10 7.5 5 2.5 0 TiC  

4.3 4.3 4.3 4.3 4.3 Al2O3 

5.7 5.7 5.7 5.7 5.7 Y2O3 

 
2.2. Measurement of properties 
   The density and porosity of the sintered samples were 

measured using the Sartorius LA 230S digital scale (with 

the precision of 0.0001 g), according to C373–88 

standard, through Archimedes’ method. Equation (1) was 

used to calculate the theoretical density: 
 

ρcom=va.ρa+vb.ρb+vc.ρc+… (1) 
 

   where v and ρ are the volume fraction and density of a 

given phase, respectively. Crystalline phases were 

characterized by X-ray diffraction. Micro-Hardness was 

measured by Vickers method according to ASTM C1327. 

The hardness was also calculated by exerting a force of 5 

N in an MXT-al microhardness tester, as shown in 

Equation (2): 
 

H=(1.854)P/d2 (2) 

 

   where P and d represent the applied force and 

indentation diameter, respectively.  

   The indentation fracture toughness of samples was 

measured based on the ASTM C1421-10 standard. In this 

method, ESE WEY microhardness tester, DVRB–TV 

model, was utilized to exert a force of 300 N on the 

surface of samples so as to develop cracks on their 

surface. Then, the length of the produced surface cracks 

was measured, and the toughness of samples was 

determined using Equation (3): 
 

KIC= 0.0752 P/C3/2  (3) 

 

   where P and C represent the applied force and length of 

the produced surface crack, respectively. In order to 

study the microstructure, samples were etched by 

Murakami's reagent using a chemical method. 

Microstructural studies of the polished and etched 

surfaces of the sintered samples were undertaken by 

applying a voltage of 15-20 kV using a scanning electron 

microscope called Tescan model.

16 



M. Khodaei et al. / ACERP:Vol. 6, No. 3, (Summer 2020) 15-24                                                        

3. RESULTS AND DISCUSSION 
 
3.1. Phase analysis of samples 
   In Fig. 1, the X-ray diffraction pattern of the samples 

containing 0, 5, and 10 wt% TiC additives is depicted. In 

the sample devoid of TiC additives, there can be observed 

SiC as the dominant phase as well as a negligible amount 

of the Y3Al5O12 phase known as the Alumina–Yttria–

Garnet (YAG) that exists as the grain-boundary phase. 

However, in the samples containing TiC additives, other 

than the SiC phase SiC (JCPDS card 01-073-1663), 

which is the dominant phase, YAG (JCPDS card 01-088-

2048), YAM (Y4Al2O9) (JCPDS card 00-014-0475) 

phases, and TiC (JCPDS card 065-7994) phases are 

obtained. 

 
 

 
 

Figure 1. XRD analysis of the sample containing a) 0, b) 5, 

and c) 10 wt% TiC 

 

 

   According to Fig. 1 (b and c), with an increase in the 

amount of TiC phase, the intensity and number of TiC 

peaks increase as well. Additionally, with a rise in the 

amount of TiC phase, the intensity of YAG peaks 

decreases and YAM phase reaches the peaks in the XRD 

of the sintered samples. The probable reaction between 

the TiC and Al2O3 phases (reaction 4), together with the 

withdrawal of the Al2O3 from the composition of the 

liquid phase, is one of the reasons why the YAM phase is 

formed [27]. 
 

Al2O3 (s) +TiC (s)= Al2O (g) + TiO (g) + CO (g) (4) 
 

   According to Reaction (4), the withdrawal of Al2O3 

from the composition of the liquid phase and the 

stoichiometric changes in the YAG phase based on the 

Al2O3–Y2O3 phase diagram (Fig 2.) form the  YAM 

phase. On the one hand, the formation of this phase may 

be due to the rapid cooling of the samples at room 

temperature after sintering and decomposing the YAG 

phase [8,25]. On the other hand, it is possible that with 

the withdrawal of Al2O3, some excess Y2O3 remain in the 

samples. This Y2O3 can react with the SiO2 existing on 

the surface of SiC particles, forming Y2SiO5 [28]. 

However, given the XRD patterns of the sintered 

samples, no Y2SiO5 was found. 

 
 

Figure 2.  Phase diagram of Al2O3-Y2O3 [25] 
 

 

3.2. Microstructure 
   In Fig. 3, the line scan analysis of the sample containing 

7.5 wt% TiC is depicted. The white-colored regions in 

grain boundaries contain Al, Y, and O, which somehow 

confirms the presence of the YAG in the grain boundary 

of samples. Moreover, given the presence of Ti and C 

elements in this region, X-Ray diffraction patterns prove 

the existence of the TiC phase. 
 

 
 

 

Figure 3. Line scan analysis of sample containing 7.5 wt% 

TiC 
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   Map analysis of the composition containing 5 wt% TiC 

additives is depicted in Fig. 4. Clearly, secondary phase 

particles are homogeneously distributed everywhere. 

   The microstructures of the samples containing 0, 5, and 

10 wt% TiC are represented in Fig. 5. Based on the 

microstructures of the samples devoid of TiC additives 

shown in Fig. 5 (a), most of SiC grains are relatively 

equiaxed and only a negligible amount of elongation in 

SiC grains is observed. 

   As observed in Fig. 5 (b-c), in the sample with 5 wt% 

TiC, the amount of porosity was lower than that in the 

sample with 10 wt% TiC. Therefore, the relative density 

of the former is higher than that of the latter. 

Additionally, according to the images of both samples 

and presented data in Table 2, it can be concluded that 

adding up to 5 wt% TiC impedes the excessive growth of 

SiC grains and refines the microstructure. Nonetheless, 

Adding up to 10 wt% TiC resultes in grain growth and 

based on the obtained results, it reduces the density as 

well as attentuates mechanical properties. 

 

 

Figure 4. Map analysis of sample containing 5 wt% TiC 

 

 
 

Figure 5. Microstructure images of samples containing a) 0, b) 

5, and c) 10 wt% TiC 
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TABLE 2. The effects of different TiC additives on the grain 

size of composites 

 

10 7.5 5 2.5 0 TiC (wt. %) 

1.8±0.13 1.5±0.6 1.36±0.07 1.5±0.3 2±0.04 
Grain size 

(µm( 

 
   Given the presence of TiC particles on the boundaries 

of SiC grains and their homogeneous distribution in the 

SiC matrix, a microstructure with fine equiaxed grains is 

attained in the samples containing 5 wt% and 10 wt% 

TiC. This suggests that adding TiC impedes the excessive 

growth of SiC grains and refines the microstructure. 

Researchers have found that according to Zener’s model, 

the secondary phase impedes the growth of matrix grains  

[29]. The grain size of the matrix can be calculated using 

Equation (5). 
 

G= 4r/3f (5) 
 

   where r and f present the radius and volume fraction of 

the secondary phase, respectively. Equation (5) shows 

that with an increase in the fraction of the secondary 

phase, the grain size of the matrix decreases [8,29]. 

  In addition, in compositions with up to 5 wt% TiC 

additives, the presence of TiC particles on the grain 

boundaries of the SiC increases the aspect ratio. These 

obtained results are significant with respect to 

toughening since any increase in aspect ratio enhances 

the fracture toughness of the composite [30]. 

   Therefore, it can be asserted that the presence of TiC 

particles in the grain boundaries of SiC not only refines 

the matrix but also makes SiC grains elongated. This may 

be due to the fact that TiC particles precipitate in the grain 

boundaries of the SiC, limiting the preferred sites for the 

growth of equiaxed grains [27]. 

 
3.3. Evaluation of density, weight loss, and linear 
shrinkage 
   In Fig. 6, the effect of different amounts of TiC 

additives on densification of the liquid-phased sintered 

SiC ceramics is illustrated. As observed, by increasing 

the amount of TiC up to 5 wt%, the density increases, 

while by adding up to 10 wt% TiC, the density of the 

composite diminishes. The density of the samples 

increases due to several reasons: first, the presence of TiC 

particles on the grain boundaries of SiC reduces the rate 

of boundary migration, thus minimizing the excessive 

grain  

growth. Second, an increase in surface diffusion and 

movement of porosities diminish cavities in samples, 

which increases density during the sintering process [8]. 

The reason why the density of samples decreases is 

because there is a reaction between TiC and Al2O3, which 

is in agreement with the results of XRD patterns. 

However, if there is not sufficient liquid phase, it cannot 

wet SiC particles completely, thus creating a great deal 

of porosity on the grain boundary phase. This lowers the 

density and mechanical properties of the sintered 

samples.  

   The reactivity between SiC and sintering additives 

during the sintering process is analyzed by measuring 

weight loss. Thus, in liquid-phased sintering, the reaction 

between SiC and additives, especially oxide additives, is 

almost inevitable, and some weight loss is always 

observed. 

  In Fig. 7, the weight loss of the sintered samples is 

shown according to different amounts of TiC. According 

to Fig. 7, with an increase in the amount of TiC, the 

amount of weight loss in samples increases, too. 

 

Figure 6. The effect of different amounts of TiC on the 

relative density and elastic modulus 
 
 

   Given that oxide additives, especially Al2O3, are the 

main causes of the reactions resulting in the weight loss 

of samples being sintered, by adding TiC, the constant 

increase in the weight loss of the samples is predictable. 

 

 

Figure 7. Weight loss variations versus TiC content 

 
 

3.4. Hardness 
   In Fig. 8, the hardness variations are shown as a 

function of the amount of TiC additive. With any    
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increase in the amount of TiC particles up to 5 wt%, the 

hardness of the samples increases. However, with the 

further addition of TiC particles up to 10 wt%, the 

hardness is diminished. This behavior of the samples was 

completely congruent with the variations in their density 

and the highest hardness quantity was achieved in 

samples with the highest density. Therefore, other than 

the effect of density on the hardness of samples, grain 

size reduction can also improve the sample hardness [31-

34]. According to hardness results of the samples, adding 

up to 5 wt% TiC enhances the samples’ hardness. It is 

acknowledged that the presence of TiC particles on the 

grain boundaries of the SiC lessens the rate of grain-

boundary migration and minimizes the excessive grain 

growth, which increases the samples’ density and creates 

a fine-grained SiC composite [25,29]. Based on Hall-

Petch relation [29], it can be asserted that with a reduction 

in the grain size, the hardness of samples increases. 

   One of the reasons explaining why an increase in TiC 

additives reduces the hardness is the formation of 

microcracks on the interface of SiC and TiC grains, 

which occurs during the cooling process at the sintering 

temperature as a result of the mismatch between the 

thermal expansion coefficient of SiC and that of TiC 

particles [8]. Fig. 9 presents the produced microcracks in 

the composition of the composites with 10 wt% TiC. 
 

 

 

Figure 8. The effect of different amounts of TiC on the 

Hardness and Fracture Toughness 

 

 

3.5. Elastic Modulus 
   Similar to the case of hardness, the elastic modulus is 

heavily dependent on the porosity and density of 

samples; therefore, elastic modulus decreases with an 

increase in porosity or a reduction in the relative density 

of samples. In Fig. 6, the elastic modulus of the sintered 

samples with different amounts of TiC additive is 

represented.  

   Based on the obtained results, with the addition of TiC, 

the elastic modulus of the composite went up. However, 

upon adding more than 5 wt% TiC, the density was 

diminished and the formation of porosities reduced the 

sound speed inside the samples. Given that sound waves 

are mechanical waves, they need a medium through 

which they can move. Thus, the lower the amount of 

matter (less density/more porosity), the slower the speed 

of sound. Considering the relation between sound speed 

and Young’s modulus, a decline in Young’s modulus of 

samples is expected. 
 

 

 

Figure 9. SEM image of the propagation of micro crack in the 

sample containing 10 wt% TiC  

 

 
3.6. Fracture Toughness 
   The variations in fracture toughness are depicted as a 

function of the amount of TiC additive in Fig. 8. The 

amount of porosity formed during the sintering process is 

one of the factors that can affect fracture toughness. 

   According to the results of the fracture toughness tests 

such as those of the hardness test, for the samples 

containing up to 5 wt% TiC, a significant improvement 

in fracture toughness was achieved. Nevertheless, by 

adding up to 10 wt% TiC additive to the sintered samples, 

their fracture toughness steadily decreases. However, the 

presence of 10 wt% TiC particles in the SiC matrix is 

beneficial, and the quantities of their fracture toughness 

are higher than those of the ceramics  devoid of TiC 

additive. 

   This increase in fracture toughness occurs despite the 

reduction in the relative density of the samples containing 

10 wt% TiC, indicating that the relationship between 

density and porosity must not be regarded as the only 

determining factor in the fracture toughness of the 

samples. Accordingly, it can be asserted that the 

following elements are influential in the fracture 

toughness of the SiC–TiC composites: density, 

reinforcement and its amount, grain morphology, and 

microstructure [35-37]. 

   The presence of TiC particles on the grain boundaries 

of SiC enhances the fracture toughness of the sintered 

bodies due to two reasons: first, the presence of the TiC 

on the grain boundaries of the SiC refines the matrix 

grains. The reason why grain refining increases the 
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fracture toughness can be attributed to the influence of 

grain boundaries as an obstacle to crack growth [8].  

   Grain boundaries hinder the movement of cracks. 

Therefore, a great deal of energy is required for crack 

nucleation and propagation because it must change its 

path in order to keep moving on a desirable plane in an 

adjacent grain. 

 Another reason for an increase in fracture toughness 

owing to grain refinement may be related to a reduction 

in crack length due to the smaller grain size. In such a 

condition, the crack requires a higher stress for growth 

and composite failure [8,29]. 

   In addition, using TiC hinders the grain growth and 

increases the elongation of some SiC grains (Fig. 10), 

thus improving the fracture toughness of liquid-phase 

sintered SiC-TiC composites. The elongated SiC grains 

in the microstructure function as reinforcement and 

trigger toughening mechanisms such as crack deflection 

and crack bridging, leading to an improvement in the 

fracture toughness of SiC bodies. In the following, the 

toughening mechanisms of this composition will be 

addressed. 

 

Figure 10. Formation of SiC elongated grains in composite 

containing 5wt% TiC 

 
3.7. Toughening Mechanisms 
   The present research utilized Vickers indenter to assess 

toughening mechanisms and cracks on the polished 

surface of the samples using a diamond indenter under a 

30 kg load. The crack propagation and origin of 

toughening mechanisms in the SiC ceramics devoid of 

TiC additive and SiC-TiC composits are presented using 

an SEM. In Fig. 11 (a), images of crack propagation path 

in the sample with no TiC additive are shown. 

   As shown in Fig. 11 (a), the secondary phase is mainly 

present in the form of a continuous film on the grain 

boundaries of the SiC. Given that a large proportion of 

the integranular phase is comprised of the YAG phase, 

which is a weak oxide phase, cracks propagate in the 

form of intergranular cracks. Crack deflection 

mechanisms are also observed to a limited extent. In Fig. 

11 (b and c), the SEM images of the crack growth path of 

the ceramics containing 5 wt% and 10 wt% TiC are 

pesented.  
 

 

Figure 11. SEM images of the crack path in samples 

containing: a) 0, b) 5, and c) 10 wt% TiC 
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   According to the evaluations, any enhancement in the 

fracture toughness of the sintered bodies depends on the 

grain morphology and formed microstructure [38]. It is 

probable that in this composition, crack deflection and 

crack bridging improve fracture toughness. In this regard, 

the crack deflection mechanism is considered the most 

significant mechanism in improving the liquid-phase 

sintered SiC ceramics. The crack deflection mechanism 

is triggered due to the weak interface between the SiC 

and the grain boundary phase [8,11]. 

