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In this research, microstructure and mechanical performance of 

dissimilar resistance spot welded DP780/DP980 dual-phase steels 

were studied utilizing optical microscope, microhardness, and 

tensile shear tests. Resistance spot welding (RSW) was performed in 

the current range of 7 to 12 kA, with 0.5 kA steps. At welding 

currents lower than 7 kA low amount of melting led to the very low 

strength of the joints due to small weld nugget diameter. The results 

showed that an increase in welding current from 7 kA up to 11 kA, 

result in an increase in weld nugget diameter. Further increase of 

welding current (higher than 11 kA), however decreased the weld 

nugget diameter due to severe melt expulsion. Microstructural 

studies showed that weld nugget was primarily comprised of 

martensite, and the heat-affected zone (HAZ) of both sides of the 

joint was comprised of three different microstructural zones; upper-

critical HAZ (UCHAZ), inter-critical HAZ (ICHAZ), and sub-

critical HAZ(SCHAZ). Microhardness test showed that at both sides, 

softening occurred at SCHAZ. The results of the tensile shear test 

showed that both peak load and fracture energy of the joints followed 

approximately the same trend as weld diameter with welding current. 

Two different fracture modes of interfacial failure (IF) and pullout 

failure (PF) were observed in the tensile-shear test. At welding 

currents lower than 10 kA, the failure occurred in IF mode, while at 

higher welding currents, PF was dominant. Weld nugget diameter at 

welding current of 10 kA; i.e., critical weld nugget diameter, was 

~8.5 mm.  

 

Keywords: 
Dissimilar Resistance Spot 

Welding 

DP780 Dual Phase steel 

DP980 Dual Phase steel 

critical weld nugget diameter 

mechanical behavior  

 

 

 

 

 

 

 

                                                           
* Corresponding Author:  

Email Address: MMansouri@pmt.iaun.ac.ir 

http://dorl.net/dor/20.1001.1.2322388.2021.9.1.1.7


Bahman Valizadeh et al, Journal of Advanced Materials and Processing, Vol. 9, No. 1, Winter 2021, 3-10 4 

 

1. Introduction 
The resistance spot welding is one of the most 

important joining processes in sheet metal joining, 

particularly in the automotive industry, due to its 

high operation speed and suitability for automation. 

In the RSW process, heat is generated due to 

localized flow of electrical current through the parts 

being welded, according to Joule’s law (Q=RI2t, 

Where Q is generated heat, R is electrical resistance, 

and I and t are welding current and time, 

respectively). This heat causes to rise in the 

temperature at the interface of the workpieces that 

results in the melting of the workpieces and finally 

forming the weld nugget between the workpieces 

after solidification. It is worth noting that typically 

there are about 2000-5000 spot welds in a modern 

vehicle and the vehicle crashworthiness strongly 

depends on the mechanical performance of these 

spot welds [1]. On the other hand, weight reduction 

in the automotive industry, due to its role in the 

reduction of fuel consumption, has always been of 

great importance for manufacturers [1,2]. However, 

reduction of weight without safety considerations is 

not desirable, and then increase of the vehicle 

strength/weight ratio has attracted much attention of 

researchers and car manufacturers [3]. To increase 

the strength to weight ratio, utilization of low-density 

materials such as high strength aluminum alloys or 

using high strength alloy such as Advanced High 

Strength Steels (AHSS) for different parts of 

vehicles is very prevalent [4,5]. Among AHSSs, 

Dual Phase (DP) steels are one of the most utilized 

AHSSs in the automotive industry. DP steels, due to 

their special dual-phase microstructure (hard 

martensitic islands in a ductile ferrite matrix), 

exhibited both high strength and ductility. These 

steels that have almost similar physical properties are 

named by their ultimate tensile strength, e.g., DP780 

has an ultimate tensile strength of ~780 MPa [6–8].  

But it must be noted that the challenges of DP steel 

application in the automotive industry depend on 

their metallurgical interactions with other body parts 

in similar and dissimilar welding processes. Severe 

changes in hardness at weld zone and heat-affected 

zones [1,9] and higher susceptibility to shrinkage 

voids during solidification [3,10] are the most 

important challenges in similar and dissimilar 

welding of DP steels. Additionally, the complex 

microstructural changes occurring during welding of 

DP steels make it hard to determine failure mode and 

implement the standard to predict important quality 

control parameters such as critical welding diameter. 

Therefore, adjustment of RSW parameters in order 

to achieve desirable mechanical properties for spot 

welds has drawn the attention of many researchers 

[11]. Considering the substantial role of resistance 

spot welds in crashworthiness, studying the 

mechanical and microstructural properties of the spot 

welds in order to guarantee the occurrence of pullout 

failure during loading is crucial [2,12]. Therefore, in 

this research, the microstructural and mechanical 

properties of dissimilar DP780/DP980 resistance 

spot welds were investigated. Samples have been 

welded at different welding currents, then 

microstructural and mechanical investigations (in 

terms of peak load and fracture energy in tensile-

shear test) have been carried out.  

 

2. Experimental procedure 
DP780 and DP980 steel sheets manufactured by 

inter-critical annealing process (heating the steel up 

to the two-phase ferrite+austenite region and then 

quenching of steel in order to promote the 

transformation of the formed austenite into 

martensite) were used as starting materials. The 

thickness of both DP780 and DP980 sheets was 2 

mm. Table 1 shows the chemical composition of the 

DP780 and DP980 steel base metals. 

 
Table.1 The chemical composition of started materials in present study (wt.%). 

 %C %Mn %Si %S %P %Ni %Cr %Fe 

DP780 0.11 2.15 0.08 <0.01 <0.01 0.05 0.15 Bal. 

DP980 0.14 2.45 0.05 <0.01 <0.01 0.04 0.25 Bal. 

 
Welding specimens were cut to the size of 138 mm 

× 60 mm according to AWS D8.9 standard (Fig. 1). 

Oxides and contaminations on the faying surface of 

samples were removed, and then samples were set in 

joint lap configuration with an overlap of 45 mm. 

One spot weld was made at the center of the 

overlapped area for each joint. The welding process 

was carried out using a 120 kVA AC RSW machine 

(CU900, Novin Sazan co., Tehran, Iran) using a 45° 

truncated cone copper-chromium-zirconium 

electrode (group A class II of RWMA classification) 

with 8 mm face diameter. The welding current was 

set from 7 to 12 kA with 0.5 kA steps. Other 

resistance welding parameters including pre-

squeezing time (the period of applying a 

compressive force on the sheets before current 

passage in order to stabilize pressure and ensure 

good contact), electrode force (compressive force 

exerted on the sheets before, during, and after 

welding), welding time (current passage time) and 
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holding time (the period of maintaining compressive 

force after current passage to help better cooling and 

keeping the integrity of the joint) was set to 15 

cycles, 4 kN, 30 cycles and 15 cycles, respectively 

(each cycle is ~0.02 s).  

For each welding current, four samples were welded, 

three of which were used for tensile-shear test and 

one used for metallographical studies and 

microhardness examination. Metallographic samples 

were prepared using standard metallographic 

procedures, including grinding, polishing, and 

etching. Etching was done using 2% Nital solution 

for the general microstructure and Klemm’s I etchant 

(50 ml water-saturated with Na2S2O3 and 1 g 

K2S2O5) to detect retained austenite. Then, the 

microstructure was examined utilizing the optical 

microscope (BX51, Olympus, Japan). The volume 

percentage of ferrite and martensite phases in the 

microstructure of the base materials was calculated 

using ImageJ software. In order to investigate 

changes in the hardness profile of the welded 

samples, a microhardness test (Leco PIX2, Struers 

GMBH, Belgium) was carried out across two lines 

parallel to the weld interface in several points which 

were spaced 0.5 mm apart from each other on 

average. The indentation load and holding time were 

100 g and 15 s, respectively. The tensile-shear test 

was conducted according to AWS D8.9 standard in 

order to determine the peak load (maximum force 

endured by the welded sample) and fracture energy 

(area under the force-displacement diagram up to 

peak load). The test was carried out by a tension-

compression machine (E4486, Instron Inc., USA) 

with a tension rate of 10 mm/min. The failure mode 

of the samples after fracture in the tensile-shear test 

was determined by visual inspection as illustrated in 

AWS D8.9 standard. Fig. 1 shows the tensile-shear 

sample schematically.

  

 
Fig.1. Schematics of a standard tensile-shear test sample. 

 
Peak load is directly extracted from the force-

displacement diagram, and fracture energy was 

calculated using numeral integration (Eq. 1), where 

F and X are force and displacement, respectively.  

Fracture energy = ∑ 𝐹(𝑛)[𝑋(𝑛) − 𝑋(𝑛 − 1)]
𝑛=𝑁

𝑛=1
  (1) 

Failure modes of welded samples were determined 

by examining the fractured specimens after the 

tensile-shear test. 

 

3. Results and discussion 

3.1. Macro/microstructure of the weld joints 
Fig.2 shows the macrostructure of DP780/DP980 

RSW joint welded at 10 kA.

 

 
Fig. 2. Macrostructure of DP780/DP980 RSW joint welded at 10 kA. 

 
As demonstrated by Fig. 2, RSW joints exhibit an 

inhomogeneous microstructure containing weld 

metal (Fusion Zone, FZ), HAZ (Heat Affected 

Zone), and Base Metal (BM). FZ consists of 

columnar grains, which have grown from the fusion 

boundary toward the weld centerline and is a result 
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of the fusion and solidification process. Adjacent to 

FZ is the HAZ, where no fusion and solidification 

occur during welding, but as a result of high 

temperature, microstructural changes widely occur 

[1, 10, 13]. Fig.3 shows the microstructure of 

different zone of the welded sample at 10 Ka. 

 

 

 
 
Fig. 3. Microstructure of a) DP780/DP980 resistance spot welded sample at 10 kA, b and c) base materials d and e) FZ, 

f, g and h) and i, j and k) different regions of HAZ (including upper critical (UC), inter critical (IC) and subcritical 

(SC)) in DP780 and DP980 sides respectively. A represents retained austenite, F represents ferrite, M represents 

martensite and TM represents tempered martensite. 

 
Fig.3-b and c show the microstructure of DP780 and 

DP980 base metals, respectively. In both steels, the 

microstructure is comprised of martensitic islands in 

a ferrite matrix. The volume percent of the 

martensite phase was calculated to be 36% and 43% 

for DP780 and DP980, respectively. 

The microstructure of FZ is presented in Fig.3-d and 

e. As shown, the FZ microstructure mainly consists 

of martensite as a result of a very high cooling rate 

in the RSW process, which is higher than the critical 

cooling rate for martensite formation. The critical 

cooling rate at which martensite forms in steels can 

be calculated from Eq. 2 [10]: 

𝐿𝑜𝑔𝑉 = 7.42 − 3.13𝐶 − 0.71𝑀𝑛 − 0.37𝑁𝑖 −
0.34𝐶𝑟 − 0.45𝑀𝑜                                         (Eq. 2) 

In this equation, V is the critical cooling rate (in K/h). 

Assuming that both base metals melt equally to form 

the weld nugget and using their chemical 

composition given in table 1, the critical cooling rate 

for the weld nugget would be ~52 °C/s. On the other 

hand, the analytical results have shown that the 

cooling rate of a 2 mm thick resistance spot-welded 

steel sheet is about 3000 °C/s [5]. Then it can be 

concluded that because of the higher cooling rate of 

the RSW process (3000 °C/s) that is significantly 

higher than the critical cooling rate for the weld 

nugget (~52 °C/s) formation of martensite in the FZ 

is very probable, as shown in Fig.3-d and e. The 

martensitic structure was also observed at similar 

and dissimilar joints RSWs of DP steels by other 

researchers [14–16]. 
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Fig.3-f to fig.3-k show microstructure of different 

HAZ regions at both DP780 and DP980 sides. 