   Another possible mechanism affecting the 

enhancement of the fracture toughness of these ceramics 

is the pullout of SiC grains, leading to crack surface 

bridging. 

   This mechanism plays a crucial role in the 

compositions that have elongated grains whose length-to-

diameter ratio is high. In the structures containing 

homogenous (equiaxed) grains, the contribution of this 

mechanism to the improvement of fracture toughness is 

not substantial [20,29,39]. 

   A comparison between the results of this study and 

those of other researchers is presented in Table 3. 

 

 
TABLE 3. A comparison between the results of this study and 

those of other researchers 

 

Ref. 

 

 

Strengt

h 

(MPa) 

 

Fracture 

Toughness 

(MPa.m1/2) 

Hardness 

)GPa( 

 

 

Relative 

Density 

)%( 

 

Additive 

Composition 

 

This 

paper 

 

 

- 

 

5.80 

 

26.73 

 

97.40 
 

Al2O3-Y2O3-TiC 

[32] 

 

440 5.24 26 96.05 Al2O3-Y2O3-MgO 

[27] 

 

432 4.07 26.13 98.1 Al2O3-Y2O3-TiC 

[39] 

 

565.70 6.68 19.94 98 Al2O3-Y2O3-ZrB2 

[40] 

 

- 7.8 - 97 Al2O3-Y2O3-TiC 

[30] 

 

516 4.6 27.4 99.2 Al2O3-Y2O3-TiO2 

[41] 

 

582 3.1 25.7 97 Al2O3-Y2O3-AlN 

 
 

 
 

 

4. CONCLUSIONS 
 
1. Based on the results of the present study, the liquid 

Al2O3-Y2O3 is a useful additive for the liquid phase 

sintering of SiC-TiC composites. 

 

2. The sample containing 5 wt% TiC additives exhibits 

the highest density, Young’s modulus, hardness, and 

fracture toughness. However, with further increasing 

the amount of TiC additive to 10 wt%, these properties 

would deteriorate. 

 

3. Introduction of a negligible amount of TiC additive (5 

wt%) is sufficient enough to impede the growth of SiC 

grains and improve the mechanical properties of SiC 

ceramics. 

 

4. The samples with the highest density and the finest 

microstructure exhibit higher hardness. The formation 

of microcracks with an increase in the amount of TiC 

is one of the reasons why hardness is reduced. 

 

5. Among the parameters that affect the fracture 

toughness of SiC-TiC composites are density, amount 

and type of reinforcement, grain morphology, and 

microstructure. 

 

6. Active mechanisms that improve the fracture 

toughness of SiC-TiC composite are crack deflection 

and crack bridging. As a result, crack deflection is the 

dominant mechanism in the fracture toughness of SiC-

TiC composites. 
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In this study, barium aluminosilicate glass sealant was synthesizedand characterized for Solid 

Oxide Fuel Cell (SOFC) applications. First, the stoichiometric amounts of powder were mixed and 

melted at 1330°C for 2h, followed by quenching in water. They were then pressed into cylindrical 

specimens under load of 200 MPa, followed by sintering at different temperatures. The phase 

content and microstructure of the samples were analyzed by X-ray Diffraction (XRD) and 

Scanning Electron Microscope (SEM) methods, respectively. Microhardness and toughness of the 

sintered samples were investigated by means of Vickers micro-hardness test. Young’s modulus 

and nano-hardness of the glass sealant were measured by nano-indentation method. The thermal 

expansion coefficient of the specimens was estimated by a dilatometer. The results showed that 

after sintering at 750°C, sealants with homogeneous microstructure and high density were 

obtained. The sealants were characterized by mechanical and thermal properties appropriate for 

SOFC applications with a very low leak rate. 

 

 

Keywords: 

Barium Aluminosilicate 
Glass Sealant 
Solid Oxide Fuel Cells 
Mechanical Properties 

 

 

 
 

1. INTRODUCTION 

 
High-temperature sealants are among the most 

important components of the planar Solid Oxide Fuel 

Cells (p-SOFCs) [1]. The p-SOFS are composed of at 

least three thin layers including cathode, electrolyte, and 

anode. The fuel is fed into the anode side while the 

cathode is in contact with the oxidant gas (oxygen) [1]. 

Different fuels, with their own advantages and 

disadvantages, are used in SOFCs, among which pure 
hydrogen, ethanol, methane, etc. can be considered [2]. 

Usually, in a commercial SOFC, 8mol% Yttria 

Stabilized Zirconia (8YSZ), Ni/YSZ, and Lanthanum 

Strontium Manganite (LSM) are used for electrolyte, 

anode, and cathode, respectively [2]. The fuels and 

oxidant in a p-SOFC must be kept separate since mixing 

these gasses deteriorates cell performance. Indeed, 

sealants that prevent the intermixing of fuel and oxidant 

plays a crucial role in the development of SOFCs with 

high output power [3]. The sealants in the SOFCs must 

be kept stable during the service life and be compatible 
with other cell components. Therefore, the sealing 

materials must be thermodynamically, chemically, and 

mechanically stable in harsh working conditions of 

SOFC, including reducing and oxidizing conditions, at 

high temperatures (T~800°C) [4]. 

The sealants should be compatible with other 

components and remain chemically inert during their 

service life. In addition, any mismatch in the thermal 

expansion coefficients (α) of sealants and other 

components creates thermal stress in the cell structure, 

resulting in premature degradation of the SOFC [4].  

There are a number of different sealing materials 

developed for the SOFCs which are categorized into 

three types including compressive sealants, compliant 

sealants, and rigidly bonded sealants [5]. The 
compressive sealants which are based on materials with 

layered structure, such as mica, can mitigate the 

mismatch of "α" among different components through 

the slippage of the structural layers [6]. This kind of 

sealant behaves like a gasket and does not provide 

enough sealing performance unless an external pressure 

is applied on the sealant which complicates the SOFC 

cell design [7]. The compliant and rigid sealants are 

mainly based on glass and glass ceramics which soften 

at high temperatures and provide hermetic joints [8-11]. 

The glass-based rigid sealants that are rigid materials at 
low temperatures and are transformed into highly 

viscous glass at higher temperatures glue the 

components together through chemical bonding. These 

kinds of sealants are vulnerable to cracking due to their 

brittleness and thermal stresses rising during the 
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heating/cooling cycles in the SOFCs. However, the 
magnitude of "α" of these sealants can be adjusted by 

controlling the composition. Various rigid glass sealants 

were developed for SOFC sealing including alkali 

silicates, alkaline earth silicates, borosilicates, 

aluminoborosilicate, etc. [8]. 

Barium/Calcium Aluminosilicate (BCAS) glasses which 

are originally developed by Pacific Northwest National 

Laboratory Institute are among themost significant 

sealing materialsused for high-temperature SOFCs and 

have been the subject of numerous studies [11–14]. It 

has been reported that adding oxides such as La2O3, 
Nd2O3, TiO2, ZnO, and Y2O3 affects different properties 

of BCAS glass materials [15]. Yang et al. studied the 

chemical stability of BCAS glass sealant under fuel cell 

working conditions [16]. Milhans et al. investigated the 

creep properties of BCAS glass at high temperatures 

[11]. Batfalsky et al. reported the chemical interaction 

between BCAS sealants and SOFC interconnect [17].  

BCAS glass ceramics are used to join and seal different 

metallic and non-metallic materials [14,18]. These glass 

materials are electrically insulating and create gas-tight 

joints [19]. In this type of glasses, BaO and SiO2 are 

network formers, CaO is network modifier, and Al2O3 is 
an intermediate oxide which can be either network 

former or modifier. The glass composition directly 

affects the thermal properties of the BCAS glass 

[18,20].  

According to recent reports, adding second phases such 

as alumina [21], SiC fiber [22], and zirconia particles 

[19] improved the mechanical properties of BCAS glass 

ceramics. However, there is not enough comprehensive 

report on different properties of BCAS glass sealants.  

This study aims to synthesize and characterize the 

BCAS glass for SOFC applications. First, the glass 
powder is synthesized by solid oxide mixing followed 

by melt quenching process. An organic vehicle with a 

basic function of mixing terpineol with ethyl cellulose is 

developed to render the required flowability to the 

sealant. Young’s modulus, hardness, compressive 

strength, and toughness of the sintered samples are also 

investigated. The Coefficient of Thermal Expansion 

(CTE) and leak rate are also measured at high 

temperatures. 

 

 

2. EXPERIMENTAL PROCEDURE 
 

The BCAS glass was synthesized by solid mixing 

followed by melt quenching method. All powders with 

more than 99.9 wt% purity were purchased from Merck 

Company. First, powders were washed in acetone and 

dried overnight. The composition of the glass is 

presented in Table 1. The weighted amounts of the 

powders were mixed with acetone and sonicated for 15 

min followed by magnetic stirring until the solvent 

evaporates. The mixed powders were pressed into 

cylindrical pellets under load of 200 MPa in order to 
reduce their volume occupied by the raw materials 

during melting process. 

 

TABLE 1. The composition of the constituents of the glass 
powder 

Al2O3 BaO CaO SiO2 B2O3 Component 

5.4 56.4 8.8 22.1 7.3 
Amount 

(wt%) 

 

The pellets were then heated to 1330°C with a heating 

rate of 10 K⁄min and held at that temperature for 30 min 

in a platinum crucible.  

The melted material was then quenched in water in a 

stainless steel cylinder and the prepared powders were 

crushed using planetary ball mill for 2h at 300 rpm. In 

order to prepare the sample for further analysis, the 
prepared glass powder was mixed with 5 wt% Polyvinyl 

Alcohol (PVA). The prepared mixture was formed into 

a disk with a diameter of 10 mm and height of 5 mm by 

uniaxial pressing under pressure of 200 MPa. The 

specimens were sintered at different temperatures from 

600°C to 800°C for 2h. The heating rate in all sintering 

processes was 20K/min. 

The density of the sintered samples was measured using 

Archimedes method (Precisa,Switzerland) with 

accuracy of ±0.1 g⁄cm3. 

The phase content of the samples was studied by X-Ray 

Diffraction method (XRD, PW1730, Philips, 
Netherland) using CuKα radiation. The microstructure 

of the sintered samples was investigated by SEM 

(Mira3, TESCAN, Czech Republic). 

The Vickers micro-hardness of the sintered glass was 

measured under load of 50g applied on the polished 

surfaces. The toughness of the samples was measured 

using the Anstis formula [23] by means of the Vickers 

micro-hardness test under different applied loads. 

Young’s modulus and nano-hardness of the prepared 

sealants were evaluated by the nanoindentation method 

(NHT3-Anton paar, Austria). The compressive strength 
of the sintered specimens was measured by the uniaxial 

testing machine with a loading rate of 0.15 MPa/s on the 

samples with diameter and height of 10 mm. 

The thermal expansion coefficient of the sample was 

measured by dilatometer (DIL 402, Netch, Germany) 

with a heating rate of 10 K/min. 

The sealing performance was studied by homemade 

setup, as depicted in Fig.1. 

To prepare flowable sealant paste, the glass powder was 

mixed with different amounts of the ethyl 

cellulose/terpineol with different proportions, and the 

resulting mixture ball was milled for 2h using zirconia 
grinding media. A button single cell SOFC was placed 

at the end of the alumina tube and the paste was applied 

around the sample. The sealed sample was placed inside 
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a programmable furnace, heated to 250°C to dry the 
paste, and kept at that temperature for 1 h. Argon gas 

was used inthe leak test at pressure of 0.3 KPa and the 

pressure drops were recorded at different times by a 

pressure gauge at a temperature of 750°C. 
 

 
Figure 1. The schematic picture of leak rate test setup 

 

 

3. RESULTS AND DISCUSSION 
 

The result of the XRD analysis of the prepared glass 
powders is presented in Fig.2. As observed, the glass 

was fully amorphous and no crystallization occurred 

during the sample preparation. 

 

 
 
Figure 2. XRD pattern of prepared glass powder 

 

The density variations of the samples as a function of 

the sintering temperature arepresented in Fig. 3. Given 

that the theoretical density of the pure glass is 

3.93      , it is observed that the relative density 
(measured density/theoretical density) of the sample 

sintered at 750°C is around 98% and does not increase 

at higher temperatures. Therefore, it can be concluded 

that the sintering temperature of the BCAS glass is 

~750°C. The properties of the specimens sintered at 

750°C are presented in the following. 

The SEM image of the sintered sample at 750°C is 

presented in Fig.4 and it confirms the homogeneity of 
the microstructure with high density. 

The mechanical properties of the sintered pellets are 

presented in Table 2. The hardness of the sintered glass 

is consistent with previously reported data on other 

similar glasses [20]. 

Nano-hardness was calculated by Eq. 1 [24]: 

   
    

     
                                                                             

 

 

Figure 3. The density variationsof the sample as a function of 
temperature 

 

where Pmax is the peak load and A(hc) is the projected 

area of the Berkovich tip. The value of A(hc) for non-

ideal Berkovich indenter is determined through Eq. 2 

[24]: 

 

                
    

 
                                                 

 

 

Where hmax is the maximum penetration depth and S is 

the contact stiffness which is the slope of the upper 

portion of the unloading curve.Young’s modulus was 

calculated using Eq. 3 [20] 
 

 

  

 
    

 
 

    
 

  

                                                           
 

 

where    is the reduced elastic modulus, considering the 

fact that elastic displacement occurs in both the 

specimen and indenter. Here, E and   represent the 

elastic modulus and Poisson’s ratio of the sample, 

respectively. The elastic constants of the diamond 

indenter were assumed to be             and 

         
 

 

Figure 4. The SEM image of the sintered glass 
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TABLE 2. The mechanical properties of the sintered sample 

Sample 

 

Micro-

Hardness 

(GPa) 

Nano-

Hardness 

Young’s 

modulus 

(GPa) 

Toughness 

(MPa.m
1/2

) 

Compression 

strength 

(MPa) 

BCAS                                    191.26 ± 23.5 

 

The nanoindentation load-displacement curve is 

presented in Fig.5. No pop-in behavior is observed in 

the loading/unloading curve; therefore, it can be 

concluded that the microstructure is homogeneous with 

high density. The presence of porosity and/or any 

microstructural inhomogeneity results in discontinuity 

in the load-displacement curve in nano-indentation test 
[21]. Young’s modulus is a significant parameter in 

managing thermal stress of the solid oxide fuel cell seal 

materials. Young’s modulus of different parts of SOFC 

must be consistent to prevent the rise of thermal stress. 

In addition, the toughness of the ceramic materials is 

proportional to the magnitude of Young’s modulus. The 

reported Young’s modulus in this study is comparable 

with the previously reported data[14]. The magnitudes 

of nano-hardness and microhardness in Table 2 are in 

complete agreement, thus confirming the homogeneity 

of the microstructure.  

The measured compression strength is 191.2 MPa which 
is in the common range of the reported values for pure 

sintered glass seal materials [25]. The glass ceramic 

sealants in SOFCs are usually under compressive 

applied pressure of 0.16 MPa. Indeed, the sealants 

manufactured in this study attained the required level of 

compressive strength [21]. 
 

 

Figure 5. The nanoindentation load-displacement curve for 
the pure sintered glass 
 
 

Fig.6 presents the result of dilatometry analysis; in 
addition, the estimated value of the average thermal 

expansion coefficient is              which is 
comparable to the ones reported for other components 

of the commercial SOFCs. The crystallization 

temperature      and softening temperature      of the 

sealant are 630°C and 680°C respectively. The 

softening temperature is a crucial factor regarding the 

performance of the sealants because at temperatures 

higher than   , the glass softens and flows among the 

components and makes hermetic joint. The working 

temperature of the SOFCs must be higher than the 

softening point of the sealant. 