Considering microstructural changes, HAZ can be 

divided into three distinct regions, namely upper 

critical (UC), inter critical (IC), and subcritical (SC) 

HAZ [11, 17, 18]. At UCHAZ, the experienced peak 

temperature by this zone is above the A3 line. Thus 

the microstructure becomes fully austenitic, and as a 

result of high temperature near the fusion line, grain 

growth occurs severely in this region. Austenite 

grain growth leads to higher hardenability, and 

austenite transforms into martensite during the 

cooling cycle. At the ICHAZ region, the peak 

temperature is lower due to the higher distance from 

the fusion line, and temperature would not rise above 

A3 but remains between A3 and A1 (austenite+ferrite 

region). Therefore, the microstructure would consist 

of austenite and ferrite, that during cooling, austenite 

transforms into martensite [1, 18]. At the SCHAZ 

region, peak temperature would not get higher than 

the A1 line, so only the tempering of martensite in 

the microstructure of the base metals (DP980 and 

DP780) occurred [19].  
 

3.2. Mechanical properties  

3.2.1. Microhardness profile  
Fig. 4 shows changes in microhardness profile for 

the sample welded at 10 kA. As Fig. 4 shows, the 

average hardness value of FZ is ~410 HV. The high 

value of hardness at FZ is a result of martensite 

formation in this region [1, 18]. At the ICHAZ 

region, both martensite and ferrite are present in the 

microstructure (Fig.3), and the mean hardness value 

is lower than FZ (~350-300 HV), but still higher than 

both DP steel base materials (260 HV and 280 HV 

for DP780 and DP980 respectively). However, 

values of hardness at SCHAZ is lower than both base 

materials (~245 HV). This phenomenon is called 

HAZ softening and is resulted by tempering of the 

martensite [19, 20]. Moreover, the amount of 

softening at the DP980 side is slightly higher, which 

can be a result of higher martensite content in DP980 

base metal. 

 

 
Fig.4. Microhardness profile of different regions of specimen welded at 10 kA, a) DP780 side and b) DP980 side. 

 

3.2.2. Tensile properties and Failure mode 
Fig. 5-a shows changes of weld nugget diameter with 

welding current. Up to 11 kA, weld nugget diameter 

increases with welding current. The main reason for 

the increase is higher heat input and a higher amount 

of melting, which occurs at the weld interface. 

Nevertheless, at welding currents higher than 11 kA, 

the weld nugget diameter decreases as a result of 

expulsion.  
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Fig.5. Effect of welding current on (a) Weld nugget diameter and (b) Peak load and failure energy of DP780/DP980 

RSWs. 

 
Failure mode was determined by examination of 

fractured tensile-shear test samples. In Interfacial 

Fracture (IF) failure mode, the crack propagates 

through the weld nugget because of the lower 

strength of weld metal, and the fracture occurs 

abruptly. On the other hand, at Pullout Fracture (PF) 

failure mode, failure occurs via withdrawal of the 

weld nugget from one sheet [1]. Results showed that 

up to 9.5 kA, the IF mode is the dominant failure 

mode. By increase in the welding current further than 

9.5 kA the failure mode will change to PF mode. The 

changing of fracture mode is related to the weld 

nugget diameter. The weld nugget is the load-bearing 

part of the joint in the tensile-shear test, and the 

larger the weld nugget becomes, the higher would be 

the capacity of the joint to endure exerted loads. In 

weld nugget lower than the critical size, the load-

bearing capacity of the weld nugget is lower than its 

surrounding (i.e., HAZ or BM) due to the small size 

of the weld nugget then the fracture propagates 

through the fusion zone (IF mode). By increase in the 

weld nugget due to an increase in welding current, 

the load-bearing capacity of the weld nugget 

increases and becomes more than the load-bearing 

capacity of the surrounding areas of the weld 

nuggets. Consequently, the failure occurs via 

withdrawal of the weld nugget from one sheet, and 

fracture mode changes from interfacial failure to 

pullout failure [1]. As shown elsewhere, PF fracture 

mode exhibits higher peak load and fracture energy 

than IF mode. Therefore, achieving PF fracture mode 

is a priority in most spot welding processes [10]. Fig. 

5-b shows changes in peak load and fracture energy 

of the joints welded at different welding currents in 

the tensile-shear test. Both peak load and fracture 

energy increase with welding currents up to 11 kA 

and decrease afterward. The reason for the 

enhancement of tensile properties can be attributed 

to an increment of weld nugget diameter, which 

increases load-bearing and energy absorption 

capacity of the joints before expulsion [21, 22].  

PF fracture mode in the tensile-shear test usually 

begins with crack growth around the weld nugget. 

The difference of mechanical properties between 

weld nugget and surrounding regions is the main 

reason for changes in the crack growth path. In fact, 

the higher load-bearing capacity of the weld nugget 

leads to alteration of crack growth path from weld 

nugget (IF mode) to the HAZ (PF mode). Therefore, 

a critical weld nugget diameter (Dc) is defined as the 

diameter at which failure mode changes from IF to 

PF [10, 16].  

Multiple theoretical equations have been developed 

in order to determine Dc [23–26]. For instance, 

according to the JIS Z3144 standard [25], the 

minimum weld nugget diameter in order to achieve 

PF mode can be calculated from Eq. 3. 

𝐷𝑐 = 5√𝑡                                                                        (3) 

In which t is the thickness of base sheets. Utilizing 

eq.3, the critical nugget diameter calculated for the 

sheets used in this study becomes ~7.1 mm. The 

actual critical nugget diameter for failure mode 

transition in this research was ~8.5 mm, however, 

which is far larger than JIS Z3144 standards 

prediction and certifies that the standard equations 

cannot predict Dc for the DP780/DP980 RSW joins 

correctly. The main reason for this is the complexity 

of microstructure and mechanical properties of 

dissimilar joints made of DP steels. Thus, the 

equations which only use geometrical parameters to 

predict the critical FZ size could not correctly predict 

Dc for DP steels [23]. In order to address this issue, 

Pouranvari et al. [28] have developed a model which, 

in addition to plate thickness, takes into account the 

mechanical properties of the joints made of AHSS 

steels. In this model, Dc in the tensile-shear test is 

calculated using Eq. 4: 
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𝐷𝑐 =
4𝑡

𝑃𝑓
.

𝐻𝑃𝐹𝐿

𝐻𝐹𝑍
                                                            (4) 

where t is the thickness of the base sheets, P is the 

porosity factor, f is the tensile strength/shear strength 

ratio, and HPFL, HFZ is the hardness of pullout 

failure location and FZ (in Vickers), respectively. As 

mentioned in section 3.2.1, the values of HPFL and 

HFZ are 300 and 410 Vickers, respectively. Values 

of P and f are 1 and 0.5, respectively. Using this 

equation, Dc is calculated to be 8.8 mm, which is 

very similar to the experimental results achieved in 

this research. 

 

4. Conclusion 
In this research, the microstructural and mechanical 

properties of dissimilar DP780/DP980 resistance 

spot welds are investigated. The most remarkable 

achieved results are: 

1) Microstructure of the weld nugget is mainly 

martensitic.  

2) At both steels, the heat-affected zone is comprised 

of three distinct regions, namely upper critical, inter 

critical, and sub-critical heat affected zones. The 

difference in heat input and a peak temperature of 

these regions results in different microstructures, 

which contain martensite, martensite + ferrite, and 

tempered martensite + ferrite, for UCHAZ, ICHAZ, 

and SCHAZ, respectively.  

3) Microhardness test results showed that the 

hardness of the fusion zone is ~410 HV. 

Additionally, softening was observed at the SCHAZ 

regions. 

4) Changes in weld nugget diameter with welding 

current showed that nugget diameter first increases 

with welding currents up to 11 kA, and then 

decreases as a result of expulsion.  

5) Values of peak load and fracture energy of the 

joints increase with welding currents up to 11 kA and 

then decrease. At 11 kA, the values of peak load and 

fracture energy are 80 kN and 30 J, respectively. 

6) The results showed that changing from IF to PF 

mode occurred at welding currents of 10 kA. The 

critical weld nugget diameter was 8.5 mm.  
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In this study, a new kind of crosslinking film of polyvinyl alcohol, 

starch, and chitosan was obtained by alternating freeze-thaw cycles, 

and its various properties such as swelling rate, water vapor 

transmission rate, mechanical properties, and morphology were 

checked using electron microscopy. The results of this study showed 

that the hydrogel, made by providing a damp environment and the 

ability to pass water vapor in the range 720-1680 g/m2, has 

acceptable mechanical properties so that the fracture stress in 

polyvinyl alcohol was equal to 0.642 kgf/ mm2, which reached 0.372 

kgf/ mm2 with the introduction of starch and 0.2475 kgf/ mm2 with 

the addition of chitosan. When we add starch and chitosan to 

polyvinyl alcohol at the same time, the fracture stress reaches 0.261 

kgf/ mm2. In the sample containing pure polyvinyl alcohol, the 

elastic strain is equal to 6.157 and with the addition of starch, this 

value reaches 4.625 and with the addition of chitosan, this value 

reaches 5.70. Adding starch and chitosan to polyvinyl alcohol 

increases the modulus and toughness and decreases the flexibility of 

the polyvinyl alcohol hydrogel membrane. Images of SEM from a 

cross-section of hydrogel membrane fracture show that hydrogel 

membranes containing polyvinyl alcohol are very smooth and 

monotonous; however, when starch and chitosan are added to 

polyvinyl alcohol, the porosity will increase. 
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1. Introduction 
Hydrogels are three-dimensional solids similar to 

solids that are capable of absorbing large amounts of 

water while maintaining their dimensional stability 

[1]. The amount of water adsorbed in the hydrogels 

is related to the presence of specific groups such as 

COOH, OH CONH2, CONH and SO3H, while their 

resistance to dissolution is due to crosslinks between 

the network chains [2]. Other factors such as capillary 

effect, pH, osmotic pressure, and temperature also 

affect the absorption of hydrogel water. The ability 

of hydrogels to absorb and release water reversibly 

and their ability to respond to specific environmental 

stimuli make hydrogels suitable for use in a variety 

of engineering fields. Hydrogels are classified into 

two groups based on the nature of the crosslinking: 

physical or chemical. Physically crosslinked polymers 

have transient and temporary bonds. In this method, 

networking begins with pH, temperature, and other 

physical stimuli. In physically crosslinked hydrogels, 

a covalent bond is not established between the chains 

but is networked by physical interactions such as 

ionic interactions, hydrogen bonds, or hydrophilic 

interactions [3]. Chemically crosslinked hydrogels 

have permanent connections. These types of hydrogels 

are prepared by forming a covalent bond between 

different polymer chains. Increasing attention to 

these types of hydrogels is due to their good 

mechanical strength. 

Polyvinyl alcohol is a synthetic hydrophilic polymer 

that can be chemically crosslinked by electron beam, 

gamma, and glutaraldehyde, or physically crosslinked 

by the freeze-thaw process. When aqueous solutions 

of polyvinyl alcohol are kept at room temperature, 

the gel gradually forms with low mechanical strength. 