 

 
Figure 6. The result of dilatometry analysis of the sintered 

glass 

 

 
The result of leak test is presented in Fig. 7 in which the 

leak rate (LR) was calculated as follows [6]: 

 
 

   
        

         
                                                                    

 

 

where "P" represents pressure, "R" the gas constant, V 

the reservoir volume, "T" the temperature, and "t" the 

time.  
 

 
 
Figure 7. The result of leak test 

 

The proper composition of the sealant paste was 90 wt% 

glass powder mixed with 10 wt% organic vehicles. The 

terpineol-to-ethyl cellulose ratio in the organic vehicle 

was 3 to 1 wt%. These proper compositions were 

obtained through trial and error, using the leak test as an 
acceptable condition for the proper performance. The 

leak rate of the sealant with proper composition at 

750°C was                   , which was quite 

low and acceptable for SOFC applications. The 

prolonged performance of the synthesized sealant under 

fuel cell working conditions requires more 

investigations. 
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4. CONCLUSION 
 

The BCAS glass sealant was successfully synthesized 

through the melt quenching method. The sintering 

process at a temperature of 750°C conferred a relative 

density of 98% to the glass. The micro-hardness and 

compressive strength of the sealant were 6.1 GPa and 

191.2 MPa, respectively. The Young’s modulus and 

nano-hardness measured by nano-indentation test 

method were 6.4 GPa and 72.7 GPa, respectively. The 

sealant had a thermal expansion coefficient of      
       , and the magnitude of    was estimated at 

680°C. The measured leak rate was             
sccm/cm at 750°C, which is acceptable for SOFC. 
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One of the popular orthopedic implants is utilizing fixation screws to fix Anterior Cruciate 

Ligament (ACL) grafts and secure the graft into femur and tibia. Currently, these screws are made 

of titanium or bioabsorbable materials. In this respect, bioabsorbable screws were generated in 

order to overcome some of the potential problems caused by metallic screws. Although the 

bioabsorbable screws are susceptible to some drawbacks includingbone ingrowth features as well 

as good in vitro and in vivo mechanical properties. The biomechanical results of ACL screws 

showed that the ultimate failure loads and yield point loads varied from 800-1500 N and 600-1000 

N, respectively. Moreover, the evaluations of in vivo degradation behaviorshowed the almost 

complete or fully complete resorption of ACL screws from 6 month to 2 years. However, it was 

proved that the addition of bone mineral phases such as Hydroxyapatite (HA), β-Tricalcium 

Phosphate (β-TCP), and Calcium Carbonate (CC) could enhance this degradation rate. 

Incorporation of biceramics into pure polymeric ACL screws may contribute to enhancing the 

osteogenesity of bone after full resoprption of screws,function as buffering agents that decrease 

the acidity of screw adjacents resulting from degradation of products, andimprovee the mechanical 

properties of ACL screws. In this paper, the latest bioabsorbable ACL screws which are currently 

available for graft fixation in orthopedic markets are discussed. A brief review of the literature 

regarding the physical, biological, and mechanical properties of bioabsorbable ACL screws was 

made. Besides,the insertion technique, various manufactured sizes, and in vitro and in vivo 

mechanical properties for each screw were addressed. 
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1. INTRODUCTION 
 

In orthopedic surgery, biomaterials such as metals, 

ceramics, polymers, and composites are used as 
implants which are well compatible with living body 

tissues [1]. For many years, various metal alloys have 

been extensively used to fix the fractured bone or soft 

tissue rupture due to their desired mechanical properties 

and at the same time, their own proper biocompatibility 

[2]. Common orthopedic alloys are stainless steel, 

cobalt-chrome, titanium, and magnesium alloys [3]. 

Bone is a dynamic and complex live tissue that provides 

the body with the required mechanical enduranceand 

has an elastic modulus of 10 to 30 GPa [4]. Among all 

of orthopedic devices used for fixation and preservation 
of damaged bone or soft tissues in order to restore their 

functions, Anterior Cruciate Ligament Reconstruction 

(ACLR) screws are one of the most popular orthopedic 

devices. The stability of knee joint is provided by four 

extremely strong ligaments: 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 coronal plan. Among them, ACL 

tearing is one of the most common injuries (11 to 33% 

in different series) which is prevalent among athletes or 

patients with high activity. Fixing the graft into bone 

tunnel is a substantial step during the ACL 

reconstruction surgery. In this regard, the graft is 

threaded and compressed into bone pilot drilled hole by 

interference screws.There are two different types of 

ACL screws: metallic and degradable polymer-based 

screws. Use of metallic screws are regarded as the 

standard graft fixation method [5, 6]. The first ACL 

interference screws made of titanium alloys with a 
relatively sharp thread were utilized to provide a good 

anchorage of BPTB grafts into bone tunnel [7]. 
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 Such screws were first introduced by lambert [8] in 
1983 and then, popularized by Kurosaka et al. [9]. 

However, titanium screws provide high initial strength 

and well integration into the adjacent bone due to good 

biocompatibility; in some cases which need to be 

revised, the screw removal is known as a challenging 

issue [10,11].The advantages of metallic ACL screws 

are solid fixation and well toleration on behalf of the 

body, while some of their drawbacks are their 

interferences with any applied probable Magnetic 

Resonance Imaging (MRI) following the surgery [1] 

and their potential interferences with any future 
surgeries on the knee such as ACL reconstruction, 

which may cause the laceration of the graft during 

insertion [12,13]. Currently, many attempts have been 

made to replace the retained unneeded foreign body 

materials into body by biodegradable and bioabsorbable 

ones. Bioabsorbable ACL screws could disappear when 

they are no longer needed. These categories of ACL 

screws are capable of overcoming some of the potential 

problems prevalent inmetallic ACL screws. However, 

bioabsorbable ACL screws have their drawbacks 

including their fragility during insertion or 

inflammatory reactions [7]. Therefore, preserving the 
mechanical and biological properties of materials during 

the graft healing process is a crucial challenge. 

Bioabsorbable interference screws were first introduced 

for arthroscopic ACL reconstruction applications in the 

early 1990s [14]. More recent interference screws are 

made of biodegradable polymers or polymer/ceramic 

composites [2]. Different combinations of synthetic 

materials used as the major components of 

biodegradable ACL screws are Polylactic Acid (PLA) 

and its various enantiomers, Poly-l-lactic Acid and 

Poly-d-lactic Acid, Polyglycolic Acid (PGA), and 
copolymers of PGA/PLA. While PLA, the mainly used 

material, is characterized by a longer resorption time 

(yearly basis), the resorption takes a shorter amount of 

time for the PGA and PGA/PLA copolymers (monthly 

basis).Currently, various commercial ACLR screws are 

characterized by different mechanical and biological 

properties owing to their different chemical composition 

contents. These screws are usually fabricated by several 

companies. While substantial biodegradable polymeric 

ACL reconstruction screws are commonly made of 

biodegradable polymeric components such as PLA and 

its enantiomers, PGA, PLC, and some other screws have 
a bioceramic osteoconductive and osteoinductive fillers 

such as HA, BCP, TMC, β-TCP, and bioactive glass. 

Table 1 presents a list of some of these screws 

containing different polymers and copolymers 

formulation and those containing osteoinductive and 

osteoconductive filler phase.The present study aimsto 

present awhole series of commercial ACLR screws 

regarding their material compositions, in vitro and in 

vivo studies, biodegradation behavior, and mechanical 

and physical properties. The hypothesis here suggests 

that this collection can promote scientific research since 
such an issue has not been previously elaborated in the 

literature.  

 

 

2. ANTERIOR CRUCIATE LIGAMENT 
RECONSTRUCTION SCREWS 
 
In orthopedic surgery, ACLR is performed by 

interference screws to maintain ligament inside the bone 
until the tissue is remodeled. These screws are fixed into 

a space between the bone plugs and drilled tunnel walls. 

These kinds of screws are available in different sizes to 

meet the patient's requirements. To ensure that the 

screws are implanted at the appropriate angle and 

direction, a wire with a proper diameter is used is drawn 

from the inside of the screw and drill hole (Figure 1) 

[15]. Currently, several companies manufacture 

reconstruction screws used in ACL surgeries. While 

most commercial screws have a similar hollow socket to 

drive the screws, significant differences in their designs 

make the distinctions between different companies. For 
example, some parameters that usually differentiate a 

company's products are the diameter or length size, 

screw tapering, threads geometry, thread pitch, and 

material type. The materials used to make the screws is 

among those criteria that make the difference. 

Conventional reconstruction screws are usually made of 

Titanium due to its biocompatibility and acceptable 

mechanical and physical features; however, in the past 

decade, other compounds were also developed. New 

screws are mainly characterized by their absorbable 

materials in compositions that are degraded into the 
body, while the metal ones will remain permanently 

within the bone [16]. However, the probability of 

inherent problems caused by the absorbable interference 

screws for ligaments and tendon reconstructions has not 

been entirely provenyet. 

It should be noted that a harmonic trend of the 

mechanical properties of loosening due to degradation 

of screw constructs and tendon healing process is a 

significant issue. Therefore, if the metal screws are 

replaced by biodegradable ones, it must show adequate 

fixation for at least 6–8 weeks until the bone block has 

been incorporated and biological fixation has been 
achieved [17,18]. It can be found that the almost whole 

bioscrews composed of synthetic polymers such as 

PLA, PGA, etc. have acid-based ingredients. While 

these screws that are exposed to aqueous medium into 

the body and reabsorbed by hydrolysis and their 

products dissolve in water forming liquid acids. In a 

specific area with good blood supply within the body, 

the acid is well buffered and metabolized; however, in 

areas with poor blood supply such as bone, the pH of 

the screw-adjacent medium can be quite low. A 

decrease in pH of the adjacent tissue results in an 
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accelerating rate of screw degradation, tissue damaging, 
and bone destruction. 

This is the reason why manufacturers, in some cases of 

ACL screws, have added bioceramics such as 

hydroxyapatite and tri-calcium phosphate into the 

material formulations. These materials could promote 

the osteoconduction and osteinduction characteristics of 

screws and neutralize the screw-adjacent acidic medium 

caused by acidic products of screw degradation 

resulting from the alkaline ions release. 

In addition to screw formulation, various other 
parameters including component composition, size of 

acidic crystals, screw geometry, and manufacturing 

method were identified that would influence the 

behaviors of screws in implant sites. Thus, all bioscrews 

are not equal and do not behave the same, even if they 

have been made from the same materials at different 

implants [19]. 

 
TABLE 1. Current commercial Bioabsorbable screws 
 

Bioabsorbable Screws Composition Manufacturer 

Inion Hexalon PDLLA/Tri-methylenecarbonate (TMC) Inion Ltd. 

EndoFix PGA/Tri-methylenecarbonate (TMC) 

Smith &Nephew 

Calaxo PGA-co-PDLLA/Calciumcarbonate (CC) 

Bio-IntrafixBiocryl 

PLLA/β-Tricalciumphosphate (β-TCP) 

DePuyMitek, Inc. 

Bilok 
ArthroCare 
Corporation 

Milagro PLGA/ β-Tricalciumphosphate (β-TCP) DePuyMitek, Inc. 

Osteo ACL Screw PDLLA/ β-Tricalciumphosphate (β-TCP) 

ConmedLinvatec 

Matryx SR-PDLLA/ β-Tricalciumphosphate (β-TCP) 

Biorci-HA 

PLLA/Hydroxyapatite 

Smith &Nephew 

Biosteon Stryker 

BioComposite PDLLA/Biphasic calciumphosphate (BCP) Arthrex, Inc. 

SmartScrew SR-PDLLA ConmedLinvatec 

Biofix SR-PLLA Bioscience, Ltd. 

Sysorb PDLLA CenterpulseMedicalAG 

GentleThreadsBioCore PLLA-co-PGA Biomet SportsMedicine, Inc. 

MegaFixPhusiline PLLA-co-PDLLA Karl Storz-EndoscopePhusis 

Biologically Quiet PGA-co-PDLLA Instrument Makar, Inc. 

Delta Tapered Bio-interference 
Screw 

PLLA Arthrex, Inc. 

Round Delta Tapered Bio-

interference Screw 

Bio-interference Screw 

Biocortical Screw 

RetroScrew 

Full Thread 
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Figure 1. Example of guide wire of ACL reconstruction 
screws [15] 

 
Of note, it has been reported that the tunnel widening 

for a poly-levodextro-lactide (PLDLA) and β-tricalcium 

phosphate composite screw did not occur [20], while 

this is a common occurrence for other series [21,22]. 

A study on a comparison of different combinations of 

absorbable interference screws showed that Poly L-

Lactide (PLLA) wasnot completely degraded after 20 

months of implantation. However, poly(DL-Lactide-co-

glycolide) (PDLLA-co-PGA) undergoes complete 
degradation during this period of time. Although no 

damage has been reported for poly(DL-Lactide-Acid) 

(PDLLA) up to 6 weeks, it would be completely 

degraded within 10 months [23]. The degradation rate 

of ACL screws should be in agreement with the 

biological tissue growth. Bach et al. [24] evaluated the 

tissue growth surrounding the surgical site in ACLR 

with the screws made of 32.5% tri-methylene carbonate 

and 67.5% polyglycolide. This study conducted 

experiments on 20, 10, and 8 patients over 6, 12, and 24 

months, respectively. The clinical and MR imaging 
results indicated that according to Figure 2(a-b), the 

screws were partially resorbed within6 months and 

completelyresorbed within12 months; besides, 

according to Figure 2(c), these screws enlarged the bone 

tunnel as a result of screw replacement [24]. Another 

potential problem of absorbable interference screws is 

caused by their degradation. As the biodegradable 

screws breakdown, their moleculesand components will 

be released, causing inflammatory reactions through the 

foreign body responses. These reactions may be either 

minor, releasinga small non-bacterial sinus, or 

significant which requires immediate attention. 
Although screws with along degradation time duration 

will cause fewer foreign body reactions, they will 

simultaneously require a longer period of time to 

complete the bone regeneration. However, it was 

observed in most cases that the body did not completely 

repel the screw until the emergence of foreign body 

reactions, hence the cysts formation and osteolysis [25]. 

Moreover, as reported in several studies, late 
inflammatory reactions appeared after ACL surgery. 

Morgan et al. [26] elaboratedon the advantages of 

explants made of screw remnants, fibrous connective 

tissue, cortical-like bone, and cancellous bone due to 

PLLA interference screws after 30 months. Similarly, 

Park and Tibone [27] observed the persistence of tibial 

PLA interference screws 4 years past the ACL surgery, 

which was approved by MRI. However, under 

irrigation, no screw was found, probably due to late 

inflammatory reaction. 

However, the new bone formation through replacement 
of ACL screws is only observed for bioscrews 

independent of its formulation with a slow rate of 

degradation manner in excess of 5 years [19, 28]. 

Several studies compared the biodegradable and 

metallic screws and suggested that bioabsorbable screws 

would provide good fixation like metal screws; 

therefore, these screws could be a rational alternative to 

metallic ones [29-35]. 

For example, on the comparison of bioabsorbable and 

metallic ACL reconstruction screws for graft fixation, a 

number of researchers have found no significant 

difference in the final patient outcomes in terms of 
clinical scores, clinical evaluation, and imaging 

assessments [32]. Moreover, in terms of the range of 

motions, the obtained comparative results of 

bioabsorbable and metallic screws for different fixations 

of grafts confirmed that there was no significant 

difference between the two groups in the long term, as 

seen in studies [29,33,36]. Concerning the functional 

outcomes, Rocco Papalia et al. [37] found no 

differences between the two types of screws. 