Aqueous solutions of polyvinyl alcohol form a 

strong and highly elastic gel when exposed to the 

freezing-thawing process. The properties of the 

resulting gel depend on the molecular weight of 

polyvinyl alcohol, its concentration in water, 

temperature, freezing time, and the number of 

freezing-thawing cycles. Polyvinyl alcohol, part of 

which is hydrolyzed, has a lower melting/degradation 

temperature. Excessive hydrolysis reduces solubility 

and increases viscosity with increasing molecular 

weight. Polyvinyl alcohol can be used to make films 

and coatings that have high tensile strength and 

flexibility and are resistant to the penetration of 

oxygen, carbon dioxide and other vapors. Specific 

applications of polyvinyl alcohol vary with the 

degree of hydrolysis and viscosity. If the degree of 

hydrolysis is higher, water resistance will be better. 

Moisture in polyvinyl alcohol acts as a softener and 

reduces tensile strength, increases elongation and 

tear threshold [4-6]. 

Starch is a plant polysaccharide of the homo 

polysaccharide type that is stored in the roots, buds 

and seeds of the plant. Among the types of 

polysaccharides, starch is of special importance due 

to its low price and abundance in nature. The starchy 

powder is odorless, tasteless, soft, and white. Starch 

grains contain long-chain glucose polymers that are 

insoluble in water. Starch is a dense sugar that 

consists of two main components. One of them 

dissolves in boiled water and makes up about 10 to 

20% of the total starch, which is called amylose. The 

next part, which makes up about 80 to 90% of starch 

and dissolves in boiling water, is called amylopectin. 

These compounds are made up of glucose units. 

Amylose forms a colloidal precipitate in hot water, 

while amylopectin remains insoluble. In the 

hydrolysis process, long polysaccharide chains are 

broken down into smaller carbohydrate chains. The 

network structure of starch has good biodegradability, 

high mechanical properties, and chemical stability. 

Starch films have advantages such as low thickness, 

flexibility, and transparenzy, but also have 

disadvantages, such as poor mechanical properties 

and its permeability to water vapor. To improve the 

mechanical properties of starch films, we can mention 

the creation of cross-links and the combination of 

starch with other natural polymers. The combination 

of starch with biodegradable polymers such as 

polyvinyl alcohol improves its properties such as 

strength, high thermal stability and flexibility [7-10].  

Chitosan has various properties, including non-

toxicity, low cost, availability, antimicrobial activity 

[11], physiological neutrality, significant protein 

affinity, anticoagulant, anti-tumor [12] and so on. 

Chitosan is insoluble in aqueous solutions with a pH 

above 7 but dissolves in dilute acids with a pH below 

6 such as glutamic acid, hydrochloric acid, acetic 

acid, formic acid, and butyric acid. The method of 

dissolution is that the amino groups of the polymer 

are protonated in acid and lead to the production of 

soluble polysaccharides. Solubility is also strongly 

affected by the addition of salt to the solution. The 

higher the ionic strength, the lower the solubility. 

Degradation of chitosan depends on factors such as 

the degree of deacetylation and the pH of the 

solution. Structures that are highly deacetylated 

(DD> 85%) have a relatively slow degradation rate, 

while structures with a lower degree of deacetylation 

degrade faster. Also, enzymatic hydrolysis is higher 

in acidic conditions [11]. Chitosan is a polysaccharide 

with varying amounts of free amine groups and can 

participate in reactions by forming hydrogen or ionic 

bonds. Molecular shape, hydrogen bonding, 

electrostatic repulsion between the chains adjacent to 
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chitosan cause the movement of this polyelectrolyte 

in dilute solutions [12,13]. 

The aim of this study was to obtain a suitable 

hydrogel membrane as a wound dressing. Considering 

that dressings must have the ability to absorb liquid, 

have good moisture permeability and at the same 

time have acceptable mechanical properties, 

according to the said properties for the three cheap, 

available and biocompatible materials" polyvinyl 

alcohol, starch and chitosan "This study was put on 

the agenda for the first time.   

 

Table 1: Types of hydrogel membranes made in this research 
 

 

 

 

 

2. Materials and methods  
The raw materials used in this study were polyvinyl 

alcohol with a molecular weight of 72000 g/mol 

from the German company Merck, corn starch from 

the company Sigma Aldrich, chitosan with an 

average molecular weight of 1224,000 g, and 90 % 

degree of deacetylation from the company Sigma 

Aldrich and acetic acid Made by Merck Germany. 

 

2.1. Preparation of polymer membranes 
 At this stage, polymer solutions with specific 

concentrations were prepared according to Table 1 

and networked using successive freezing and 

thawing cycles. This method is based on phase 

separation and crystallite formation in polymer 

solutions. When a polymer solution is placed at a low 

temperature, the solvent (water in the case of 

aqueous solutions) freezes, and during this process, 

the polymers in the solution accumulate in small 

areas called "unfrozen liquid microphases." In this 

region, the local concentration of polymers 

increases, and this polymer arrangement remains 

unchanged during melting and the connection points 

form physical bonds and cause structural strength. 
 

2.1.1. Preparation of polyvinyl alcohol 

hydrogel  
15 g of polyvinyl alcohol (0.34 mol) was mixed in 

50 ml of distilled water at 80 ° C and placed on a 

magnetic stirrer for 6 hours to obtain a uniform 

solution of polyvinyl alcohol. 
 

2.1.2. Preparation of polyvinyl alcohol/starch 

hydrogel  
15 g of polyvinyl alcohol (0.34 mol) was mixed in 

50 ml of distilled water at 80 °C and placed on a 

magnetic stirrer for 6 hours to obtain a uniform 

solution of polyvinyl alcohol. Then 2.5 g of starch 

(0.015 mol) was mixed in 50 ml of distilled water at 

70 ° C and placed on a magnetic stirrer for 4 hours to 

obtain a uniform solution of starch. The polyvinyl 

alcohol and starch solutions were then mixed and 

placed on a magnetic stirrer for 3 h to obtain a 

uniform solution of polyvinyl alcohol/starch. 
 

2.1.3. Preparation of polyvinyl alcohol/ 

chitosan hydrogel 
 15 g of polyvinyl alcohol (0.34 mol) was mixed in 

50 ml of distilled water at 80 °C and placed on a 

magnetic stirrer for 6 hours to obtain a uniform 

solution of polyvinyl alcohol. Then 1 g of chitosan 

(7 % dry weight of polymer) was dissolved in 50 ml 

of 1 % acetic acid and then mixed with a solution of 

polyvinyl alcohol for 24 hours at room temperature 

using a magnetic stirrer. 
 

2.1.4. Preparation of polyvinyl alcohol/ 

starch/ chitosan hydrogel 
 First, 15 g of polyvinyl alcohol (0.34 mol) was 

mixed separately in 50 ml of distilled water at 80 ° C 

and placed on a magnetic stirrer for 6 hours to obtain 

uniform solutions of polyvinyl alcohol. Then 2.5 g of 

starch (0.015 mol) was mixed in 50 ml of distilled 

water at 70 °C and placed on a magnetic stirrer for 4 

hours to obtain a uniform solution of starch. The 

solutions were mixed and placed on a magnetic 

stirrer for 3 hours to obtain a uniform solution. 7 % 

dry weight of polymer (polyvinyl alcohol and starch) 

chitosan was dissolved in 100 ml of acetic acid 1% 

and then the three solutions obtained (polyvinyl 

alcohol, starch, and chitosan) were dissolved for 24 

hours. They were mixed at room temperature using a 

magnetic stirrer. 
 

2.1.5. Preparation of hydrogel cross-linked 

membranes 
The resulting hydrogels were poured into Petri 

dishes made of polystyrene and the bubbles inside 

CS (dry weight of 

PVA/St) 

Starch 

(g) 

Starch 

(mol) 

PVA 

(g) 

PVA 

(mol) 

Hydrogel membranes Number 

----- ----  ----- 15 0.34 PVA 1 

----- 2.5 0.015 15 0.34 PVA/St 2 

7 % ----  -----  15 0.34 CS  PVA/ 3 

7 % 2.5 0.015 15 0.34 CS   PVA/ St/ 4 
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the hydrogel were removed using nitrogen gas. 

Consecutive freeze-thaw cycles were used to 

crosslink the resulting solution. In this way, first, the 

obtained hydrogel was frozen at -20 °C for 18 hours 

and then melted at 25 °C for 6 hours. This operation 

was repeated 3 times. To remove unreacted material, 

the crosslinked hydrogel was immersed in distilled 

water for 3 h and changed once every hour. The 

resulting hydrogel was dried in an incubator at 48 °C 

for 48 h to a relative humidity of 53%. To maintain 

the obtained moisture, it was kept in a closed 

container at 4 °C (Fig. 1) [14-17].

 

 

Fig.1. Hydrogel membrane containing PVA/St/CS 

 

3. Investigating the properties of hydrogels 

3.1. Equilibrium swelling ratio (ESR)  
Samples of hydrogels (2cm×2cm and 2 mm thick) 

were prepared. The samples were then dried at 60 °C 

for 12 hours and their weight was measured using a 

digital scale. The phosphate buffer solution (PBS) 

was then placed in a laboratory at 37 °C for 24 hours 

and its weight was measured every hour by removing 

the hydrogel and drying its surface and returning it 

to the container. The experiment was performed 

three times for each sample and the results were 

reported as average. The following formula was used 

to calculate the amount of hydrogel swelling [18].  

ESR w d

d

W W

W


                                                                 (1)  

The weight of the hydrogel is in the swollen state (
wW ) 

and the initial weight of the hydrogel is dry (
dW ).  

 

 

3.2. Water Vapor Transmission Rate (WVTR)  
Moisture permeability of a hydrogel membrane is 

possible by measuring the degree of water vapor 

transfer using materials and using the ASTM 

standard. The standard for this test is the JIS1099A 

method. A round sample of hydrogel was placed on 

the nose of a 7 cm diameter cup containing 50 g of 

CaCl2 so that no water vapor could pass through the 

edges. Teflon tapes were used for this purpose. Both 

were then placed in an incubator at 90 % relative 

humidity at 40 °C. Water vapor transmission rate 

(WVTR) is calculated as follows [19]. 
 

 
 2 2 1/ / 24
W W

WVTR g m day
S


           (2) 

 

1W and 
2W the total weights of the cup in the first and 

second hours and ‘S’ is the surface area of the 

sample.  

 

3.3. Mechanical test 
 Tensile strength and elongation of the specimens 

were determined using a model tensile tester (Instron 

4464, UK). After freezing-thawing cycles, the 

hydrogel membranes were cut in a dumbbell-like 
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manner (6 cm long, 2 cm wide at both ends, and 1 

cm wide at the center) and both ends of the sample 

were fixed with a special clamp. Samples were 

measured at a speed of 20 mm/min using a cell load 

of 0.5 N at room temperature to measure tensile 

strength, elongation, and maximum stress until 

failure of the samples. After the experiment, the 

stress-strain diagram was received from the device. 

The thickness of the sample was measured before the 

experiment. This test was performed 3 times for each 

sample and the result was reported as average [19]. 
 

3.4. Scanning electron microscope test (SEM)  
In a Scanning Electron Microscopy (SEM) (Model 

VEGAX MU), a relatively high-energy electron 

beam travels over the sample surface. To perform 

this experiment, the prepared samples were first 

placed in liquid nitrogen to be completely frozen. 

They were then broken up with liquid pliers into the 

liquid nitrogen to completely preserve their cross-

sectional morphology. After preparing the samples, 

their surface was covered with a thin sheet of gold. 

In this case, the samples are ready to be viewed with 

an electron microscope. 
 

4. Results and discussion  
In this section, first physical properties such as 

hydrogel swelling rate, water vapor permeability, 

and mechanical properties such as tensile strength, 

yield stress, fracture stress, toughness, and Young's 

modulus were studied, and then the morphology of 

hydrogel membrane fracture surfaces was 

investigated. 
 

4.1. Hydrogel swelling rate  
The swelling behavior of the hydrogel depends on 

the nature of the polymer network such as the 

presence of hydrophilic groups, crosslinking density, 

and the elasticity of the polymer network, pH, and 

temperature of the swelling environment. Thus, any 

variation in the structure of the hydrogel network 

directly affects the swelling behavior. In this study, 

changes in the swelling capacity of hydrogel 

membranes over time were investigated. Fig. 2 

shows the equilibrium swelling capacity of PVA/CS, 

PVA/St, and PVA/St/CS hydrogel membranes as a 

function of time. The increase in the swelling ratio of 

hydrophilic membranes containing starch and 

chitosan is due to the hydrophilic nature of the 

hydroxyl (OH) groups of starch and chitosan 

molecules in the gel networks. Because the presence 

of chitosan reduces the density of the polymer 

network and increases the porosity of the structure, it 

is obvious that it has higher water absorption than the 

hydrogel membrane containing starch. Higher 

bonding within hydrogel membranes limits the 

infiltration of water for swelling. The porous 

hydrogel network increases the water holding 

capacity and this helps to improve the swelling 

feature of the plates. Figure 3 also shows the 

equilibrium swelling capacity of PVA/St, PVA/CS, 

and PVA/St/CS hydrogel membranes at pH of 1.2 

and 7.4 in different percentages of polyvinyl alcohol. 

It is observed that all hydrogel membranes have 

higher water absorption in an acidic environment 

than an alkaline environment, which is due to the 

presence of amine groups. The chitosan amine group 

contains protons in an acidic environment, resulting 

in electrostatic repulsion and the separation of 

hydrogen bonds between the polymer and the release 

of macromolecular chains, which ultimately leads to 

an increase in the swelling ratio. In a neutral or 

alkaline environment, chitosan amino groups 

become proton-free and electrostatic repulsion is 

reduced, leading to reduced swelling properties. 

Changing the pH of the environment causes the 

volume of holes in the polymer to fluctuate, which 

affects the swelling behavior of the hydrogel.
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Fig. 2. Equilibrium swelling capacity of PVA/St, PVA/CS, and PVA/St/CS hydrogel membranes in PBS 

 

 

Fig. 3. Equilibrium swelling capacity of PVA/St, PVA/CS, and PVA/St/CS hydrogel membranes at pH = 2.1 and pH = 

4.7 in PBS 

 

4.2. Water Vapor Transmission Rate 

(WVTR) 
Figure 4 shows the rate of passage of water vapor on 

different hydrogel membranes. It is observed that the 

hydrogel membrane, which contains only polyvinyl 

alcohol, has the lowest water vapor permeability. 

Polyvinyl alcohol hydrogel membranes allow less 

water vapor to pass through due to the greater 

crosslinking. Higher bonding within the hydrogel 

membranes restricts the passage of water vapor. It is 

observed that the presence of starch increases the 

passage of water vapor. Starch has poor mechanical 

properties and high permeability to water vapor, and 

the use of starch alone to produce a hydrogel 

membrane limits its application. To improve the 

mechanical properties of starch films and at the same 

time increase their resistance to water vapor passage, 

crosslinking and starch composition with other 

polymers such as polyvinyl alcohol can be used. By 
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crosslinking the polyvinyl alcohol/starch hydrogel 

membrane, we see an increase in equilibrium 

swelling and water vapor permeability in polyvinyl 

alcohol. Polyvinyl alcohol/starch mixtures have 

hydrophilic surfaces that tend to get wet in aqueous 

media, and the hydrophilic nature of polyvinyl 

alcohol increases the compatibility with starch and 

prepares it for preparation as a polymer mixture. As 

can be seen in Figure 4, by adding chitosan to 

polyvinyl alcohol, the rate of water vapor passage in 

the hydrogel membrane reaches its highest level 

among the other membranes examined. This is due 

to the hydrophilic nature of the hydroxyl (OH) 

groups of chitosan molecules in hydrogel networks. 

The presence of chitosan reduces the degree of 

crystallinity of polyvinyl alcohol. Chitosan reduces 

crosslinks within the polyvinyl alcohol network and 

creates a porous hydrogel network that has the 

highest water holding capacity and the highest water 

vapor transmission capability. This effect can be 

attributed to the reduction of polymer substrate 

cohesion in the presence of chitosan. The 

simultaneous presence of starch and chitosan in the 

hydrogel membrane fills the voids inside the gel 

network and increases the density of the network; 

therefore, the transfer of water vapor to the polyvinyl 

alcohol/chitosan hydrogel membrane is slightly 

reduced. 

 

 
Fig. 4: Water vapor transmission rate on different hydrogel membranes 

 

4.3. Mechanical test  
The interaction between different components plays 

an important role in the properties of hydrogel 

membranes, especially mechanical properties. There 

are different interactions between different amounts 

of polyvinyl alcohol, starch, and chitosan. As a 

result, different amplitudes of hydrogen bonding 

occur in the hydrogel membranes, leading to 

different mechanical behavior in the samples. In this 

study, polyvinyl alcohol, polyvinyl alcohol/starch, 

polyvinyl alcohol/chitosan, and polyvinyl 

alcohol/starch/chitosan hydrogel membranes were 

synthesized and tested for mechanical properties. 

The stress-strain diagrams of the polyvinyl alcohol, 

polyvinyl alcohol/chitosan, polyvinyl alcohol/starch, 

and polyvinyl alcohol/starch/chitosan hydrogel 

membranes are shown in Figure 5. According to the 

diagrams and Table 2, the fracture stress in polyvinyl 

alcohol was equal to 0.642 kgf/mm2, which reached 

0.372 kgf/mm2 with the introduction of starch and 

0.2475 kgf/mm2 with the addition of chitosan. The 

polyvinyl alcohol hydrogel membrane has the 

maximum fracture strength among other hydrogel 

membranes due to the presence of more cross-links. 

Adding chitosan and starch to polyvinyl alcohol 

reduces the maximum force required for failure and 

the specimens change less length before failure. 

According to Table 2, when we add starch and 

chitosan to polyvinyl alcohol at the same time, the 

fracture stress reaches 0.261 kgf/mm2. Starch has 

poor mechanical properties. To increase the strength 

and flexibility of starch, cross-linking and combining 

starch with polyvinyl alcohol can be used. The 
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presence of chitosan also reduces the degree of 

crystallinity of polyvinyl alcohol. According to 

Table 2, in the sample containing pure polyvinyl 

alcohol, the elastic strain is equal to 6.157 and with 

the addition of starch, this value reaches 4.625 and 

with the addition of chitosan, this value reaches 5.70. 

It can also be concluded that due to the stress applied 

to the polyvinyl alcohol/starch hydrogel membranes, 

the starch granules disappear as single structures and 

form a discontinuous membrane such as after 

swelling and gelatinization. The effect of high 

pressure on starch granules leads to limited swelling 

and begins to degrade, leading to failure at less stress 

and less change in length. Toughness is the amount 

of energy needed to reach the breaking point. In 

designing an ideal specimen, we often sacrifice the 

strength of the material to some extent to increase its 

toughness. The material is more elastic strain and 

toughness can be more before the break, pulled high. 

Adding starch and chitosan to polyvinyl alcohol 

increases the modulus and toughness and decreases 

the flexibility of the polyvinyl alcohol hydrogel 

membrane. Intermolecular interaction between 

starch, chitosan and polyvinyl alcohol polymers 

leads to a decrease in the density of crosslinking in 

polyvinyl alcohol. 

Numerous synthetic and natural polymeric materials 

have been developed to treat burn wounds as 

antibacterial agents. However, due to poor mechanical 

properties as well as low water absorption rate, their 

application is limited. The interaction between 

different components plays an important role in the 

properties of hydrogel membranes, especially 

mechanical properties. There are different 

interactions between different amounts of polyvinyl 

alcohol, starch and chitosan. As a result, different 

hydrogen bond domains are formed in the hydrogel 

membranes, leading to different mechanical behavior 

in the samples. Therefore, a completely homogeneous 

mixture must be prepared. The polyvinyl alcohol 

hydrogel membrane has the maximum force required 

for failure among other hydrogel membranes due to 

the presence of more crosslinks. Also, the largest 

change in length to the breaking point is related to 

polyvinyl alcohol, and by adding chitosan and starch 

to polyvinyl alcohol, the maximum force required for 

failure is reduced and the samples change less length 

before failure.  Chitosan creates a porous hydrogel 

network by reducing the cross-links within the 

polyvinyl alcohol network, thus reducing the force 

required for failure and breaking the sample with less 

change in length. Due to its high tensile strength and 

flexibility, polyvinyl alcohol hydrogel membranes 

can be used to make wound dressings. However, 

adding starch and chitosan increases the density of 

the polyvinyl alcohol crystal lattice and reduces 

flexibility by reducing intermolecular distances. 

 
Table 2. Mechanical properties of various types of hydrogel membranes made in this researc 

 

 
Fig. 5. Stress-strain diagram of PVA, PVA/CS, PVA/St, PVA/St/CS hydrogel membranes 

Young module 

kgf/mm2 

Toughness 

kgf/mm2 

Fracture stress 
kgf/mm2 

Yield stress 
kgf/mm2 

Elastic strain Hydrogel membranes No. 

0.6056 0.10 1.965 0.18 0.642 0.11 0.075 0.16 6.157 0.12 PVA 1 

0.7025 0.12 0.879 0.12 0.372 0.05 0.027 0.02 4.625 0.08 PVA/St 2 

0.7909 0.11 1.353 0.21 0.475 0.08 0.05 0.01 5.70 0.10 CS  PVA/ 3 

0.7932 0.09 2.168 0.32 0.61 0.12 0.05 0.01 6.17 0.07 CS   PVA/ St/ 4 
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4.4. Electron microscope images  
SEM imaging is a promising method for studying the 

topography of samples that provides important 

information about the shape and size of the 

synthesized particles. SEM micrographs taken from 

the fracture cross-sections of the specimens are 

shown in Fig. 6. As can be seen, the cross-sectional 

area of the hydrogel membranes containing 

polyvinyl alcohol is very smooth and lacks the 

smallest cavities, and is quite uniform due to the 

presence of more cross-links. As can be seen, when 

starch and chitosan are added to the polyvinyl 

alcohol hydrogel membrane, the number of pores 

increases, which is consistent with the results of 

water absorption and water vapor permeability. The 

larger the pores, the more hydrogel membranes can 

hold water and allow more water vapor to pass 

through. Adding starch and chitosan to polyvinyl 

alcohol reduces the degree of crystallinity and 

crosslinking within the polyvinyl alcohol network, 

resulting in a porous hydrogel network. In addition, 

the increase in porosity along with the decrease in the 

atomic distance leads to a decrease in the 

membrane's ability to stretch and an increase in 

length to failure. Since hydrogel membranes are 

synthesized with regular and alternating freeze-thaw 

cycles based on the presence of polyvinyl alcohol, it 

is observed that the presence of chitosan and starch 

in the membrane interferes with the physical bonds 

of polyvinyl alcohol and as a result, porosity is 

increased and we no longer see a smooth surface. 
 