 
 

3. ACL RECONSTRUCTION SURGERY 
 
ACL injuries are very common, with around more than 

4 million reconstruction and healing surgery every year 

all over the world [38]. This type of injury may occur 

due to severe knee blowing, sudden stopping, sudden 
turning, or severe stretching. Individuals who play 

sports like skiing, football, and basketball are more 

prone to ACL ligament injury than any other groups 

[39]. When an ACL injury occurs, the injured usually 

hear a pop sound, followed by a mild pain that causes 

swelling in the affected area [15]. The diagnosis of 

quick ACL tearing is performed by asking the patient to 

relax his/her legs and the doctor pulls the patient’s legs 

forward to see if the bone is limited to moving in the 

anterior direction or not; this test is called the Lachman 

displacement test [15]. Now, if the bone has no 
limitation in displacement, it can be concluded that the 

ligament is torn. In this case, MRI can easily determine 

the ACL rupture. Reconstruction of the ACL involves 

the replacement of the old ligament by a tissue graft and 

is usually harvested from the hamstring tendon or 
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patellar tendon [15]. Harvesting of the graft is the first 
part of the ACL surgery. In the case of patellar, the 

surgeon creates an incision on the patellar which is of 

less importance. In the following, the central part, the 

attached and cylindrical portions of the tendon are 

removed outside the femoral and tibia head, so-called 

bone plugs. The end of the remaining tendon is sutured 

to regrow and continue to perform its duties. After the 

graft harvesting, sutures are added to the bone part of 

graft used in placing the tendon. Then, the remains of 

ACL are removed from the knee and pierces of the inter 

condylar notch burred away so that the surgeon will 
have a chance to reach the correct placement of the 

tendon. To complete the perforation, the surgeon creates 

two holes in the upper part of tibia and the lower part of 

the femur near the knee (Figure 3) [15]. To create each 

of these holes, a small hole is initially created by a small 

diameter drill to increase the accuracy of perforation 

and then, by a drill with a diameter similar to the 

cylindrical bone plug. After the holes are smoothed, the 

sutured end of the graft is inserted to the knee through 

tibia head, while the other end is pulled out from the 

femoral head [15]. The graft is tightened using the 

interference screws. The biodegradable interference 
screws keep the tendon firm within the bone (Figure. 4) 

[15]. After the surgery, the patient will have a fairly 

moderate painand difficulty bending and extending the 

knee. In addition, postoperative activities are limited 

and a hard rehab program must be tolerated to be 

restored. Since the graft is gradually becoming a tendon, 

the postoperative activities should be limited to be well 

applied. During this process, the graft is very weak and 

the knee is partially unstable. The emergence of a tear is 

possible in case such activities are intense and 

uncontrolled. Setting a limit on these activities is 
absolutely necessary because the graft is only kept by an 

interference screw. Therefore, as the graft is being 

pulled by the tibia and femoral bone, the screw will be 

pulled out of the hole. This scenario may also lead to 

another reconstruction. 

 

 
4. BIOABSORBABLE POLYMERIC ACL SCREWS 

 
4.1. PLLA-BASED ACL SCREWS 
Among the biopolymers that belong to poly (α-hydroxy 

acids) family, PLA is extremely well known and widely 

studied. PLLA is a kind of PLA enantiomer that is a 

common biodegradable polymer used in the  

compositions of ACL fixation screws. They go through 

a degradation process mainly due to the hydrolysis 

mechanism. Throughout the degradation, water diffuses 

into the structure which leads to a break in the long 

chains and changes them to small oligomers that can 

diffuse inside and outside of the polymeric matrix. 
These degradation products can be eliminated from the 

human’s body through the Krebs cycle (using urination 
or CO2 gas during breathing) [40].  
 

 
 

Figure 2. a) Magnetic Resonance Images (MRI) of partial 
resorption of interference ACL screws at 6 month following 

implantation, b) total resorption at 12 month following 
implantation, and c) implantation tunnel after total resorption. 
New tissue formed around the bone plug (open arrow) 
determined fibrous tissue (long skinny arrow) with fatty tissue 
surrounding it (thick short solid arrow) [24] 
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PLLA molecular weight varies due to its manufacturing 
technique; for instance, PLLA with high molecular 

weight (>100 kDa) has a melting point around 137 ℃ to 

178 ℃ and Tg temperature of 58 ℃. Although PLLA is 

totally semicrystalline, its injection molding also makes 

nanocrystalline products, leading to a biomaterial whose 

modulus drops above the glass transition temperature 

[41]. In order to enhance the PLLA mechanical 

properties, an alternative strategy called self-reinforced 

polymer composites can be implemented. The fiber 

reinforcement in these materials is a highly orientated 
version of the same polymer from which the matrix is 

made [42]. For example, a PLLA matrix is reinforced 

with highly orientated PLA fibers. 

Several studies reported the in-vitro results of PLLA-

based screw degradation rate as well as body responses. 

In most of these screws, foreign body reaction during 20 

to 30 months after the implantation indicated little or no 

evidence of inflammatory reaction within the implant 

environs. In some cases, body responses to screws offer 

little evidence of adverse inflammatory reaction which 

is related to the degradation of cartilage or loosening of 
knee joint envious especially in cases with retardation of 

screw degradation. Fixation strength of a biodegradable 

PLLA interference screw (Arthrex, Naples, FL) was 

compared with press-fit fixation and a titanium 

interference screw in ACLR using a Bone-Patellar 

Tendon-Bone (BPTB) graft. The results showed that 

there was no significant difference between the ultimate 

failure load of PLLA (805.2 N; range680 to 995 N) and 

titanium interference screws (768.6 N; range 544 to 

1094 N) [43]. The mechanical behavior of delta tapered 

bio-interference screws (PLLA nanocrystalline, 

Arthrex) as quadriceps hamstring tendon fixator was 
dynamically tested. It was found that the ultimate failure 

load and displacement at the break point of screws were 

647±200 and 10.91±4.4 mm, respectively. The screws 

obtained their toughness of 64.54±22.1 N/mm [44]. The 

biomechanical properties of Retro screws (Arthrex, 

PLLA) for tibial called anterior graft-tibial tunnel 

fixation were also obtained. The Retro screw displays 

superior toughness (114.1±23.3 N/mm) and 

displacement (18±0.5 mm) during cyclic testing. During 

load-failure testing, the maximum load of Retro screw 

failure was 787±177.5 N. The displacement and 
toughness of bioscrew resulting from the pull-out test 

were 5.3±2 mm and 204.4±52.9 N/mm, respectively 

[45]. In another study on BPTB fixation Bioscrews 

(PLLA, Conmed Linvatec, Largo, FL ) implanted into a 

cadaver , the results illustrated that the mean load to 

failure was 189±118 N [46]. The fixation strength of 

BioFix screws (Self-reinforced (SR)-PLLA, Bio 

Science, Ltd, Tempere, Finland) in a BPTB graft within 

the bovine knee is 1211±362 N and its elastic moduli in 

upper (>500 N) and lower (<500 N) range loads are 

304±71.8 N and 189±47.4 N, respectively [47]. There is 

no significant difference between these biodegradable 

screws and metal screws in the BPTB graft fixation in 
the bovine knee; therefore, they can be recommended 

regarding ACL reconstruction using this type of graft. 

The mechanical properties of BIORCI screws (PLLA, 

Smith & Nephew, Andover, MA) for hybrid femoral 

fixation were investigated. The Ultimate Tensile 

Strength (UTS) of these screws was 643.5±148.4 N and 

their toughness was reported as 315.7±38.9 N/mm [48]. 

The initial fixation strength of two types of 

biodegradable screws consisted of Poly-L-Lactide/Tri-

Calcium Phosphate (PLLA/TCP); one suspension screw 

(Bilok ST) with a diameter of 9 mm and length of 35 
mm and the other interference screw (Bilok TS) with a 

diameter of 9 mm and length of 30 mm, determined in 

the hamstring reconstruction of ACL using bovine 

knees. The single-cycle test results showed that the 

maximum failure load, yield load, and stiffness were 

1475.8(±315.3) N, 998.5 (±122.56) N, and 248.1 

(±76.1) N/mm, respectively, in suspension screws 

group. For interference screws, the maximum failure 

load, yield load, and stiffness were measured 651.1 

(±155.4) N, 537.8 (± 86.7) N, and 199.5 (±82.9) N/mm, 

respectively [49].  

 

 
 

Figure 3. Creation of implantation holes at tibia and femur 
[15] 

 
4.2. PDLLA-BASED ACL SCREWS 
PDLLA is a copolymerization product of PLLA and 

PDLA as two enantiomers of PLA. Different 

mechanical properties of PDLLA are related to the 

composition percentage of each enantiomer. PDLLA is 

usually amorphous and has a glass transition 

temperature of about 56℃. In vivo results of PDLLA 

screws demonstrated that these screws would not be 

degraded at least for 6weeks, but they would be 
completely absorbed by the body in 10 months [50]. All 

PDLLA, PLLA, and PGA copolymers could provide 

different mechanical properties together and none of 

them has this capability by itself. For example, the glass 

transition temperature of PDLLA/PGA blend with 50:50 
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portions isabout 30℃ and increasing the PDLLA: PGA 
ratio from 65:35 to 75:25 leads to an increase in theTg 

temperature from 33.3℃ to 38℃ [51]. A blend of 

PDLLA and PGA with the ratio of 82:18 (Lactosorb, 

Biomet sport medicine, Inc., wasaw, In) can provide a 

nanocrystalline copolymer with atemperature of 55.3℃ 

Tg. It was found that a 2℃ increase in Tg temperature 

would significantly increase the hydrolysis degradation 

rate of lactosorb from 20% to 25% [52]. Moreover, 
blending PDLLA with 10, 20, and 30% wt of PCL 

phase decreased Tg PDLLA from 67.3℃ to 66.2, 65.1, 

and 63.5 ℃, respectively [53].  

 

 
Figure 4. Creation of secure fit by holding of screw between 
the graft bone plug and the wall of the drilled hole [15] 

 

PDLLA/PCL blends reinforced with Bioactive Glass 

nanoparticles (BGn) showed that the addition of BGn 

improved the initial mechanical properties as well as 

biological activity [54].  

Phusilin biodegradable interference screws (poly-

D(2%), L(98%)-lactide, Phusis, Saint-Ismier, France)are 

used in patella tendon autograft fixation.  The results of 

an average follow-up of 24 months showed that screws 

were degraded while bone in-grows earlier than an 

individual PLLA screw. Clinical tests and MRI results 
showed no adverse complications during screw insertion 

thanks to its degradation [52]. The tin octoate is 

commonly used as an initiator of PDLLA 

polymerization; however, in order to decrease body 

immune response to implant screws in phusilin screws, 

polymerization process is applied to ring-opening 

procedure using zinc catalyst, which consists of less 

toxic material. Ring-opening polymerization that uses 

zinc as a polymerization initiator creates a combination 

of stereoisomers by means of ionic reactions. In this 

case, the resulting screws are more hydrophilic than the 

PLA screws derived from tin and can create interference 
screws with quicker degradation [52].  

Bioabsorbable interference screws (Sysorb; Sulzer 

Orthopedics, Baar, Switzerland) are used for autologous 

BPTB fixation throughthe press-fit technique and distal 
bone block in 25 patients. The results showed that no 

replacement of sysorb screws in tibial tunnel took place 

by osseous neo-formation up to 8 months after ACLR 

surgery, excluding one performed on tibial bone tunnel 

enlargement and tibial subcutaneous cyst [55]. 

Mechanical evaluations of Sysorb screws used for 

BPTB graft fixation in cadaver indicated that the 

maximum pull-out force and toughness were 544±109 

N and 162±27 N/mm, respectively. Cyclical loading 

elongation also showed that during the first five cycles, 

5th-20th,and 20th-1500th loading cycles, the amounts of 
elongations reached 1.4 mm, 0.14 mm, and 4.1mm, 

respectively [56]. 

Biological ACLR screws (85/15 PDLLA/PGA, 

Instrument Maker, Inc., Okemos, MI) revealed some 

pieces of evidence of total screw degradation, bone 

remodeling, and new bone formation in femoral and 

tibial bone tunnel throughout a two-year follow-up. 

Moreover, MRI results showed no cystic or osteolytic 

changes associated with minimum swelling at the 

implant site [57]. Studies of biodegradable screws 

megfix (70/30 PLLA-PDLLA, Storz-Endoscope 

Tuttlingen , Germany ) withthree different diameters of 
6, 7, and 8 mm implanted in porcine kneeshowed 

thatnone of 6mm screws, 3 of 7 mm screws, and all the 

8 mm screws were able to tolerate cyclical loading 

protocol. Elongations after 1000 cyclic load achieved 

8.36 and 4.26 mm for 7 mm and 8 mm screws, 

respectively. The maximum load, yield strength, and 

toughness for 7 mm screws were 245 N, 199.1 N, and 

98.6 N/mm, respectively. These values for 8 mm screws 

were 567 N, 456.9 N, and 151 N/mm, respectively [58]. 

 
4.3. POLYMER/TRI-METHYL CARBONATE  (TMC) 
ACL SCREWS 
TMCs with elastic properties similar to rubbery 

polymers are not appropriate for biomedical application, 

because they are characterized by poor dimensional 

stability, tackiness, and inadequate mechanical 

properties [59]. However, the combination of TMC 

andother polymers like PGA, PLLA, and PDLLA could 

create interesting biomechanical properties that will be 
favorable for particular applications. As an example, 

Polyglyconate is ablock copolymer of glycolic acidand 

TMC linked together by covalent bonding. Copolymers 

of PGA and TMC have more flexibility than PGA 

alone. In vitro studies have shown that the molecular 

weight of unirradiated PGA cultured in PBS solution 

decreased from 124 KDa to 18.6 KDa for 31 days. The 

ultimate tensile strength of unirradiated PGA falls down 

from 51.7 MPa to 5.7 MPa after 3 weeks [60]. However, 

results ofin vivo studies of polyglyconate implants 

revealed that their mechanical properties and integrity 
disappeared within 6 weeks and the full resorption of 

implant took place within 6 to 12 months [61]. 

Comparative in vivo studies were performed on 20 
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patients who had femoral bone block fixation with a 
bioabsorbable interference screw (EndoFix absorbable 

interference screw; Smith & Nephew Endoscopy, 

Andover, MA) and tibial bone block fixation with a 

titanium screw. The follow-up results of 3, 6, 12, and 24 

months indicated no problem and complications related 

to graft fixation took place for bioabsorbable as well as 

titanium screws. Upon the point of 12 months, 

degradation of the implant was complete, whereas there 

was no radiological evidence of bony replacement up to 

3 years postoperation [30]. ACL hexagon Inion screws 

(PDLLA- TMC, Inion Ltd., Tampere, Finland) 
illustrated that they preserved 70% to 90% of their 

initial strength during 12 weeks and considerable 

degradation during 18 to 36 weeks, whereas complete 

degradation took place up to 2 years, post operation 

[62]. MRI results of 2 follow-up years indicated that the 

screw degraded bone tunnels replaced by fibrosis like 

tissues. Initial fixation strength of Hexalon Inion screws 

was evaluated atthree separate levels in comparison to 

(i) interference metallic screws for fixation of soft tissue 

graft, (ii) smart self-reinforced screws for fixation of 

soft tissue grafts, and (iii) PLLA bioscrews used for 

fixation of bone-tendon-bone grafts. Yield loads of 
Hexalon Inion screws in each experiment were obtained 

as 491 N, 501 N, and 901 N, respectively [63,64]. 