       
 

    
Fig. 6. The cross-sectional SEM image of A) PVA, B) PVA/St, C) PVA/CS, D) PVA/St/CS 

 

5. Conclusion 
Polyvinyl alcohol, polyvinyl alcohol/starch, 

polyvinyl alcohol/chitosan, and polyvinyl alcohol/ 

starch/chitosan membranes were synthesized. The 

equilibrium swelling capacity of hydrogel 

membranes was investigated and it was found that all 

hydrogel membranes have higher water absorption in 

an acidic environment than alkaline environments 

due to the presence of amine groups. Also, due to the 

different amplitudes of hydrogen bonding between 

different components of hydrogel membranes, we see 

different mechanical behavior in the samples. The 

polyvinyl alcohol hydrogel membrane has the 

maximum fracture strength among other hydrogel 

membranes due to the presence of more cross-links. 

Adding chitosan and starch to polyvinyl alcohol 

reduces the maximum force required for failure and 

the specimens change less length before failure. 

Chitosan creates a porous hydrogel network by 

reducing cross-links within the polyvinyl alcohol 

network, thus reducing the force required for failure 

and breaking the sample with less change in length. 

Adding starch and chitosan to polyvinyl alcohol 

increases the modulus and toughness and decreases 

the flexibility of the polyvinyl alcohol hydrogel 

membrane. Intermolecular interaction between starch, 

chitosan, and polyvinyl alcohol polymers leads to a 

decrease in the density of cross-links in polyvinyl 

alcohol. In the water vapor transmission rate, it was 

found that hydrogel membranes containing polyvinyl 

alcohol allow less water vapor to pass due to the 

presence of more crosslinks. Also, the presence of 

chitosan and starch increases the passage of water 

vapor in the range (720-1680 g/m2). Electron 
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microscope images were taken from the cross-sectional 

area of the hydrogel membrane for topographic study 

and it was observed that the hydrogel membranes 

containing polyvinyl alcohol were very smooth, 

without the smallest cavities, and perfectly uniform. 

When starch and chitosan were added to the 

polyvinyl alcohol hydrogel membrane, the number of 

pores is increased and the porosity is increased. As a 

result, the 3D network density is reduced. 
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Self-lubricant coatings are among the newly improved type of 

coatings to reduce the coefficient of friction and protect the substrate 

in various conditions. Magnetron sputtering is the best technology to 

fabricate coatings with good morphology. In this paper, the 

tribological properties of magnetron sputtered Ni3Al-MoS2 coating 

on 4340 steel are reported. For this purpose, five tablets of Ni3Al-30 

wt.% MoS2 were prepared as the target material and were placed in 

a copper holder. At last, we have sputtered from the target using the 

best sputtering condition to get a good morphology and 

microstructure of the coating. The morphology and microstructure 

of the coatings were characterized by X-ray diffraction (XRD) and 

scanning electron microscopy (SEM). The tribological properties of 

Ni3Al-MoS2 coating were investigated using a ball-on-disc 

tribometer at atmospheric conditions at room temperature. SEM was 

used to examine the morphology of the wear track after the ball-on-

disc test. The Ni3Al-MoS2 composite coating showed lower frictions 

coefficient and higher wear resistance because of the hard Ni3Al 

matrix and soft MoS2 particles. 
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1. Introduction: 
 Metal matrix composites with solid lubricants have 

attracted wide and promising applications [1-7]. 

Aluminides have served interesting properties such 

as high hardness, high-temperature stability, high 

creep resistance, high melting point and, low density 

[8,9]. A Combination of aluminides with solid 

lubricants particles has been considered as self-

lubricating materials [10-16]. Solid lubricants have 

been classified into several subdivisions, such as 

lamellar solids (e. g., MoS2, WS2 and, graphite), soft 

metals (e. g., Ag and Pb), carbon-based solids (e. g., 

diamond and DLC), and organic materials/polymers 

(e. g., PTFE and waxes) [10-17]. MoS2 has a lamellar 

structure, the bonding in the S-Mo-S sandwich is 

covalent and strong, but the layers of the lamellar 

structure are van der Waals and weak. It yields a low 

friction coefficient value and is mostly used in 

applications that need a solid lubricant [15-17]. The 

friction coefficient increases and the lifetime 

decreases when MoS2 is used in humid air, therefore; 

this material can be only used in vacuum and in a 

water vapor-free environment [15-21]. In a previous 

study, composite coating of Cu-Ni3Al-MoS2 made 

using the PVD method and a complex target showed 

a coefficient of friction of about 0.5 after 60 minutes 

[16]. In this design, it is predicted that by removing 

copper, the coating will have a higher hardness and 

its tribological properties will be improved, So this 

study aimed to synthesize Ni3Al-MoS2 coating by 

magnetron sputtering, and The tribological behavior 

of the coating was evaluated. 

 

2. Experimental 

2.1. Deposition 
The Ni3Al powder was synthesized by ball milling of 

elemental Ni (80-100μm, 99.9% purity) and Al (80-

100μm, 99.9% purity) using planetary ball mill for 40 

hours at a speed of 350rpm at room temperature 

under Ar atmosphere. The MA product was 

characterized by X-ray diffraction (Bruker X'PERT 

MPD diffractometer) using filtered Co K𝛼 radiation 

(λ=0.1789A°), Ni3Al-30wt.%MoS2 composite tablets 

(30mm in diameter and thickness of 2mm) were 

made by single-axis Santam press under 350 MPa 

stress. Finally, five tabs were placed in a pure Cu 

holder which was covered by aluminum foil to 

prevent the copper element from penetrating into the 

coating. Depending on the coating conditions and the 

type of process used, the alumina formed on the foil 

acts as an insulator and the possibility of its 

penetration into the coating is reduced [22]. Ni3Al-

MoS2 coating was deposited by DC magnetron 

sputtering on 4340 steel substrates. Fig.1 is a 

schematic diagram of the magnetron sputtering 

process with Ni3Al-MoS2 target tablets. Table 1 

shows the coating deposition conditions. 

 
Table 1 Shows the coating deposition parameters. 

Ni3Al-MoS2 Target 

4340 Substrate 

325ºC Substrate temperature 
15Cm Substrate to target distance 

850V Voltage 

1.2-2A Current 

80min Deposition time 

10-7mbar Base pressure 

1-5×10-3mbar Working pressure 

 
The composite coatings with a thickness of 8μm were 

obtained by sputtering for 80 min. The Ni3Al-MoS2 

coatings were examined by both X-ray diffraction 

(Philips X'PERT MPD Cu𝐾𝛼) and scanning electron 

microscopy (SEM Leo 440i OXFORD). 

 

 

2.2 Testing: 

2.2.1. Tribological properties measurements 

The tribological properties of 4340 steel substrate 

and composite coatings were studied by a ball-on-

disc tribometer. Table 2 shows the initial conditions 

of the samples. 
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Fig.1. Schematic diagram of sputtering system for synthesizing Ni3Al-MoS2 composite coating. 

 

Table 2 Different samples 

Samples Type Hardness Roughness (μm) 

1 4340 steel 50HRC Ra= 0/2 

2 4340 steel with Ni3Al-

MoS2 coating 

408HV Ra= 0/08 

      

All tests were carried out using a 5 mm diameter 

Si3N4 ball as the counterface. The tests were run 

under a load of 5 N at room temperature and a sliding 

speed of 0.1 m/s. The sliding load in the tribological 

test was monitored and recorded for 3600 seconds in 

order to determine the friction coefficient vs. time. 

The wear tracks of the coatings were examined by 

means of SEM. 

2.2.2. Hardness measurement: 
The hardness of the substrate was determined using 

a Rockwell C hardness with a Koopa attachment. 

The hardness measurements of the coatings were 

conducted according to ASTM 578-87 standard, 

using Wilson microhardness with Vickers diamond 

pyramid indenter under 25gr force in several points. 
 

2.2.3. Roughness survey: 
To determine the roughness of the substrate and 

coating surfaces was determined by a Mahr Germany 

device (M300C model). 

2.2.4. Adhesion strength  
The VDI 3198 standard specifies the well-known 

Rockwell C indentation test as a destructive quality 

test for coated compounds [23]. This technique does 

not give any absolute measurement of adhesion, but 

comparative results can be obtained with the same 

load for all samples. Fig. 2 gives qualitative adhesion 

properties considering the crack network from the 

indentation spot. This test also gives a qualitative 

measure of the toughness of the coating. The reported 

adhesion value ranges between HF1 to HF6 (HF is 

the German short form of adhesion strength) (Fig.2), 

with excellent adhesion property and a few crack 

networks in HF1 and the poorest adhesion properties 

indicating complete delamination of the coating in 

HF6 [24,25] 
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Fig.2. Adhesion strength quality based on Rockwell C indention test [24]. 

 

3. Results and discussion 
Fig. 3 indicates that the coating has a good flat 

surface. The observed bumps are a result of MoS2 

dots. A typical SEM image obtained from the surface 

and the elemental map of the Ni3Al-MoS2 composite 

coatings are shown in Fig.4. The chemical 

compositions which are determined by energy 

dispersive spectroscopy (EDS) on SEM are given in 

table 3. Fig.5 shows backscatter electron (BSE) 

micrographs. The dark areas in the BSE image are 

MoS2 because MoS2 has a lower atomic mass. The 

Ni3Al-MoS2 composite coatings exhibit a dense 

structure. The thickness of the coating at the highest 

target current of 2A was 8μm. The measured 

microhardness of this coating was 408 HV. 

 

 
Fig.3. SEM images showing the surface of the Ni3Al-MoS2 composite coating. 
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Fig. 4. SEM images showing the elemental map data of the Ni3Al-MoS2 composite coating. 

 

 

 
Fig. 5. BSE image of the Ni3Al-MoS2 composite coating. 
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Table 3 The chemical composition measured by EDS 

 
Element Ni% Al% Mo% S% 

Atomic percent 70 25 2 3 

 

3.1. XRD analyses 
The X-ray diffraction pattern of Ni3Al-MoS2 

composite coating is shown in Fig.6. The X-ray 

diffraction profile revealed that the coatings were 

mainly consisted of Ni3Al and MoS2 phases, with no 

preferred orientation. Diffraction peaks of AlNi can 

be observed besides Ni3Al. One definition can be the 

Al foil, which has covered the target surface.  

 

 
Fig. 6. XRD pattern of Ni3Al-MoS2 Composite Coating. 

 

3.2. Adhesion strength 
Fig.7 shows the optical micrographs of Rockwell-C 

indention on Ni3Al-MoS2 coating. The Rockwell-C 

indention test showed an acceptable adhesion. 

According to the standards presented in the previous 

section [23-25], coating adhesion strength was 

evaluated to be HF3, which represents good adhesion 

and strength to the substrate. 
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Fig. 7. Rockwell C adhesion test of Ni3Al-MoS2 coating (load 150kg). 

 

3.3. Tribological properties measurements 
Fig.8 (a) illustrates the evolution of the friction 

coefficient of the composite coating under dry sliding 

for the duration of 1 h at a sliding speed 0.1 m/s and 

an applied load of 5 N. The friction coefficients of the 

coating were approximately 0.2 in 25 ºC. In 

comparison, the friction coefficients of the 4340-steel 

substrate were much higher (above 0.9) than that of 

the coating. These results prove that the Ni3Al-MoS2 

coating exhibits excellent self-lubricating properties. 

Fig.8 (b) shows the mass loss results. The mass losses 

of substrate and coating were 0.02 and 0.005 gr, 

respectively. Humidity has a positive effect on 

friction coefficient, and decreases wear life which is 

probably because of dangling unsaturated bonds on 

the edge of basal plans reacting with moisture and 

oxygen in the environment to form triboxidation 

products, such as MoO3 [26-28]. 

 

 

 
Fig. 8. (a)The friction coefficients and (b) mass loss of the coating at room temperature 
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Fig. 9 (a) shows the worn surfaces of the coating after 

wearing for 1 h at a load of 5 N and sliding speed of 

0.1 m/s at room temperatures. The parallel furrows 

and spallation are observed, which reveal that the 

wear mechanism is abrasive. Fig. 9(b) given the EDS 

data taken from the wear area. EDS analysis was 

performed to determine the surface composition in 

the wear track. EDS confirmed the presence of Ni, 

Al, Mo and, S within the composite coating (Table 

4). The worn area on the film counter body is smooth 

with patchy and powdery debris. Some worn debris 

piled up at both sides of the wear track with no 

abrasive wear effect. This is the reason why the 

friction coefficient remained very stable during the 1 

h sliding test. The overall aspects of this worn surface 

image are typical for all coating studied here. The 

wear resistance of coatings depends on several 

factors, including the hardness, thickness, plastic 

deformation behavior, roughness and, lubricating 

properties. By properly adjusting these parameters, 

the wear behavior can be improved [29]. The 

microhardness test on the coating indicates that the 

coating hardness was 408 HV; due to the lower 

hardness of coating in comparison with the substrate, 

the coating half-life is low. However, the amount of 

lubricant material MoS2 provides the condition for 

improving the lubrication. 

 

 
Fig. 9. SEM micrographs of worn surface of the coating (0.1 m/s, 5 N and 1 h). 

 
Table 4 EDS of wear area 

 
Element Ni% Al% Mo% S% 

Atomic percent 12 6 0/5 1/5 

 

3.4. Investigation wear rate of the coating and 

substrate 
Fig. 10 shows the wear rate of the as-received 

substrate and Ni3Al-MoS2 coating. The presence of 

the soft MoS2 particles within the hard Ni3Al matrix 

and the smoothness of the surface, and the good 

adhesion strength of the coating to the substrate all 

contribute to the improvement of the substrate 

tribological properties reduces the wear rates. The 

wear rate of the coating was 50% smaller than that 

for the substrate. 
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Fig.10. Wear rate of coating and substrate 

 

4. Conclusions 
XRD analysis indicated that the composite coating 

had no preferred orientation. In the BSE image, the 

dark area is the MoS2 phase observed. The first 

coefficient of friction at room temperature is 0.24. 

These results prove that the coating provides a stable 

and low friction coefficient in stable conditions; in 

other words, it proves the coating exhibits self-

lubricating properties. The main reason for the low 

coefficient of friction seems to be the presence of a 

composite structure containing hard matrix Ni3Al 

with solid lubricant MoS2. In addition, no failure(s) 

were observed during the wear test. 
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1. Introduction 
In all of the world, applications of cylindrical shells 

have developed in science. Cylindrical shells have 

extensive applications in engineering and industry. The 

study of the vibratory response of cylindrical shells is 

very significant for the behavior and applications of 

these structures. Some of these applications are found 

in the aerospace, civil, mechanical, and maritime 

construction development [1].  

Some researchers for eschew failure are used stiffener 

shells [2-7]. Vibration cylindrical shells are an 

important subject of research by scientists, and it was 

first presented via love [8]. Natural frequencies, several 

theories, and boundary conditions were introduced via 

Leissa [9], Blevins [10], Soedel [11], Chung [12], 

Reddy [13], and Forsberg [14]. 

Functionally graded materials (FGMs) are constructed 

by mixing various materials, and they are graded in 

thickness. These materials comprise a blend of metal 

and ceramic or other different materials. Also, the 

physical properties of one level vary from the other 

level, and these materials are generated by the 

composition of two or more materials.  

For the sample, one level has thermo resistant, and the 

other level has mechanical properties. The main benefit 

of FGMs is their application in environments with high 

temperatures. FGM structures are utilized as coatings 

space schemes, spacecraft, reactors, turbines, 

components in engines, and others [15]. Research on 

the shells made of FGM is significant in the 

engineering applications.  

The significant research on FGM shell was reported by 

Loy [16]. The finite element method on FGM 

cylindrical shells was used by Patel et al. [17]. Study 

frequencies with effects of radius published by Zhi and 

Hu [18]. Arshad et al. [19] and Shah et al. [20] 

investigated the frequency characteristic of FGM 

cylindrical shells. Hosseini et al. [21] investigated 

rotating functionally graded cylindrical shell. 

Amirabadi et al. [22] studied vibration FGM GPL-

reinforced truncated thick conical shells under different 

boundary conditions. They showed that dispersing 

more GPL reinforcements near the inner and outer 

surfaces of the rotating shells leads to a remarkable 

increase in both forward and backward wave 

frequencies. Mohammadi et al. [23] investigated 

numerical investigation of nonlinear vibration analysis 

for triple-walled carbon nanotubes conveying viscous 

fluid. Amirabadi et al. [24] studied wave propagation 

in rotating functionally graded GPL-reinforced 

cylindrical shells based on the third-order shear 

deformation theory. 

The object of this study is to the analysis influence of 

power-law distribution with pressure on frequencies of 

the supported functionally graded cylindrical shell. The 

analysis is done based on the first-order theory. The 

governing equations of the movement were utilized by 

Ritz method. The boundary conditions are clamp-

sliding (C-SL) and free-simply support (F-SS).   

The influence of the various values of the power-law 

distribution with pressure supported and different 

conditions on the frequencies characteristics are 

discussed. The accuracy of this procedure is confirmed 

by comparisons the present results with other ones that 

existed in literature. 

 

 2. Functionally Graded Materials 
FGMs are made of the variation of composition and 

different materials. The volume fraction distribution of 

each phase of material varies with a specific gradient. 

The E fgm, ν fgm and ρ fgm are given as: 

 

)(/))()((),( TEh
2

h
zTETEzTE 1

N

12fgm 









 

 (1) 

)(/))()((),( Th
2

h
zTTzT 1

N

12fgm 









 

 (2) 

)(/))()((),( Th
2

h
zTTzT 1

N

12fgm 









 

 (3) 

 

3. First order Shear Deformation Theory 
 

Consider figure 1, in which a geometrical sketch of 

reinforced FGM cylindrical shell under pressure is 

given. The displacement field with first-order theory is 

written as 
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The strain displacement relationships are expressed by 
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where A1 and A2 are the parameters of Lame [25]. 
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Substituting Eq. (4) into Eqs. (5-9), thus 
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The stress-strain equations are written by 
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Fig. 1. The supported FGM cylindrical shell with pressure 
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Then equation (17) can be expressed as 









































































































23

13

12

22

11

44

55

66

2221

1211

23

13

12

22

11

Q0000

0Q000

00Q00

000QQ

000QQ

                    (21) 

The stiffness is written as 
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where K = 5/6 [26].  

The moment resultants are: 
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Applying Eqs.(12-16) into Eq.(21) and substituting in 

Eqs.(26) and (27) the following equation is got
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in which ijijij ZYX ,,  and ijV are 
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4 Energy Equations  
The strain energy is expressed as 
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The kinetic energy is given by 
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The potential energy of pressure is 

 






























L

0

2

0
002

0
2

dxdxwxw
xw

2

P
V ),(),(

),(

                (35)

 

 

Therefore, the energy functional can be written as 

VTUF 
                                         (36)

 

5 Boundary Conditions 

The displacement field can be expressed as 
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where )(x is beam function can be expressed as 
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6 Ritz Method 
The energy functional, F expressed with Lagrangian 

function  

maxmaxmax VTUF 
                                    (39)

 

 

Substituting Eq. (37) in Eqs. (33), (34) and (35) and 

minimizing: 
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The governing equation with matrix form is 
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              (41)

 

 

The determinant of matrix C equals to zero 

0=ijC
                                                              (42)

 

 

with solution equation (42): 

05
2

4
4

3
6

2
8

1
10                 (43)

 

The equation (43) is consists of ten roots, and the 

smallest positive root is the natural frequency in the 

present research. The properties of materials are 

specified in Table 2. 
 

Table 1 Values of mi  ,  and m for asymmetric boundary conditions [5]. 
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Table 2 Mechanical properties of materials [16]. 

 

 

Coefficients of 

temperature 

Stainless Steel 

 

Nickel 

E(Nm
2

) 
ν )( 3kgm

 E(Nm
2

) 
ν )( 3kgm

 

      

Q 0  

 

 

201.04109 

 

0.3262 

 

8166 

 

223.95 109 

 

0.3100 

 

8900 

Q 1  

 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

Q 1  

 

 

3.079 10-4 

 

-2.002 10-4 

 

0 

 

-2.794 10-4 

 

0 

 

0 

Q 2  

 

 

-6.534 10-7 

 

3.797 10-7 

 

0 

 

-3.998 10-9 

 

0 

 

0 

Q 3  

 

 

0 

 

0 

 

0 

 

0 

 

0 

 

0 

       

Q 

 

 

2.07788 1011 

 

0.317756 

 

8166 

 

2.05098 1011 

 

0.3100 

 

8900 

 
Table 3 Natural frequency of FGM cylindrical shell without support and pressure (R = 1, N = 1, L/R = 20). 

 

 

Fig. 2. Volume fraction of Nickel NfV with thickness variable Z/h  

 

 

h/R 

 

 

 

m 

 

 

n 

 

Natural frequency (Hz) 

 

Loy et al. [16] Present 

     

 

 

 

0.002 

1 1 13.211                                  13.186 

1 2 4.480                                  4.4200 

1 3 4.1569                                  4.0346 

1 4 7.0384                                  7.0240 

1 5 11.241                                  11.124 

1 6 16.455                                  16.221 

1 7 22.635                                  22.306 

1 8 29.771                                  30.111 

1 9 37.862                                  37.560 

1 10 46.905                                  46.397 
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Fig. 3. Changes of frequency with support and pressure for different power law under C-SL  

(P = 700 KPa, h/R = 0.002, L/R = 20, b= 0.5L) 
 

 
Fig. 4. Changes of frequency with support and pressure for different power law under F-SS  

(P = 700 KPa, h/R = 0.002, L/R = 20, b= 0.5L) 
 

7 Comparison Study 

To validate of the present study, the results of the FGM 

cylindrical shell without pressure and support are 

evaluated with the results in other literature. Table 3 

shows the variation of the frequency for the FGM 

cylindrical shell without pressure and support with two 

different h/R ratios. The comparisons presented in 

Table 3, show good agreeable results with published 

works.  
 

8 Results and Discussion 

Variation of volume fractions of Nickel is shown in 

Fig. 2. In this figure the volume fraction of nickel NfV

decreased from value 1 at z/h = -0.5 to its least value 0 

at z/h = +0.5.  For z/h < 0 and N < 1, the decrease of 

NfV is rapid. For z/h < 0 and N > 1, the rate of 

decrease of NfV is slow while for z/h > 0 and N > 1, 

it decreases rapidly. It is observed that the variations 

of the constituent material for FGMs are influenced by 

the volume fraction laws. 

Tables 4 and 5 show variations of the frequency with 

different power-law distribution with pressure. The 

frequencies are discussed for different (N). In these 

tables, different values of power-law with pressures 

efficacy frequency of supported FGM cylindrical 

shell. In these tables, m=1 and it is mean first axial 

wave mode used in this analysis. For m>1 simulation 

result was found to yield similar trends for two 

asymmetric boundary conditions. The decrease in the 

frequencies from N = 0.5 to N = 30 is about 3.156% at 

n = 1 and 3.095% at n = 10. Therefore, the arrangement 

of constituent materials in FGMs will determine the 
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increment and decrements in the natural frequency 

with power-law distribution. The results show the 

natural frequencies for various power-law with 

pressure are various for boundary conditions. 