Hence, researchers found that the strength of Hexalon 

Inion screws was similar to that of other polymeric and 

metallic screws . 

 

 

5. BIOACTIVE AND BIOABSORBABLE COMPOSITE 
ACL SCREWS 
 
5.1. EFFECTS OF BONE MINERAL PHASES IN ACLR 
SCREWS 
Incorporation of various inorganic phases such as 

calcium carbonate (CC), β- tricalcium phosphate (β-

TCP), and hydroxyapatite (HA) into ACLR screws 

compositions couldovercomesome shortcomingsof other 

polymeric ACLR screws. Addition of these phases to 

ACLR screw compositions could enhance the 

absorption rates of bioabsorbable screws, treat 
osteogenesis after absorption, reduce oxidation, and act 

as buffering agents to reduce the acidity of screw 

adjacent resulting from the decomposition products of 

screws based on polymers with the acidic origin.  

A comparative clinical and radiological study was 

conducted on 349 patients between 2 different tibial 

fixations performed using bioabsorbable poly-L-lactide 

(PLLA) and PLLA-HA ACL screws. The results 

showed that the PLLA-HA screw groups would induce 

a significant reduction in the tibial tunnel widening and 

foreign body reactions, improving the osteointegration 

and significantly increasing screw resorption compared 
to the pure PLLA group [65]. The proximal tibial tunnel 

widening effects of PLLA groups revealed a positive 

correlation with knee laxity. Hunt and Callaghan carried 
out an in vitro animal study to compare a composite 

(PLLA-HA) with PLLA screw. They concluded that the 

composite screw significantly increased new bone 

formation and decreased inflammatory reactions in 

comparison with the PLLA screw [66]. The Computed 

Tomography (CT) evaluations demonstrated that the 

pure PLLA screws were completely degraded after 5 

years with no evidence of osteoconductivity behavior, 

leaving bone void after degradation [67]. In the 

meantime, biocomposites screws made of PLLA 

(70%)/β-TCP (25%) (Bilok, ArthroCare, Sunnyvale, 
CA) and copolymer of 70 % PLLA/PGA with 30% β-

TCP (Milagro, DePuy Mitek) showed complete 

degradation and osteoconductivity at 75% and 81% of 

the screw sites and complete filling of screw voidin 

10% and 19% of tests, respectively [68].  

It was found that the content of mineral bone phase 

could also affect the degradation rate of screws and 

osteoconductivity behaviors. Research on two different 

amounts (30% and 60%)of β-TCP evaluated using CT 

scans over 29 to 45 months showed that the 

biocomposite of PLLA/30 % β-TCP (Ligafix; SBM, 

Lourdes, France) exhibited more dominant 
osteoconductivity behavior than other screws containing 

60 %  β-TCP [69]. This is due to at least two reasons: 

(a) the screws with greater β-TCP content were 

absorbed more rapidly; (b) the screws with 30 % β-TCP 

could be completely surrounded by bone plug or tibial 

bone rather than screws containing 60% β-TCP [70]. 

The other theory in this respect depictsthe greater 

release of phosphate ions into the adjacent screw during 

degradation by screws with high  β-TCP, resulting in a 

greater pH which may play an inhibitory role in the 

osteoconductivity manners [70]. 

 

5.2. POLYLACTIDE CARBONATE ACL SCREWS 
Calcium Carbonate (CC) is a bone mineral phase that 

forms other bone calcium salts. A combination of CC 

and other polymeric materials would create an 

osteoconductive interface that may provide enhanced 

degradation properties and stimulate its replacement by 

new bone formation [71]. The presence of calcium 

carbonate into implants could also provide pH value 

between 7.4 and 6.3 throughout the degradation process; 

help avoid local acidity formation [72]. An interference 
screw madefrom a novel bioabsorbable material, 

polylactide carbonate (PLC) (Calaxo Screw; Smith & 

Nephew Endoscopy, Andover, MA) is composed of 

PGA and PDLLA (65%) copolymers at ratio of 85:15 

and 35% calcium carbonate. The combination of 

PDLLA-co-PGA and calcium carbonate is an 

appropriate composite material for ACLR screws. In 

vitro studies and molecular weight (Mw) changes 

surveying of calaxo screws into phosphate buffer saline 

(PBS, pH=7.36) for following up to 12 weeks was 

performed. The results suggested that the calaxo screws 
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lost 85% of its molecular weight, whereas pH of PBS 
also decreased to 6.86 [73]. Researchers found that the 

buffering effect of CC may lead to rapid degradation of 

screws. The in vivo studies of calaxo screws carried out 

by insertion of ACLR screws into 41 sheep. No 

inflammatory reaction was realized with a mean follow-

up of 6, 12, 26, and 52 weeks after implantation into 

sheep body. Within 26 weeks after insertion, screws 

partially were replaced bynew bone; however, in 52 

weeks after implantation, they were resorbed 

completely, whereas they were simultaneously replaced 

with a new bone. The ultimate load to failure of these 
screws was identified 70 N and 225 N for 6 and 12 

weeks after implantation, respectively [71]. 

 

5.3. POLYMERIC COMPOSITES ACL SCREWS WITH 
ß-TRICALCIUM PHOSPHATE 
Various companies designed the ACL screws made of 

polymer-based composites reinforced by 

osteoconductive and osteoinductive phases. For 

example, biodegradable screws contain PDLLA, PLLA, 

and PLGA as polymeric and β-tricalcium phosphate (β-
TCP) as osteoinductive materials. β -TCP has brittle 

origin with low toughness, this means that the 

susceptibility of cracks formation throughout the brittle 

materials restrict the capability of these materials for 

load-bearing applications. These materials presented 

good osteoconductive properties and hydrolytic 

dissolution products of materials that contain calcium 

and phosphate ions [74]. Adding β-TCP to PLLA 

screws improved the mechanical properties and also 

observed that β-TCP caused an increase in both the 

degradation kinetics of the composite material, 

accelerating the remodeling and healing of bone. 
Moreover, β-TCP is alkaline in solution and may 

neutralize the acidic by-product resulting from PLLA 

degradation. A PLGA screw has more rapid degradation 

than PLLA one that can, in combination with β-TCP, 

provide a proper degradation profile as well as 

osteoconductive and osteoinductive properties due to 

the presence of TCP phase. There are some ACL screws 

composed of TCP phase. For example, Bio-intrafix 

screws made of 30% β-TCP and 70% PLLA [75]. In 

vivo studies of Bio-intrafix screws administered to the 

body of patients illustrated that no post-surgery adverse 
inflammatory reaction occurred up to 2 years. In 

addition, the ultimate tensile strength of Bio-intrafix 

screws indicated about 700 N [76]. In this respect, 

another screw is composed of 30% β-TCP and 70% 

PLGA (Biocryl, Rapide TM). Preclinical in vivo studies 

illustrated that the composite-based screws inserted into 

cortical femoral bone defect were completely degraded 

throughout 24 months and simultaneously replaced with 

a new bone [77]. Another in vitro studies on Biocryl 

screws were carried out in PBS solution with pH=7.36. 

The results showed that the dimensional variations of 

the screw occurred to some extent after 12 weeks from 

culturing into PBS solution [73]. Throughout this time, 
molecular weight decreased to 66.9%, whereas pH 

almost unchanged. These results proved that TCP might 

increase the degradation rate of Biocryl screws. This 

may be due to the alkaline origin of TCP materials, 

which could make a buffering circumstance for acidic 

by-products resulting from screw degradation. These 

screws in another study were used as ACL screws in 

tibial bone tunnel enlargement. Tibial fixation was 

performed using 2 bioresorbable interference screws. 

Magnetic Resonance Imaging (MRI) was performed 

onall patients after 1 year post operation. The results 
determined an increase in bone tunnel enlargement up to 

43% by digitally measuring the widths of the bone 

tunnel perpendicular to the long axis of the tunnels on 

anoblique coronal and axial planes. However, there is 

no report about the degradation profile of screws [78]. 

Another study investigated the biodegradable β-TCP-

PLGA screws for fixation of ACL autograft patellar 

tendon inserted into 41 patients. During the follow-up 3 

years, the post operative results illustrated that complete 

degradation accompanied by new bone formation 

occurred. The degradation rate of β-TCP-PLGA based 

screws was more than that of the β-TCP-PLLA screw 
[73]. 

 

5.4. POLYMERIC COMPOSITE SCREWS WITH 
HYDROXYAPATITE 
Hydroxyapatite (HA) similar to β-TCP is a bioceramic 

inorganic material and a major constituent of bone 

whose high biocompatibility has been widely used for 

bone remodeling [79]. Besides, HA can act as a 

buffering factor against acidic products resulting from 

PLLA degradation. Similar to β-TCP, HA suffers from 
low fracture toughness and also high brittlement. Elastic 

modulus of HA varied from 80 to 100 Gpa and its 

compressive strength ranged from 500 to 1000 MPa 

[75]. In vitro studies of PLLA/HA composite material in 

PBS solution with pH= 7.36 were introduced such that 

no significant changes occurred throughout the 12 

weeks; however, the molecular weight of screws 

decreased by about 22.9% and pH also slightly 

decreased from 7.36 to 7.32 [73]. Two biodegradable 

ACL screws, i.e., PLLA-HA composite screws and no 

composite PLLA screws, were compared. The results of 
evaluation studies showed that the remaining strength of 

HA-PLLA composite after 24 weeks is higher than 

PLLA screws. Modulus of composite screw was also 

more similar to that of natural bone tissue. This 

similarity between composite screws and natural bone 

tissue modulus causesa substantial decrease in stress 

shielding during the bone healing [80]. A study was 

performed on BIORCI-HA screws made of HA-PLLA 

composite for fixation of patellar tendon graft into 20 

patients. Based on MRI images of screws inserted into 

the body, no complication during the 2-year follow-up 

and inflammatory reaction at patellar tendon graft were 
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observed. Although the degradation rate of screws and 
bone integration were slow based on MRI, it should be 

noted that in this study, screw failure during insertion 

was just reported in one patient [81]. 

 

 

6. MAGNESIUM AND MAGNESIUM ALLOYS AS 
POTENTIAL BIODEGRADABLE ACL SCREWS 
 
Non-degradable titanium interference screws may 
impair the tendon or ligament graft throughout the 

screw insertion. This may be due to high mechanical 

strength. Besides, these screws need a second surgery 

for removal. In the case of bioabsorbable ACLR screws 

as a well-established practice, there also are some 

complications. As an example, due to inadequate 

mechanical strength, the screw may fail upon insertion. 

In addition, during the degradation process, some 

adverse reactions such as synovitis, granuloma, and 

tunnel enlargement may occur, retarding the healing of 

tendon grafts by fibrous scar tissue layer formation at 

the tendon-bone interface [82,83]. In this respect, 
biodegradable metallic screws with modulus resembling 

the natural bone can be a proper choice. Recently, 

magnesium (Mg) and Mg alloys represented an 

interesting potential for biomedical application and may 

be suitable for tendon graft fixation in ACL 

reconstruction as a new generation of bioactive implants 

[38,84-85]. These screws could stimulate fibrocartilage 

regeneration. Additionally, these types of screws 

possess a good mechanical behavior owing to their 

similarity in modulus between Mg (41-45 GPa) and 

natural bone (15-25 GPa) [86], which could meet 
strength requirements throughout the insertion into 

bone. Mg metal could be degraded when exposed to the 

aqueous solution. Its degradation is initiated by 

chemical reaction with body fluid and release of the Mg 

ions and equivalent mole of hydrogen gas.  

Generally, Mg is firstly oxidized throughout the anodic 

reactions to formcations and then, throughout a cathodic 

reaction, the water of body fluid is reduced by the 

generated electrons during the last levels. Furthermore, 

Mg(OH)2 is formed as the overall products. Dissolution 

of passive Mg(OH)2 layers in the presence of 

destructive biological ions such as Cl- ions occurs 
according to Equation 4. Furthermore, the degradation 

of  Mg implants into body environments including Cl- 

ions is dominant because the degradation rate of the 

passive layer is higher than that of degrading products 

on the surface [87].  
 
 

Mg       Mg2++2e-               (anodic reaction) (1) 

2H2O+2e-        2OH
-

+H2  (cathodic reaction) (2) 

Mg+H2O        Mg(OH)2 + H2  (overall 

product formation) 
(3) 

Mg(OH)2+Cl
-           MgCl2+2OH

-

 (4) 

Since the Mg ions have a stimulating role in osteogenic 
differentiation of stem cells, it could promote the 

osseous ingrowth into graft as well as the incorporation 

of tendon graft into the surrounding bone tissue 

enhancement [88]. Most recently, Cheng et al. 

introduced the high purity Mg as promising materials 

for use of interference ACL screws [23]. They also 

expressed that Mg interference screws could effectively 

inhibit the degeneration of the tendon graft by reducing 

the expression level of MMP-13, while the remodeling 

phase occurred. This fact indicates that more collagen 

fibers in the tendon graft were preserved to connect the 
surrounding bone tissue for higher knee stability [89]. 

However, it has not been yet reported if Mg-based 

implants could also promote graft healing in tendon-

bone healing in a bone tunnel [25]. Besides, there is no 

sufficient information about the bone tunnel after 

surgery to determine the potential application of Mg 

implants. Therefore, it seems that the investigation of 

graft healing quality into bone tunnel in ACL 

reconstruction model is crucial. Herein, it was 

hypothesized that Mg-based interference screw could 

significantly enhance the incorporation of tendon graft 

within a bone tunnel when compared to conventional Ti 
interference screws. 

 

 

7. MECHANICAL PROPERTIES OF ACLR SCREWS 
 

The ACLR screws intend to fix ligament into tibial or 

femoral bones that must have sufficient mechanical 

strength when either inserted into the bone tunnel during 

surgery or fixed the ligament into the bone for a certain 

time until rehabilitation of damaged ligament is 

completed. Regarding the initial fixation strength of 
ACLR screws, many factors such as bone quality and its 

diameter and screw features such as length, diameter, 

design, and material compositions are affected. 

Moreover, the age of patients and surgery techniques 

affect the mechanical properties of implanted ACLR 

screws. In terms of screw geometry, there are many 

controversies with respect to the appropriate diameter 

and length of screws on mechanical strength. It 

wasfound that an increase in screw diameter could 

increase the fixation strength [90]. There is also 

hypothesized over the screw length effects on 
biomechanical properties. In one study, it was found 

that the significant improvement ofthe mechanical 

properties of BPTB units was made when they were 

fixed with a custom-designed 9 mm interference screw 

rather than a 6.5 mm cancellous screw [47]. Moreover, 

use of fully-threaded ACL screws has remarkably 

increased the fixation strength rather than partially-

threaded screws [47]. 

In terms of material compositions, several attempts have 

been made to develop biodegradable ACLR screws with 

sufficient strength for the fixation of ligament or tendon 
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into bone tunnel. The weakness of graft fixation 
immediately and during the first six to eight weeks after 

surgery will limit early intensive rehabilitation [91]. In a 

study where the fixation strength of PLLA 

biodegradable screws compared with two metal screws, 

the results show that there is no significant difference 

among thethree groups. Therefore, the mean forces to 

failures in the three groups of metal interference (n=11), 

an AO cancellous screw (n=11), and PLLA screws 

(n=11) were 1358±348 N, 1081±331 N, and 1211±362 

N, respectively [47]. 

Regarding screw insertion during operation, since the 
screw was submitted to torsional and axial loads owing 

to the application of compression and longitudinal shear 

forces [92], it has been reported that the biodegradable 

screws may be subjected to break during operation [93]. 

The technical standard ASTM F2502 (Standard 

Specification and Test Methods for Bioabsorbable 

Plates and Screws for Internal Fixation Implants) 

provides a standard test method for measuring the 

mechanical properties of polymer screws in torsion [94]. 

According to this standard, the fully threaded screw was 

equipped with the holding device so that five threads 

under the head of the screw were exposed outside the 
holding device. A large enough portion of the screw 

thread should be gripped firmly to secure the screw so 

that it does not rotate when exposed to torsion loads. 

The torque is applied by inserting the screw driver (bit) 

into the screw head. However, unlike solid core 

osteosynthesis screws, cannulated interference 

bioabsorbable screws have a cylindrical orifice along 

almost their entire length to the screw driver connection 

[95]. 

Torsion test results of PLDLA 70/30 screws during 

hydrolysis circumstance identify that the mechanical 
behavior of screws switched from ductile to fragile as a 

function of degradation time up to 240 days. The results 

demonstrated that the maximum torque varied from 

1168 N.mm to 349 N.mm after 240 days, whereas the 

maximum torque angle varied from 85.42 to 8.28 

degrees. Moreover, the torsional stiffness of screws 

decreased from 70 Nmm/deg to 54 Nmm/deg [94]. 

A novel hydroxyapatite ACL screw with a novel 

geometry presented by schumacher et al. showed that 

the applicationof multiple threads with a large thread 

pitch to screw design facilitated the insertion of the 

screws into the bone without the application of screw 
driver or an external torque. Besides, the ex vivo studies 

of screws with rigid polyurethane (PU) foam and sheep 

ankle showed the pull-out forces of 486±60 N and 

387±160 N, respectively, and these values are 

comparable to commercially BioComposite interference 

screws (Arthrex Inc., Germany) tested in PU foam, i.e., 

435±120 N [96]. 

Another research group performed a comparison 
between bioabsorbable screws (self-reinforced L-

lactide/D-lactide, PLA 96/4, Bionx Implant Ltd., 

Tampere Finland) and titanium interference (Softsilk, 

Acufex Microsurgical Inc., Mansfield, Massachusetts) 

ones in ACL reconstruction using matched pairs of 

porcine knees. For this reason, two groups of screws 

were used in single and cyclic loading conditions [97]. 

The results showed that the mean ultimate failure loads 

for the single-cycle failure loading test were 837 ± 260 

N and 863 ± 192 N for the bioabsorbable and titanium 

interference screws, respectively (no significant 
difference). Moreover, the yield loads were obtained as 

605 ± 142 N and 585 ± 103 N for the bioabsorbable and 

titanium interference screws, respectively (no 

significant difference) [97[. 

For the sake of comparison, the characteristics of 

biomechanical properties for the ACL screws studied in 

the current review paper and other commercial screws 

aresummarized in Table 2.  

 

 

8. CONCLUSION 
 
There are two different categories of ACL screws, 

namely metallic and bioabsorbable. The mechanical, 

physical, chemical composition, insertion technique, 

and various manufacturers as well as in vivo behaviors 

of different biodegradable commercial ACL screws 

were investigated in this research. The findings 

illustrated that the bioabsorbable screws showed similar 

behaviors tothe metallic ones in several cases. However, 

the bioabsorbable screws suffer from some drawbacks, 

especially in bone ingrowth that prevents them from 
leaving a void after disappearing. Generally, the 

commercial bioabsorbable ACL screws are currently 

composed of polymers such as PLA and the 

enantiomers, PGA, PCL, and in some cases, composites 

of these polymers with inorganic filler phases such as 

Ca-P based products. Incorporation of bone mineral 

phases into ACLR screws may enhance the absorption 

rates of bioabsorbable screws, lessen the chances of 

osteogenesis, help neutralize the environs of bone site, 

and improve the mechanical properties. 

The potential new generation of these screws may be 
magnesium screws and they have not reached their 

commercial production objective. 

Given the literature reviews, the authors hold the belief 

that the biocomposite ACL screws rather than 

polymeric and metallic ones possess interesting features 

in terms of biological, physical, and mechanical 

properties. However, there are some challenges such as 

the optimum contents of bioceramics on osteogenesis 

and mechanical properties. 
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TABLE 2. Comparison of mechanical properties of commercial ACLR screws 
 

Screws Compositions Manufacturer Screws Dimensions 
Ultimate Failure Load 

(N) 

Yield Point Load 

(N) 
Ref. 

30% β-TCP/70% 

PLLGA 
DePuy 10 × 35 mm 1113 ± 362.2 845.1 ± 243.7 [95] 

30% BCP/70% PDLA Arthrex 10 × 35 mm 1051 ± 244.5 792.2 ± 157.5 [95] 

70% PLGA/30% β-TCP Milagro(DePuy) 10 mm 877 ± 8 728 [98] 

25% HA/75% PLLA Smith & Nephew 10 × 35 mm 920.3 ± 283.5 684.1 ± 163.9 [95] 

70% PLDLA/30% BCP BioComposite (Arthrex) 10 mm 1206 ± 248 1053 ± 378 [98] 

Self-Reinforced L-

lactide/D-lactide (PLA 

96/4) 

Bionx Implant Ltd., Tampere, 

Finland 
7 × 25 mm 837 ± 260 621 ± 139 [99] 

25% HA/75% PLLA Srtyker 10 × 35 mm 1073.8 ± 378.7 797.6 ± 293.3 [95] 

PLLA/TCP 

Suspension screw (Bilok ST 

screw, Biocomposites Ltd, 

Etruria, UK) 

9 × 35 mm 1475 998.5 [49] 

PLLA/TCP 
Interference Screw (Bilok 

TS; Biocomposites Ltd) 
9 × 30 mm 652 538 [49] 

PLLA Arthrex, Naples, FL 7 × 23 mm 995 689 [43] 

PLLA 70/30 Linvatec, Largo, Florida- USA 9 × 20 mm 607.11 ± 97.49 509.98 ± 94.03 [100] 
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Bioactive glass-ceramics play an important role in bone tissue regeneration. In the present 

research, the crystallization of glasses and scaffold fabrication were investigated. After choosing 

the appropriate composition in the SiO2-CaO-Na2O-P2O5 system, raw materials were melted at 

1400  and then, quenched in water. Subsequently, the crystallization of synthesized glass 

samples was studied. Fourier Transfer infrared (FT-IR) spectroscopy was carried out to study the 

structural changes of the samples. XRD patterns showed that fluorapatite Ca10(PO4)6(O,F2) was 

the only precipitated crystalline phase. The template synthesis method was applied for the 

fabrication of the scaffold and starch as a porogen material. The optimized scaffold structure was 

chosen with the appropriate size of pores, interconnectivity, and strength behavior through 

investigating the porosity, SEM images, and mechanical properties. ICP, SEM, and EDX analyses 

were used to determine the in vitro bioactivity of the samples after immersion for 14 days in SBF. 
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1. INTRODUCTION 
 

In recent decades, many types of research have been 

conducted on orthopedic surgery and bone tissue 
engineering. The scaffold is a key material in this 

application, which acts as a matrix for the growth of 

bone cells [1-7]. For being used as bone grafts, the ideal 

of scaffold for replacing part of the porous bone is as 

following: 

1) Having 50-60% porosity with interconnected porosity 

and the average pore size higher than 100μm, so that the 

cells can easily grow inside and carry the food to the 

bone. 

2) Being made of biocompatible and bioactive 

materials. 

3) Having a rough surface to make the soft tissue more 
adhesive. 

4) Having a simple preparation method that can be 

prepared in different forms for various damaged areas of 

the body [1-7]. 

Therefore, the necessity of a bioactive material for cells 

growth with a porous structure is inevitable. Most of the 

bioactive materials used in bone tissue engineering 

applications are bio-ceramics, such as calcium 

phosphates, hydroxyapatite (HA), composite materials, 

metals, glass, and glass-ceramics [8-10]. Bioactive 

materials can bond to bone tissue through forming a 

bone-like hydroxyapatite layer on their surface in 

physiological body fluids (in vitro and in vivo) [7-11]. 

The advantage of bioactive glasses and glass-ceramics 

among the different kinds of bioactive materials is the 

high speed of surface reactions that results in rapid bone 
formation [10-12]. Glasses and glass-ceramics, which 

are basically composed of SiO2, CaO, Na2O, P2O5, have 

been investigated due to their tunable bioactive 

behavior. The glass entitled 45S5 Bioglass® (with the 

composition of 45SiO2-24.5Na2O-24.5CaO-6P2O5 

(%wt)) is the most common bioactive glass reported by 

researchers [8, 13-17]. 

Recently, various glass-ceramics have been used by 

researchers for bone repair applications. Three major 

groups of glass-ceramics that have been examined are 

apatite-wollastonite, mica-apatite, and Ceravital® [8, 9, 
13-18]. The crystalline fluorapatite phase is the most 

valuable phase for antibacterial and bioactive properties 

among these glass-ceramics [19-21]. Different methods 

have been proposed to create porosity in glass-ceramics 

such as foam synthesis, template synthesis, phase 

separation method, and freeze extrusion fabrication 

[22]. 
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The research has focused on the preparation and 
characterization of a macroporous bioactive glass-

ceramic scaffold containing fluorapatite crystals. The 

fluorapatite phase has not been so far formed by any 

body in a combination that is nearly 45S5.  

To this end, the template synthesis method was used to 

fabricate the porous structure because this method is the 

easiest way to control the pores size, the 

interconnectivity of the pores, and the size distribution 

of the pores [7, 22]. Moreover, starch was used as a 

porogen material for being easy crushing and 

economical. 
The main factors affecting the final porous structure and 

its properties, which have been studied are the total 

solid loading, particle amount and size of starch 

powders, consolidation and burning out treatment, and 

sintering condition. 

 

 

2. EXPERIMENTAL PROCEDURE 
 
2.1. Synthesis of Glass Samples 
The high purity commercially available powders were 

used as raw materials including Leached SiO2 with high 

purity (>99), P2O5 (Merck 1005401000), Na2CO3 

(Merck10639), CaCO3 (Merck102069), and CaF2 (Dau 

Jung 2508145). According to reaction 1, the required F 

ions were prepared by replacing some amounts of CaO 

with CaF2. Therefore, the required CaO and F ions were 

produced simultaneously without changing the 

composition. As a result, the compositions were 

prepared with the following weight ratio (%wt) 40SiO2, 

12CaO, 16.71CaF2, 21Na2O, 15P2O5.  
 

(CaF2 + ½O2 = CaO + F2)                                          (1) 

 

The glass frits were prepared by melting raw materials 

at 1450  for 1h in an alumina crucible and quenched in 

cold water. The frits were dried and milled to particles 

with the size <40μm. The Fourier transform infrared 

(FT-IR) spectroscopy (Tensor27, braker, Germany) of 

the glass and glass-ceramic samples, was used to study 

the structural changes in the range of 400-1500 cm-1. 

The thermal behavior of glass powders was determined 
through differential thermal analysis (DTA-Linseis 

L181) at the heating rate of 10 .min-1 and the 

crystalline phase precipitated during sintering were 

determined through x-ray diffraction (XRD) analysis 

(Siemens, model D-500). The microstructure of glass-

ceramic samples was characterized by a scanning 

electron microscopy (FE-SEM, Mira-3Tescan). 

 

2.2. Scaffold Fabrication   
The scaffolds were fabricated through mixing starch 
particles and glass powders, with a thermally removable 

organic material as the pore former. The glass powders, 

which were sieved below 40   and the starch (higher 

than 99% purity) were carefully mixed for 20min in a 
plastic bottle using a rolling shaker to obtain an 

effective mixing. The obtained mixture was blended 

with 0.4wt% polyvinyl alcohol solution and then, 

pressed with uniaxial 500MPa pressure to form a pellet 

with 18mm diameter and 3mm thickness. Drying the 

pressed specimen was carried out with the gradual 

increase of the temperature to 100  to prevent cracking 

caused by the sudden drying of the sample. 

In this research, the amount of starch was varied in the 

range of 30-70 vol% to get the best balance between 

satisfactory sintering temperature, high porosity contact, 
porosity size, interconnectivity, and mechanical 

strength. Table 1 represents the experimental parameters 

applied to the production of each sample.  

 
TABLE 1. Experimental parameters for the production of 
each sample 
 

Starch (vol%) ( )Temperature Sample code 

30 615 GCF-615-P30 

40 615 GCF-615-P40 
50 615 GCF-615-P50 

60 615 GCF-615-P60 

70 615 GCF-615-P70 

30 640 GCF-640-P30 

40 640 GCF-640-P40 

50 640 GCF-640-P50 

60 640 GCF-640-P60 

70 640 GCF-640-P70 

30 665 GCF-665-P30 

40 665 GCF-665-P40 

50 665 GCF-665-P50 
60 665 GCF-665-P60 

70 665 GCF-665-P70 

 
Finally, the total porosity, open porosity, and bulk 

density of the samples were investigated and the 

flexural strength was measured by three-point bending 

test (Zwieck Roell ZHV10, Germany). The scaffold was 

studied by the Scanning Electron Microscope (SEM) to 

evaluate the size, morphology, distribution, 

interconnectivity, and degree of sintering.   

 
2.3. Chemical Degradation and Apatite Forming 
Ability  
The bioactivity of the samples was evaluated  using  in 

vitro tests as explained by Kokubo et al. [23]. The 

biodegradation and apatite forming ability of the glass-

ceramics were investigated by immersion of sintered 

glass-ceramic discs (with a diameter as much as 10mm) 

in 50ml simulated body fluid (SBF) solution at 37 . 
The experiments were conducted at different time 

durations between 1 to 14 days. Each test was repeated 

for 3 times to ensure the accuracy of the results. The 

glass-ceramic sample was got out of the liquids after 

each test and then, pH and concentrations of Ca2+, P5+, 
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and Si4+ ions were measured using inductively coupled 
plasma-optical emission spectroscopy (ICP-OES)]. The 

apatite forming ability on glass-ceramic was studied 

through the XRD and SEM-EDS analysis. 

 
 
3. RESULTS AND DISCUSSION 
 
3.1. Crystallization of Glass Samples 
DTA curves were studied to determine the 

crystallization temperatures. Figure 1 illustrates the 
DTA curves of the compositions after melting and 

quenching. The peaks of Fluorapatite phase 

(Ca10(PO4)6(O, F2) (ICDD: 01-077-0120) appeared in 

the XRD patterns after heat-treating the samples at the 

first DTA peak temperature for 2h. Figure 2 presents the 

XRD patterns of glass and glass-ceramic samples. The 

XRD patterns showed that there were no unwanted 

phases in the glass sample and after heat-treatment of 

the samples. Moreover, the peaks of the crystalline 

phases appeared and the crystallization increased by 

increasing the temperature. 

 
Figure 1. DTA curves of frits with a heating rate of 10      
 

 

3.2. Structure of the Glass and Glass-ceramics  
The FT-IR spectra of the glass and glass-ceramic 

samples are illustrated in Figure 3 after heat treatment at 

615, 640, and 665C [24]. The structural information 
about glass and glass-ceramic can be obtained from 

these spectra. There were clear peaks that proved the 
presence of SiO4 tetrahedrons in the glass network due 

to the significant amount of SiO2 in the composition of 

the samples. The peaks available at ~576.2 and 

~765.26cm-1 are attributed to the rocking and symmetric 

stretching vibrations of Si-O-Si bonds, respectively 

[25]. 