Figures 3 and 4 depict a variation of frequency with 

support and pressure for a different power-law 

distribution. In both cases C–SL and F–SS, the 

frequencies for the different power-law with pressure 

increase with the circumferential wave number.  

In these figures, when reinforcement is used, 

significant changes in the natural frequency are 

observed at low circumferential wave numbers. It can 

be seen from these figures that the increase in natural 

frequency is significant when n increased from 1 to 2, 

and for n greater than 2, the natural frequency 

increases gradually as the circumferential wave 

number n is increased. The results show that power-

law distribution has an effect on the natural frequency, 

and frequencies decreased with the increase in the 

power-law distribution. 

 

Table 4 Variation of the natural frequency (Hz) with the different power-law exponent for C-SL boundary conditions  

(h/R = 0.002, L/R = 20) 

 
n 

 
m 

 
P = 700 kPa, a/L = 0.5 

 

   
     N = 0.5            N = 5            N = 15            N = 30 
 

 
1 1 342.546 334.567 332.903 331.509 
2 1 429.875 419.132 417.519 416.220 
3 1 456.345 445.094 442.763 442.729 
4 1 473.980 461.342 458.093 458.228 
5 1 487.124 475.228 473.773 472.541 
6 1 502.569 490.632 488.387 487.118 
7 1 519.320 506.096 504.531 503.539 
8 1 537.671 524.667 521.335 521.447 
9 1 556.905 543.491 541.822 540.731 

10 1 577.428 564.611 561.747 561.983 
 

 

Table 5 Variation of the natural frequency (Hz) with the different power-law exponent for F-SS boundary conditions 

 (h/R = 0.002, L/R = 20) 

 
n 

 
m 

 
P = 700 kPa, a/L = 0.5 

 

   
     N = 0.5            N = 5             N = 15          N = 30 
 

 
1 1 480.679 469.240 466.942 466.670 
2 1 800.226 780.754 777.405 775.051 
3 1 810.076 791.744 787.116 785.565 
4 1 817.676 797.311 793.242 792.111 
5 1 826.913 806.962 800.899 800.533 
6 1 833.346 812.670 808.920 807.872 
7 1 842.118 822.749 818.442 817.276 
8 1 853.842 833.286 829.091 827.878 
9 1 866.894 845.462 841.295 838.369 

10 1 879.643 858.961 854.581 853.665 
 

 
 

 

 
 

 
 

 

9 Conclusions 
This study presents the influence of power-law 

distribution with pressure on frequencies of the 

supported functionally graded cylindrical shell. The 

governing equations of the movement were utilized by 

the Ritz method. The boundary conditions are clamp-

sliding and free- simply support. Natural frequencies 

with different amounts of the power-law with pressure 

for different boundary conditions are affected by the 

variation of the circumferential wave number. This 

study shows that the frequencies decreased with the 

increase in the amounts of the power-law distribution 
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with pressure. Thus the constituent power-law 

distribution with pressure effects on the frequencies. 

The results show the frequencies with different power-

law distribution under pressures are various for 

different conditions.  
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In this study, nanostructured carbon spheres were fabricated from 

leather leaf via hydrothermal carbonization and chemically activated 

with KOH. Different hydrothermal carbonization temperatures were 

used. The microtopographic, compositional, and structural 

characteristics and the surface properties of the synthesized material 

were then investigated via scanning electron microscopy, 

transmission electron microscopy, X-ray diffraction, nitrogen 

adsorption-desorption, and Raman spectroscopy. Results indicated 

that the KOH-activated sample synthesized with hydrothermal 

procedure leads to spheroidal nano-porous amorphous carbon 

particles with an average size of 3-5 micrometers. The nano-porous 

carbon spheres exhibited remarkable material properties such as high 

specific surface area (1342 m2 g–1) and a well-developed porosity 

with a distribution of micropores 2 nm wide. These properties led to 

good electrochemical performance as supercapacitor electrodes. The 

electrochemical investigations through a three-electrode cell in an 

aqueous electrolyte have also confirmed the capability of the 

synthesized activated carbon nano-particles as promising candidates 

for supercapacitor applications. In particular, a specific capacitance 

of 374 F g-1 was achieved at a current density of 2 A g-1. 
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Graphical abstract of hydrothermal carbonization of nanoporous carbon spheres derived from the leather leaf 

 
1- Introduction 
The development of green, renewable, and highly 

efficient methods of energy conversion, as well as 

new energy storage technologies, is in high demand 

[1-3]. As an energy storage device, supercapacitors 

are an effective and practical technology for 

electrochemical energy conversion and storage. 

Supercapacitors, also known as EDLC (electric 

double-layer capacitors) or Ultracapacitors, can store 

tremendous amounts of energy. Operating based on 

their electrochemical properties, supercapacitors 

have found incredible recognition for novel 

applications. Their outstanding electrochemical 

performance, including optimal reversibility, power 

capability, and cycle life, makes them great options 

in different areas, such as intelligent automobiles, 

portable power tools, and uninterruptible power 

sources [4]. 

Fabricating supercapacitors requires cost-effective 

production materials. Carbonaceous materials, which 

are popular base materials for electrodes, are an 

incredible option since they provide an easy 

fabrication process, potentially significant specific 

capacitance, and considerable mechanical flexibility 

[5]. Among various carbonaceous materials, 

nanoporous carbon spheres have gained considerable 

attention due to their optimal electrical conductivity 

and the ability to minimize viscous effects and finely 

tune the porosity [6-8]. The discovery of fullerenes, 

carbon nanotubes, nano-porous carbon, and 

graphene, with optimal nanostructures and 

functionalization patterns, has made the areas related 

to advanced carbon materials mainly thriving. 

However, these carbon nanomaterials strongly 

depend on precursors based on fossil fuels, such as 

CH4, phenol, and pitch, and extreme synthetic 

conditions requiring massive energy levels. These 

methods and techniques are not optimally cost-

effective and can damage the environment because 

they use unsafe toxic compounds that are 

environmentally unfriendly. Hence, the development 

of nanoporous carbon derived from renewable 

biomass is of growing importance for creating 

sustainable energy-storage systems [9-14]. 

Hence, various synthetic strategies, including 

hydrothermal carbonization [15], nanocasting 

technique [16], and emulsion polymerization method 

[17], have been developed for the preparation of 

carbon spheres. In addition to the kinds of synthetic 

methods, carbon materials also can be fabricated by 

hydrothermal carbonization [18-21] for creating 

nanoporous carbon spheres.  

In this work, we demonstrate a simple hydrothermal 

assisting pyrolysis method by using a green, 

renewable, cost-effective, and widespread plant as 

the precursors and explored as an electrode for 

supercapacitors. Due to its special characteristics, 

such as emulsifying, gelling, and stabilizing abilities, 

the leather leaf has been extensively used in medical 

and ornamental usage. However, to the best of our 

knowledge, this natural material has not been used as 

a source of carbon materials for energy applications. 
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Many electrode types have been tested, and the most 

frequent systems today are synthesized on the 

electrochemical double-layer capacitor based on 

carbon and an organic electrolyte and convenient 

operability [22]. Yin et al. used KOH as an activator 

agent and coconut fibers to produce activated carbon 

to produce a supercapacitor electrode, which 

displayed a particular capacitance of 266 F/g at a 

current of 0.1 A/g. Many studies highlight the 

potential of crops and agricultural residues as a 

significant carbon source. Izan Izwan Misnon et al. 

used oil palm kernel shells to synthesize 

supercapacitors with outstanding performance. In 

comparison, those samples that were chemically 

activated represented a particular capacitance of  210  

F/g at 0.5 A/g, while the same quality in physically 

activated samples was 50% lower [23].  

 
2- Experimental 

2-1- Synthesis 
The raw material (leather leaf) was initially dried, and 

then the powder (3 g) was dissolved in water (50 mL) 

under stirring. The resulting solution was sealed into 

a Teflon-lined autoclave of 150 mL capacity, and 

maintained for 12 h and three different temperatures 

(100, 150, and 200 ºC) were applied in the 

hydrothermal carbonization stage, ensuring the 

complete progression of the reaction. After the 

autoclave was cooled to room temperature, the 

obtained hydrothermal carbon as dark precipitate was 

collected by centrifugation, washed with water and 

ethanol several times, and dried at 70 ºC for 8 h. The 

obtained hydrothermal carbon was mixed with the 

selected activation agents of KOH with the powder/ 

KOH weight ratio of 1:2. The mixture was heated up 

to 900 ºC temperature in a tube furnace under N2 

atmosphere for 2 h, with a temperature ramp of 5 ºC 

min-1. The obtained activated carbon was washed 

with 2 M hydrochloric acid and water to remove 

potassium species thoroughly and finally dried at 

room temperature. 

 
2-2- Characterization 
The phase analysis of the samples was carried out via 

a Top metrology-GNR Explorer X-ray diffractometer 

(XRD, λ=0.154 nm, continuous scanning mode 

(0.02°/min)). Raman spectroscopy was also 

performed using a Raman Microscope (Teksan Co.) 

at room temperature in the wavelength range 45 to 

4700 cm-1 on the Hamamatsu detection system and 

with the signal-to-noise ratio of 300:1 (estimated 

spectral resolution of 6 cm-1). The sample excitement 

was aided by an Nd:YAG laser (785 nm with DPSS 

785nm Laser, exposure time of 16s). The nitrogen 

adsorption-desorption method was applied in the 

mesostructural parameters investigations in which 

the samples were initially degassed at 353 K for 24 h. 

The Bruaauer–Emmett–Teller (BET) technique and 

Barrett–Joyner–Halenda (BJH) model were used in 

the measurements of specific surface area and pore 

diameters of the nano-carbon particles, respectively. 

The microstructural characterizations were carried 

out using a field-emission scanning electron 

microscope (FE-SEM, TESCAN Mira 3-XMU) and 

a transmission electron microscope (TEM, Philips 

CM120, operation voltage of 100 kV). 

A ZIVE-SP1 potentiostat-galvanostat (Wonatech-

Korea) was used in the electrochemical analysis of 

the samples. The test setup was designed as a three-

electrode system, including a platinum wire as a 

counter electrode, saturated calomel as the reference 

electrode, and samples as the working electrodes. 

The working electrodes were prepared using a 

mixture of the synthesized carbon particles and silver 

paste, coated on cleaned FTO glass (1×1 cm2) sheets. 

An aqueous solution of 0.5 M Na2SO4 was also 

applied as the electrolyte. 

The cyclic voltammetry (CV) vs. SCE curves were 

then captured in the potential range of -0.2 to 0.5 V 

through the varying scan rates of 10 to 100 mV s-1. 

The galvanostatic charge-discharge measurements 

were then carried out at 2-10 A g-1 over a voltage 

range of -0.2 to 0.5 V vs. SCE. The electrochemical 

impedance spectroscopy (EIS) measurements were 

also performed in the frequency range of 10-2 to 105 

Hz at an open-circuit voltage (the amplitude of 0 V). 
 
3- Results and discussion 
The obtained hydrothermal carbon at three different 

temperatures (100, 150, and 200 ºC) are shown in 

Fig. 1. These powders were collected by 

centrifugation after the autoclave was cooled to room 

temperature. It can be observed that the best 

temperature is 200 ºC because the product color was 

not black in two other temperatures, indicating the 

carbon was not formed completely. 
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Fig. 1. Obtained hydrothermal carbon derived from the leather leaf at three different temperatures; a) 100, b) 150, and 

c) 200 ºC 

 

The XRD pattern of nano-porous carbon spheres 

shown in Fig. 2 indicates two broad peaks around 23° 

and 43°. The peaks are respectively attributed to the 

(002) and (100) planes of the graphite-like carbon. 