 
 

Figure 2. XRD patterns of glass and glass-ceramic heat-
treated at different temperatures 

 

As a consequence of overlapping with the rocking 

vibrations of Si-O-Si, the peaks of Ca-F bond were 

somehow difficult to be distinguished, although those 

peaks were reported at ~468.30cm-1 [24, 26]. According 
to [14], it is possible to attribute the peak at ~1025cm-1 

to this bond. The peak visible in ~1030.27cm-1 can also 

be attributed to the vibrations of Si-O-Ca bond, when 

the amount of Ca in the glass samples is high (due to the 

presence of CaF2 and CaO, simultaneously). As it is 

reported, there are PO3 groups due to the network 

forming the role of P2O5 and peaks available in ~577.67 

and ~1030cm-1 are attributed to PO3 groups and P-O 

bonds [27, 28, 29]. It seems that these bonds were 

available in the samples, but overlapping with Si-O-Si 

and Si-O-Ca peaks made it difficult to be distinguished.  
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The intensity of the silicon structure peaks was higher in 
all investigated glass-ceramics than the base glass. 

These changes in the peaks can be attributed to a more 

regular four-dimensional SiO4 arrangement, symmetric 

structure, and low-angle variation among the bonds. The 

intensity of the peaks in crystalline materials was more 

than amorphous [30].  

 
 

Figure 3. FT-IR spectra of the glass and glass-ceramics heat-
treated at 615, 640 and 665  

 

 

3.3. Microstructure Study of Glass-Ceramics 
The microstructures of glass-ceramic samples, which 

were heat-treated at   5  for 2h are illustrated in 

Figure 4. The obvious phase separation can be attributed 

to crystallization of fluorapatite. It also shows that the 

morphology of the fluorapatite phase is almost 

spherical. 
Figure 5 shows the results of EDX analysis of bright 

areas (A in Figure 4) that are fluorapatite crystalline 

phase (since the peaks of calcium, fluorine, and 

phosphorus were observed in the EDX pattern).  

 
3.4. Glass-Ceramic Scaffolds (Porosity and 
Mechanical Properties) 
The heat treatment of the samples was performed at 

615-665  for 2 hours. The total porosity percentages of 
porous glass-ceramics are shown in Figure 6. The starch 

was added to glasses from 30 to 70 vol%. 

 
Figure 4. SEM image of glass-ceramic sample heat-treated at 
665  for 2h 

 
Figure 5. EDX spectrum of fluorapatite crystalline phase 

 
Figure 6. Total porosity percentage of glass-ceramic scaffolds 
heat-treated for 2h 
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It is clear that the amount of total porosity and open 
porosity decrease and the density increases with 

increasing of temperature and reducing of porogens. 

According to the results obtained in porous bodies, the 

GCF-615-P40 (Glass-ceramic fluorapatite, heat-treated 

at 615 , starch 40 vol%), GCF-615-P50, GCF-615-

P60, GCF-615-P70 samples had not a suitable strength. 

The flexural strength of the samples GCF-640-P40, 

GCF-640-P50, and GCF-665-P70 was about 12, 8, and 

4MPa, respectively. Considering the previously reported 

flexural strength, the ranges of the samples are within 

the acceptable range [31-33].   
The samples including GCF-640-P50 (with 58% 

porosity), GCF-640-P40 (with 55% porosity), and GCF-

665-P70 (with 56% porosity) were selected as glass-

ceramic scaffolds for bone body applications with 

acceptable appearance and porosity.  

The results of obtained flexural strength showed that the 

strength of all three samples was in this range due to the 

flexural strength of the ideal scaffolds for porous bone 

in the range of 2-12MPa. On the other hand, this 

strength reduction can be attributed to the amount of 

starch although the porosities were close to each other. 
As was expected, the interconnectivity of porosities 

increases with increasing of starch, which cause a 

reduction in strength. 

 

3.5. Microstructure Study of Glass-Ceramic 
Scaffold 
The scanning electron microscopy images of the glass-

ceramic scaffolds are shown in Figure 7. 

According to the ideal scaffolds, the average pore size 

for bone is higher than 100μm. The results showed that 
the average pore size of all three samples is almost 

within this range, but only the sample GCF5-665-P70 

has interconnection of porosities, which is due to the 

high amount of porosity. Therefore, the GCF-665-P70 

was selected as the appropriate porous scaffold body. 
 

3.6. The Ability of Apatite Forming and 
Biodegradation 
Variations of ion concentration with immersion time 

were investigated for various ionic species (Ca2+, P5+, 

Si4+) and the results are presented in Figure 8.  

The important points of this test are as below: 
 

i) Higher concentrations of Ca were observed at longer 

immersion times in Figure 8a for the glass-ceramic 

leading to maximum leaching ability and surface 

reactivity of the respective glass-ceramic. The higher 

concentration of Ca in SBF at longer soaking times 

indicates that the modifier cations in the glass are no 

more exchanged with hydronium ions in the external 

solution (i.e. the inhibition of the biomineralization 

process) [34, 35]. 

 

 

 
 

Figure 7. SEM images of glass-ceramic scaffolds  a) GCF-
640-P40 b) GCF-640-P50 c) GCF-665-P70, (All were heat-
treated for 2 h) 
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Figure 8.  ICP plots of elemental concentration of (a) Ca, (b) 
P, and (c) Si, in SBF solution versus immersion time for the 
investigated GCs 

 

 

ii) The sample exhibited higher concentration of 
phosphorus for the glass-ceramic Figure 8b once soaked 

in SBF, so that the highest phosphorus concentration 

was achieved after 7 days of soaking, beyond which 

time significantly lower concentrations were observed. 

The initial increase in the concentration of phosphorus 

might be related to two reasons including (1) the release 

of excessive soluble phosphate species, or (2) the rapid 

hydrolysis of low amounts of labile P–O–Si bridges 

from the remaining glassy phase in the fluid. These 

might have brought about two implications including 

(1) the local super-saturation of the solution, thereby 

facilitating the process via which, the HA content of the 
solution is precipitated, and/or (2) providing a buffer 

and hence, reducing surface acidity, which in turn 

would inhibit the bone-bonding [36, 37]. 

Moreover, it seems that the increase in the concentration 

of phosphorus occurs simultaneously with the initial 

stage of the reactivity mechanism features during which, 

the Si-OH groups was developed on the glass surface. 

At the other end of the spectrum, the lower 

concentration of phosphate following the maximum 

(Figure 8c) has been found to be linked to the 

movement of phosphorus ions to the glass surface where 
a layer of high calcium phosphate content was 

developed [34, 35]. 

iii) The higher concentration of Si ion was observed in 

the SBF solution with increasing the soaking time. 

Indeed, the surface Si-OH groups developed during the 

hydrolysis of the Si-O-Si contribute to the higher 

bioactivity of the resultant compound upon the decrease 

in silica content of glass-ceramic indirectly, which 

results in attenuating the hydroxyapatite-glass-ceramic 

interface energy [38]. 

Figure 9 demonstrates the SEM images of glass-ceramic 

samples after various soaking times in SBF solution. 
According to the images, an appetite-like layer was 

developed and well-grown on the surface of the samples 

following 14 days of soaking in SBF. According to the 

results of EDX analysis (Figure 10), phosphorus and 

calcium were the main constituents of these 

agglomerates. The weak Si peak could be attributed to 

the high content of SiO2 in the layer developed on the 

bioactive surface [15, 39, 40].  

 

 
 

Figure 9. SEM image of glass-ceramic sample after 
immersion for 14 days in SBF solution (13000 ) 
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Figure 10. EDX analysis of glass-ceramic sample after 14 
days of immersion in SBF solution (A area)  
 

 

 

4. CONCLUSION 
 

The purpose of this research was to prepare and 

characterize a macroporous glass-ceramic scaffold 

containing fluorapatite crystalline phase with 

composition near to 45S5. Macroporous bioactive glass-

ceramic scaffolds were successfully obtained and the 

results of XRD, FTIR, and SEM analyses showed that 

the fluorapatite phase was formed and its amount 

increases with increasing the temperature.  

The correct selection of the sintering temperature as 

well as the amount of porogen materials leads to a well-
sintered specimen with good compromising between 

strength and highly porous structure. Furthermore, the 

prepared scaffold showed excellent bioactive behavior. 

In fact, in vitro studies showed that the CEL2 coating 

had high bioactivity due to the formation of a 

hydroxyapatite layer on its surface.  
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In the present study, the Ni-P-GO nanocomposite coating was applied to the surface of AZ31D alloy 
through electroless plating process. To achieve the nanocomposite coating, 5 g/L Graphene Oxide 

(GO) was added to the plating bath. By changing the pH of the bath, coatings were created in three 

ranges of low, medium, and high phosphorus on the surface of AZ31D. According to the results, by 
increasing the phosphorus content, the amount of graphene oxide absorbed in the coating increased. 

Microstructural examination by Scanning Electron Microscopy (SEM) showed that all coatings 

formed on the substrate had the cauliflower morphology. Phase analsis of the coating by X-Ray 
Diffraction (XRD) showed that at a low phosphorus level, the coating is semi-amorphous; however, 

with increasing phosphorus content, the coating becomes completely crystalline. The highest 

hardness value of the specimen was observed with the lowest amount of phosphorus. The 
microhardness measurments showed that the hardness decreased with increasing the amount of 

phosphorus so that the minimum hardness of the specimen containing 14.97 wt.% phosphorus was 

measured at 521 Hv50. Contrary to the morphology, phosphorus levels have a significant effect on 
the structure and hardness of Ni-P-GO nanocomposite coatings. As the amount of phosphorus 

increased, the corrosion resistance of the coating increased. This is attributed to the reduction of the 

current of corrosion and more positive potential values. 
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1. INTRODUCTION 
 

Weight reduction has always been the concern of 

industry. That is the reason why every year more and 

more researchers, designers, and craftsmen are turning to 

use lighter materials. Magnesium and its alloys are 

among the materials that are widely used to meet the 

needs of the aerospace, automotive, military, and medical 

industries due to their low weight. The high strength-to-

weight ratio and low density are the main reasons for the 

importance of magnesium alloys. Poor resistance to 

abrasion and corrosion is the Achilles’s heel of 

magnesium alloys. Therefore, these shortcomings have 

challenged the frequent use of this material [1-4]. 

Every year, various methods such as thermal spraying, 

veneering, work surface friction, surface processing, and 

composite fabrication by turbulent friction process, sol-

gel, and electroless and electrical plating are used to 

improve the surface properties of magnesium alloys [5-

10]. Electroless plating is usually considered as the first 

option due to the low cost of the process, the uniform 

layer created, and the abrasion and corrosion resistance 

of the formed layer. 

Electroless coatings usually based on nickel, copper, 

cobalt, silver, and serum are formed on the surface of the 

part according to the user’s needs. Nickel-based coatings 

are divided into three types according to the type of bath 

and the composition of the layer created: nickel, nickel-

boron, and nickel-phosphorus electroless coatings [11]. 

To improve the properties of these coatings, they are 

usually either alloyed with Mo, Co, Cr, and Cu elements, 

or form composite through secondary phases [12]. These 

two approaches both in amorphous and crystalline states 

lead to increased hardness and wear resistance of the 

coating. 

Due to the short duration of the electroless process, these 

coatings are formed in the amorphous state. Through heat 

treatment, the amorphous structure becomes crystalline 

and the energy for the formation of intermediate phases 

(nickel-phosphorus intermetallic compounds) is supplied 

[13]. Crystallization and distribution of intermediate 

phases increase the hardness and wear resistance of the 

coating [13]. Recent research has shown that the addition 
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of graphene oxide nanoparticles increases wear 

resistance by reducing the coefficient of friction, which 

is increased by heat treatment at 400°C [14,15]. 

However, previous researchers have expressed opposing 

views on either adverse effects or positive effects of heat 

treatment on the corrosion resistance of nickel-

phosphorus coatings. 

In the present study, Ni-P-GO composite electroless 

coatings with different amounts of phosphorus were 

formed on AZ31D alloy surface. The aim of this study 

was to achieve the optimal amount of phosphorus to 

achieve the highest values of hardness and corrosion 

resistance by formation of composite coating with 

graphene oxide (GO) nanoplates.  

Electroless plating coatings in acidic baths are difficult to 

form on a magnesium substrate. Therefore, this research 

is one of the few researches carried out to create 

electroless nanocomposite coating on magnesium 

substrate. 

 

 

2. MATERIALS AND METHODS 
 

In this study, the AZ31D magnesium-based alloy plate 

purchased from Iraninan company of NOVIN 

RAHYAFT with dimensions of 20 × 20 × 5 mm was used 

as a substrate. The chemical composition of the alloy is 

shown in Table 1. GO was used to fabricate Nickel-

phosphorus composite coating. GO was purchased from 

Indian company of UNITED NANOTECH 

INNOVATIONS. Specifications of graphene oxide 

nanoplates are presented in Table 2. 

 
TABLE 1. The chemical composition of the substrate obtained 

from quantometry 

El. Mg Al Zn Mn Sn Fe Ni 

wt.% Base 3.38 1.19 0.44 0.01 0.005 0.005 

 

 

TABLE 2. Specifications of graphene oxide nanoplates 

Lateral 

Dimensions 

(μm) 

Density 

(g/cc) 

Surface 

Space 

(BET) 

(m2/g) 

Layers 

number 

Purity 

(%) 

Thickness 

(nm) 

5-10 0.42 Less than 
120 

8-10 99.999 3-6 

 

Specimens were polished by SiC abrasive papers up to 

No. 1200. Polished specimens were washed with acetone 

and then, with distilled water. After washing, the 

specimens were air-dried to obtain a clean surface with 

suitable surface roughness. Finally, the following steps 

were performed to activate the specimens in accordance 

with ASTM B480 standard: 
a) Primary cleaning with detergent and water. 

b) Degreasing with acetone in an ultrasonic bath for 20 

minutes. 

c) Chromate conversion coating in 25% chromic acid 

with 11% nitric acid for 40 seconds. 

d) Removal of surface oxide films in a mixture of 5.5% 

fluoride acid (HF) for 10 minutes. 

After each step, the specimens  were washed in distilled 

water and in the final step, they  were immediately 

immersed in an electroless bath. To make composite 

coating, 5 g/L GO was added to the plating bath. In order 

to facilitate the plating process, some part of the 

specimens  (substrate) was drilled so that it could be 

easily placed in the bath. The chemical composition of 

the bath used in this study is shown in Table 3. 

 
TABLE 3. Composition of plating bath for Ni-P coating on 

AZ31D alloy surface 

Chemical 

Compounds 

NiSO4.6H2O 

(g/L) 

NaH2PO2.H2O 

(g/L) 

CH3COONa 

(g/L) 

Lactic acid 

(ml/L) 

Concentration 30 25 25 20 

 
The plating process was performed in the temperature 

range of 85 to 90˚C. Due to the oxidation of magnesium 

specimens  during the electroless process, 0.6% HF was 

added to the solution before starting the coating process. 

This solution was placed in an ultrasonic bath for 1 hour 

to obtain a suitable dispersion of GO particles in the 

solution. 

Ni-P coating was formed in baths with acidic conditions, 

and the hardness of this coating was completely affected 

by pH variations; therefore, pH control of these solutions 

is very important [11]. As the precipitate forms, the pH 

of the solution changes over time, regularly controlled by 

adding dilute NaOH. Due to the high potential of the 

substrate, applying Ni-P coating to the AZ31D alloy 

requires a catalyst to initiate the chemical reaction. A 

small iron nail was used as the reaction catalyst. The 

catalyst was placed in the plating bath for 20 seconds at 

the specified temperature and pH. After the electroless 

solution reached the desired temperature and pH, a 

magnetic stirrer system at 350 rpm was used to prevent 

the particles from settling in the bath during the plating 

process. The electroless process was performed for one 

hour. In this study, Ni-P electroless coatings with three 

phosphorus percentages of P< 6%, P = 6-10%, and 

P>10% were used and pH values were fixed at 3.5, 4.5, 

and 5.5 during the formation of electroless Ni-P coating. 

Microstructural features of the coated specimens were 

analyzed. The X-ray diffraction pattern was obtained by 

the Dutch Philips X-pert device using a Cu kα lamp with 

a wavelength of λ = 1.542 Å at an angle of 20 to 80 

degrees with step size = 0.02. The resulting patterns were 

analyzed by Xpert software to identify each of the 

possible phases.  
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To investigate the microstructure, a scanning electron 

microscope manufactured by the Czech company 

TESCAN model VEGA TS5130MM with a working 

voltage of 20.00 kV was used. Secondary electron mode 

was used for imaging. In addition, the device was 

equipped with elemental analysis using X-ray EDS, 

which was used for the elemental exploration of the 

coating surface or any specific point of the coating. 

Corrosion resistance of all specimens including substrate, 

plated, and heat treated specimens was investigated. The 

corrosion test was performed by the EG & G 263A 

Potentiostat/Galvanostat Instrument in the environment 

and with Saturated Calomel reference Electrode (SCE). 

Platinum used as an auxiliary electrode and the coated 

steel substrate as a working electrode were placed in 

NaCl solution with 3.5% concentration. In this test, the 

desired parts were exposed to corrosive environment 

(coated parts) and the rest of the surface of the specimens 

was covered with varnish. The scanning speed of 

potential of 1 mV/s in the range of ±400 mv around the 

open circuit potential was considered in polarization 

tests. Prior to measurement, the specimens  were placed 

in corrosive environment for one hour to establish the 

potential of the open circuit. 

 

 

3. RESULTS AND DISCUSSION 
 

Fig. 1 shows the SEM morphological images of nickel-

phosphorus-oxide graphene coatings with different 

amounts of phosphorus. What is clear in all three parts of 

Fig. 1 is the formation of the nanocomposite coating with 

the morphology of the cauliflower. This type of coating 

is common to all electroless coatings [16]. Due to the 

presence of porosity between the colonies, this structure 

has self-lubrication properties and shows good abrasion 

resistance [11, 13]. The size of colonies is affected by 

process parameters [17].  

Given that all process variables have been constant, this 

change in colony size can be considered as a function of 

phosphorus content. As shown in Fig. 2, increasing the 

 

 

 

 
 
 

Figure 1. SEM images of nickel-phosphorus-graphene oxide 

nanocomposite coatings (A) less than 6% phosphorus (B) 6 to 

10% phosphorus (C) more than 10% phosphorus 

 

 
amount of phosphorus has led to a decrease in the size of 

colonies, which can be attributed to an increase in the 

nucleation sites in the coating and a decrease in the 

crystallite sizes. Each colony is made up of millions of 

crystallites [17]. 

 
 

Figure 2. The relation between the amount of phosphorus in the 

nickel-phosphorus-graphene oxide nanocomposite coatings and 

coating colonies 

A 

B 

C 
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Table 4 shows the local analysis results of the area 

marked with a yellow square in Figure 1. It should be 

noted that as shown in Table 4, the amount of graphene 

oxide absorbed in the coating has increased with 

increasing phosphorus content. Increasing the amount of 

carbon and oxygen in the EDS results confirms this fact. 

The reason for this is the greater tendency of phosphorus 

than nickel to react with carbon. 

 
TABLE 4. EDS results of Ni-P-GO nanocomposite coatings 
 

Amount of Elements  Specimens  

At. % Wt. % Element  

64.85 80.15 Ni 

P ˂ 0.6% 
12.14 5.21 P 

4.07 1.98 C 

19.21 12.66 O 

50.21 73.12 Ni 

6-10 % P 
15.91 7.66 P 

7.17 2.31 C 

26.71 16.91 O 

41.41 61.72 Ni 

P ˃ 10% 
18.18 14.97 P 

13.30 4.04 C 

27.11 19.27 O 

 
Fig. 3 shows the SEM images of the cross-sectional area 

of the coatings. All coatings are uniformly formed on the 

substrate surface. One of the characteristics of electroless 

coatings is their uniformity. Due to the lack of external 

flow during the application of these coatings, there is no 

accumulation of flow in sharp points or no uniformity in 

some parts of the coating [18]. It seems that during the 

process and nucleation of the first points in the coating, a 

reaction has taken place between the magnesium 

substrate and the nickel-based coating which concludes 

in the formation of a very thin intermetallic layer 

(Mg2Ni). The formation of an intermetallic compound 

between nickel and magnesium does not require high 

energy and temperature according to the literature [19]. 

As the coating forms and the amount of magnesium in 

the substrate decreases, the coating becomes rich in 

nickel and the formation of the coating returns to its 

normal state. 

In Figure 4, elemental mapping image of Ni, P, and C in 

the medium phosphorus coating is shown. As can be 

seen, the carbon element that characterizes graphene 

oxide is well distributed in different parts of the coating. 

On the other hand, Figure 4 shows that phosphorus is also 

well distributed in a nickel matrix. 

Fig. 5 shows the XRD patterns of all three coatings. As 

shown, at the highest phosphorus level, the coating is 

formed in the crystalline state with a small amount of 

amorphous phase on the substrate surface. The 

intermetallic compound created on the substrate 

discussed in the previous section is well illustrated in the 

XRD results. Fig. 5 shows also the XRD pattern of the 

specimen  with moderate phosphorus. In this image, it is 

clear that the amorphous phase located at 45 degrees has 

reached a minimum. 

 

  

 
 
 

 

Figure 3. Cross-sectional SEM images of nickel-phosphorus-

graphene oxide nanocomposite coatings (A) less than 6% 

phosphorus (B) 6 to 10% phosphorus (C) more than 10% 

phosphorus 
 

A 

B 

C 
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Figure 4. Elemental mapping images of Ni(blue), P(green), and 

C(red) in the medium phosphorus coating 

 
As the pH of the bath decreases, the amount of 

phosphorus in the coating decreases. As shown in the 

XRD pattern images, the crystallinity has also intensified 

with lowering the phosphorus content. It is stated in the 

literature that increasing the amount of phosphorus or 

boron increases the possibility of amorphous coating due 

to rise in segregation of alloying elements [20]. It is also 

observed that the amount of nickel-phosphorus 

intermetallic compound (Ni2P) has increased for higher 

phosphorus content. 

As shown in Table 4, with increasing phosphorus 

content, the amount of graphene oxide absorbed in the 

coating has increased. Increasing the amount of carbon 

and oxygen in the EDS results confirms this. 
 

Figure 5. XRD pattern of nickel-phosphorus-graphene oxide 

nanocomposite coatings 
 

Thickness, crstallite size, and lattice strain values of the 

specimens with different P contents are given in Table 5. 

As indicated, the higher values of pH has expanded the 

thickness of the coating. Previous researches have also 

stated that increasing the pH in the acidic range results in 

an increase in the thickness of the coating, and when the 

pH reaches the neutral point, the thickness of the coating 

starts to reduce. The thickness of the coating in the basic 

range reaches its lowest level [21]. The general reaction 

of nickel ion reduction by hypophosphite can be 

considered as relation (1). 

 
TABLE 5. Thickness, cystallite size, and lattice strain of Ni-P-

GO nanocomposite coatings 
 

High (P) Medium (P) Low (P) Specimens  

3.01 2.19 1.24 Thickness (µm) 

25 37 41 Crystallite size (nm) 

3490.909090 2358.723558 2186.636363 lattice strain 
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+ Ni                                                                    2+ 2H 4SO2+ H 3PO2→ 3NaH 4O + NiSO2+ 3H 2PO23Na

(1) 

The above reaction can also be formulated as in Relation 

(2): 

(2)      + Ni    ++ 2H 2ˉ + H3PO2O → 2H2+ 2H ++ˉ + Ni2PO22H 

 

Moreover, some changes are made as seen in Relation 

(3): 

(3)                           +           + 2H 3PO2O → Ni + H2ˉ + H2PO2+ H ++Ni 

 

All of these reactions take place on the catalytically 

active surface by applying external energy, i.e. heating 

the solution to a temperature between 60 and 95˚C. In 

addition to the formation of metallic nickel, some 

molecular hydrogen is also produced, which is removed 

during heat treatment [22]. Apart from these changes, the 

formation of H+ ions leads to further acidification of the 

bath, while orthophosphate (H2PO3ˉ) ions will also form. 

The nature of the partial reactions involved during 

precipitation of nickel ions in solution by reduction with 

the use of sodium hypophosphite has not yet been fully 

understood. According to studies, partial reactions of the 

process are given in Relations (4 to 9) [22]. 

 

H2PO2ˉ + H2O → H+ + HPO3ˉ + 2Hads                                      (4) 
 

Ni++ + 2Hads → Ni + 2H+                                                                      (5) 
 

2Hads → H2                                                                                                        (6) 
 

H2PO2ˉ + H2O → H2PO3ˉ + H2                                                        (7) 
 

H2PO2ˉ + Hads → H2O + OHˉ + P                                 (8) 
 

3H2PO2ˉ → H2PO3ˉ + 2OHˉ + 2P + H2O                      (9) 

 

All of the above steps occur during reduction reactions 

simultaneously. The rate of these reactions depends on 

various factors in the bath such as pH, temperature, and 

chemical composition. From Relations (8) and (9), it can 

be concluded that in addition to nickel, the phosphorus 

element is also formed in the coating. In general, 

Reaction 8 is slower than Reaction 3. If the pH decreases, 

reactions (8) and (9) tend to proceed towards the 

formation of more phosphorus in the coating while 

Reactions (5) and (3) tend to proceed towards nickel 

decrease. 

Therefore, a decrease in pH leads to a decrease in the rate 

of Ni-P deposition, while the amount of phosphorus in 

the coating also increases. 

Fig. 6 demonstrates the hardness changes of the 

specimens  with increasing the phosphorus content. 

Composite coating formation increases the hardness of 

the coating due to creation of obstacles to the movement 

of dislocations. Therefore, the hardness of composite 

coatings is naturally higher than that of non-composite 

coatings. 

Increasing the amount of phosphorus has resulted in a 

decrease in hardness. At first glance, the increase in 

phosphorus levels due to the increase in precipitates 

should have led to an increase in hardness. However, 

with increasing phosphorus levels, the hardness in this 

study has decreased. 

Figure 6. Variations of hardness in terms of coating P 

content  

 

 

As shown in Table 5, with increasing phosphorus 

content, the nucleation of Ni2P compounds within 

crystalllites leads to an increase in lattice strain and, 

consequently, an decrease in the size of the crystallites, 

which in turn increases the crystallization  of the coating 

due to compressive residual stress. The growth of new 

nuclei within the grains has led to an increase in size, 

which has resulted in a reduction in hardness. In Fig. 7, 

polarization corrosion diagram of all specimens  is 

represented. 

 
Figure 7. Polarization curves of the specimes containing 

different phosphorous content 

 

 

The information extracted from Fig. 7 is presented in 

Table 6. As it is obvious, with increasing the amount of 

phosphorus, icorr has decreased and the potential has 

shifted to the positive values. As the amount of 

phosphorus increases, the density of the phosphorous-

rich layer on the surface increases during corrosion which 

in turn controls the current rate. 
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TABLE 6. Parameters extracted from polarization curves 
 

Specimens icorr (A/cm2) Ecorr (V) Ba (V/Dec.) Bc (V/Dec.) Rp (Ω.cm2) 

Substrate 29.00E-05 -1.51 0.060 0.22 70.59 

Low (P) 12.00E-05 -0.62 0.087 0.056 314.81 

Medium (P) 2.90E-05 -0.59 0.117 0.074 678.72 

High (P) 1.74E-05 -0.56 0.111 0.118 1689.50 

The literature reports on Ni–P coatings indicate that 

preferential dissolution of nickel occurs at open circuit 

potential, leading to the enrichment of phosphorus on 

the surface layer. The enriched phosphorus surface 

reacts with water to form a layer of adsorbed 

hypophosphite anions (H2PO2
-). This layer in turn will 

block the water supply to the metal surface, thereby 

preventing the hydration of nickel, which is considered 

to be the first step to form either soluble Ni2+ species or 

a nickel passive film [23-25]. On the other hand, as 

shown in the previous sections, the absorption of 

graphene oxide increases with increasing the amount of 

phosphorus in the composite coating, which is also 

effective in reducing the corrosion rate. 

Immediately after immersion of the coating inside the 

corrosive solution, nickel begins to dissolve, resulting in 

increased current density. After a short time, the current 

begins to decrease to reach a stable level due to the 

formation of a passive layer on the surface. Elsener et al. 

reported that by placing the coating in chloride corrosive 

environments, the dissolution rate of nickel would be 

higher than that of phosphorus. Therefore, a two-layer 

passive film consisting of a phosphate layer and a 

phosphorous-rich layer forms on the surface. [23]. The 

presence of the passive phosphate layer on the raw 

coatings and oxide layer on the heat-treated coatings are 

the reasons for achieving good corrosion resistance of 

these coatings [24]. 

The presence of the passive region is observed for all 

specimens  in the polarization curves. It can be seen that 

the lowest density of passive current and the greatest 

range of passive potential are related to the coating with 

the highest phosphorus content. Specimens coated with 

the medium phosphorus and high phosphorus contents 

have the highest corrosion resistance, lowest current 

density, and maximum corrosion potential of all other 

specimens  and the substrate without any coating 

exhibits the lowest corrosion resistance among the other 

specimens. This indicates that in any case, the coating 

improves corrosion resistance. 

In general, all nickel-phosphorus electroless coatings 

exhibit good corrosion resistance [22]. The reason for 

this is related to the presence of phosphorus atoms in the 

coating structure. In fact, by placing the specimens in 

the corrosive environment and dissolving nickel, the 

surface is enriched with phosphorus atoms, which in 

response to the water molecules form an absorbent layer 

of hypophosphite anions. This layer acts as a protective 

barrier, preventing water molecules to reach the surface 

of the coating, hydrating the nickel, and further 

dissolving it [25, 26]. 

This research can help researchers achieve high 

hardness and corrosion resistance in nanocomposite 

coatings before heat treatment and is effective in 

selecting the optimal parameters for the application of 

electroless nanoomposite coatings on magnesium 

alloys. 
 

 
4. CONCLUSIONS 
 

From the present study, it can be concluded that: 

1) As the amount of phosphorus in the coating increases, 

the size of the colonies in the coating with the 

morphology of the cauliflower decreases.  

2) With increasing the phosphorus in the coating, the 

absorption rate of graphene oxide nanoplates 

increases.  

3) Increasing the amount of phosphorous in the coating, 

increases the crystallinity of the coating and the 

intermediate phase of Ni2P. 

4) With invreasing the amount of phosphorus, the 

thickness of the coating increased from 1.24 to 3.01 

µm. 

5) As the amount of phosphorus in the coating increases, 

the hardness of the coating decreases. the minimum 

hardness in the specimen containing 14.97 wt.% 

phosphorus was measured 521 Hv50. 

6) With increasing the amount of phosphorus in the 

coating, the corrosion resistance of the coating 

increases. The lowest current density (1.74E-05 

A/cm2) and the highest corrosion resistance (1689.50 

Ω.cm2) were obtained in the sample containing the 

highest phosphorus. 
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