However, based on the broadness of the peaks, the 

activated nano-porous carbon can be considered 

semi-crystalline materials. 

 

 
Fig. 2. X-ray diffraction (XRD) patterns of nanoporous carbon spheres derived from leather leaf 

 
While the presence of graphitic structure in the 

obtained carbon particles cannot be well-indicated by 

the XRD, any ordered/disordered structure of the 

graphite flakes, known as a witness of graphene 

formation, can be detected via Raman spectroscopy. 

The typical Raman spectra of the activated nano-

porous carbon particles are presented in Fig. 3. As 

can be seen, two peaks can be observed at 1320 and 

1585 cm-1, which are assigned to the characteristic D 

(defects and disorder) and G (graphitic) bands of 

carbon, respectively [24]. The G/D ratio of band 

intensities can be considered as an indicator of 

disordering and/or defects in the graphitic structure 

[25].  The G/D intensity ratio of carbon spheres was 

determined to be about 1.04. This result indicates that 

the porous carbons were relatively graphitized at low 

temperatures. 
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Fig. 3. Typical Raman spectra of the activated carbon particles obtained by hydrothermal carbonization 

 

As shown in Fig. 4, the hydrothermal carbonization 

of leather leaf resulted in 2-5 µm diameter spherical 

carbon particles. This kind of spherical micro-sized 

particles was commonly observed for the 

hydrothermal carbons derived from mono- and 

polysaccharides (e.g., sucrose, glucose, starch, and 

cellulose) [26-29]. Upon KOH activation, the 

spherical morphology was still maintained in 

activated carbon, as evidenced by the SEM and the 

TEM images (Fig. 4 and 5). Fig. 5 shows the TEM 

image of the synthesized porous spheres with 

nanopores. These results reveal good stability of 

nanoporous carbon spheres, which are without any 

collapse during the high-temperature carbonization. 

 

 
Fig. 4. FE-SEM images of nanoporous carbon spheres derived from leather leaf with spherical morphology 
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Fig. 5. TEM image of a single particle of nanoporous carbon 

 

To further investigate the porosity, the surface area of 

the obtained nano-porous carbon particles was 

quantitatively measured through the Brunauer–

Emmett–Teller (BET) method. Nitrogen adsorption-

desorption isotherms of carbons are shown in Fig. 6. 

As can be seen, the adsorption isotherms are strongly 

dependent on the preparation conditions, which 

address the significance of the chemical activation 

process in controlling the surface area of the 

synthesized materials. The clear nitrogen uptakes, 

observed at low relative pressures (P/P0<0.1), address 

the reversible type I isotherm that is commonly 

observed in microporous solids with relatively small 

external surfaces. Such limited uptake behavior is 

mainly derived by the volume of the accessible 

micro-pores rather than the internal surface area. 

Moreover, a slight increase in nitrogen uptake is 

observed at higher relative pressures. A small 

hysteresis loop was also observed at a higher relative 

pressure region. These situations have been often 

seen in nano-porous materials with randomly 

arranged pores having various sizes. The BET-

specific surface area of nano-porous carbon spheres 

is calculated to be 1342 m2g-1. 

 

 
Fig. 6. Nitrogen adsorption and desorption isotherms measured at 77 K for the nanoporous carbon spheres 
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The pore size distribution (PSD) plot calculated by 

the Barrett-Joyner-Halenda (BJH) method is 

presented in Fig. 7. It resembles materials with 

narrow pore size distributions, a high ratio of micro-

pores, and near mono-modal PSD curves with 

average diameters of 2 nm. Accordingly, smaller 

pores (1 ~ 2 nm) are detected in the carbon nano-

spheres obtained from the KOH-activated samples. 

 

 
Fig. 7. Barrett-Joyner-Halenda (BJH) pore size distributions isotherm of nanoporus carbon spheres 

 
The electrochemical capacitive properties of leather 

leaf-derived carbon materials were measured in 0.5 

M Na2SO4 electrolyte using a three-electrode system. 

Fig. 8 depicts the CV curves of the carbon at the scan 

rate ranging from 10 to 100 mV s-1. The relatively 

rectangular-shaped CV curves of all the activated 

carbons resemble the typical characteristic of double-

layer capacitance. Moreover, as shown in Fig. 8, the 

porous carbon still presents a relatively rectangular 

CV shape at a high scan rate of 100 mV s-1, which 

confirms the efficient charge transfer and electrolyte 

diffusion within the nanoporous carbon spheres [30]. 

 

 
Fig. 8. Cyclic voltammetry (CV) curves of carbon spheres at various scan rate ranging from 10 to 100 mV s-1 
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The galvanostatic charge-discharge curves of the 

carbons at a current density of 2 A g-1 are shown in 

Fig. 9. The relatively triangular shape curves indicate 

good reversibility of the carbon materials. The 

specific capacitance was calculated according to the 

following equation: C=it/mV, where i is discharge 

current (A), t is discharge time (s), and V is a 

potential window (V) [31, 32]. The obtained specific 

capacitances value is 374 F g-1. 

 

 
Fig. 9. Galvanostatic charge-discharge curves (chronopotentiometry) of the nanoporous carbons 

 
Fig. 10 shows the Nyquist plots of carbons in the 

frequency range of 10-2 to 105 Hz under open circuit 

potential. As can be seen, the nanoporous carbon 

particles show good capacitive behavior, including a 

vertical slope at the low-frequency region. At higher 

frequencies, the intercept of the plot with the real axis 

represents the equivalent series resistance (ESR) Rs, 

which is occurred due to the combination of the 

effects of ionic resistance of the electrolyte, intrinsic 

resistance of the active materials, and contact 

resistance with the current collector [33]. At medium 

frequencies, Nyquist plots exhibit a Warburg-type 

line with a slope of about 45o. Projecting the length 

of the Warburg line on the real axis can result in 

increased diffusion of ions at the electrode-

electrolyte interface [34]. As shown in Fig. 9, the 

carbon spheres demonstrate the short Warburg-type 

line, indicating superior ion diffusion in the 

mesoporous structure of carbon spheres. 

 

 
Fig. 10. Electrochemical impedance spectra (EIS) or Niquist plot of the activated carbons 
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4. Conclusion 
Nano-porous carbon spheres have been successfully 

synthesized via a template-free hydrothermal 

assisting pyrolysis method using the leather leaf as a 

low-cost precursor material. Results showed that the 

best temperature for the hydrothermal stage is 200 ºC. 

Compared with the products obtained by single 

hydrothermal treatment or annealing treatment, the 

carbon spheres have the largest specific surface area, 

exhibit suitable electric double-layer capacitance. 

The results of porosimetry through the N2 adsorption-

desorption method indicated the highest surface area 

of 1342 m2g-1. 

The rectangular shape of the CV curves in this study 

showed the typical characteristics of double-layer 

capacitance. Notably, the synthesized carbon 

particles derived by the KOH activation agents 

presented a high capacitance of 374 F g-1. The 

superior capacitive properties of carbon spheres are 

closely related to their high surface area, optimized 

microporous structure, and narrow pore size 

distribution. This work demonstrates that the textural 

properties of carbon materials derived from biomass 

can be finely modulated by KOH activation. The 

leather-leaf derived carbon sphere materials have 

promising potential in the application of energy 

storage devices. 
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In this research, Al-SiC composites were produced using FSP tools 

with different pin shapes to investigate the distribution of reinforcing 

particles in the base metal. First, to obtain the optimal rotational and 

traverse speed and tilt angle, several tests were performed on 

different parameters. The results showed that the rotational speed of 

1250 rpm and the traverse speed of 100 mm/min in all tools produced 

flawless samples. Then, tools with different tool pin profiles of 

triflate, cylindrical, threaded, triangular, square, and hexagonal were 

utilized in this study. The distribution of reinforcing particles in the 

base metal was studied using a light microscope. The results showed 

that the cylindrical tool was not able to distribute particles in the base 

metal even after four passes of the process and was not a suitable 

tool for composite production. Tools with flat surfaces, such as 

square and triangular tools, have performed better in distributing 

reinforcing particles in the base metal. The results showed that the 

presence of a kind of eccentricity and pulse production in these tools 

had improved the distribution of particles. Threaded and hexagonal 

tools have the best performance in the distribution of reinforcing 

particles in the base metal and can be introduced as a suitable tool 

for composite products in the FSP process. The results of this study 

also showed that the change in the direction of tool rotation 

improved the distribution of reinforcing particles in all tools. 
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1. Introduction 
Aluminum and its alloys are widely used in the 

construction of aircraft, ships, and means of transport 

due to their special appeal in the production of 

lightweight products. 6061 aluminum alloy is used 

for structural applications due to its exceptional 

resistance to corrosion, machinability, and strength. 

When it comes to structural applications, 6061 

aluminum alloy angle is one of the most commonly 

used shapes. However, these alloys are not strong 

enough for all engineering purposes, especially in 

applications where surface contact is present. For this 

reason, their use has been limited. To this end, several 

methods have been used by researchers to improve 

the performance of these alloys. Maurya et al. [1] 

fabricated composites with different weight percent 

of SiC content via the stir casting method, and their 

result showed that hardness and tensile strength were 

significantly improved up to 5 wt% of SiC particles. 

Chandla et al. [2] fabricate low-cost, lightweight 

metal matrix composite using Al 6061 as matrix 

material and alumina (Al2O3) and bagasse ash as 

reinforcing material through the stir casting process. 

They did not achieve a good distribution of 

reinforcing particles in the metal phase using this 

method, although the hardness of the composites 

relative to the base metal increased. 

Friction stir processing was developed based on the 

principles of friction stir welding [3, 4]. Basically, the 

parameters and microstructural changes of these two 

processes are similar. However, the purpose of 

friction stir processing is not to join or weld two 

metal sheets but to modify the structure, change the 

grain size, increase the strength, make the structure 

uniform in terms of grain size, sediment distribution, 

and the creation of surface composites are the 

achievements of this process [5]. In friction stir 

processing, the rotating tool sinks into the integrated 

sheet to make local microstructural modification after 

processing to enhance the desired properties. Later, 

this process was used to produce surface layer 

composites, homogenize parts produced by powder 

metallurgy, modify the microstructure of metal-based 

composites, and improve the properties of cast alloys. 

Obtaining uniform distribution of reinforcing 

particles in the metal matrix is quite a challenging 

task. One of the significant problems in composite 

production is reinforcement particle agglomeration 

that worsens the composites' mechanical properties 

[6]. In FSP, the material flow pattern mainly depends 

on the tool pin profile so, the tool pin profile is the 

most influencing parameter on the distribution of 

reinforcing particles in the metal matrix. Various tool 

pin profiles like conical, triangular, threaded, square, 

cylindrical, etc., have been used in different 

investigations.  Elangovan et al. [7] investigated the 

effect of tool pin shape and tool shoulder diameter on 

the quality of aluminum stir zone. In their research, 

they used five tools (simple cylinder, threaded 

cylinders, conical, triangular, and square) and three 

different shoulder diameters (18, 15, and 21 mm). 

They reported that two pins with square and 

triangular geometry produce defect-free areas and 

have the highest hardness compared to other 

geometries among the five pins used. In this study, 

only the effect of tool pin shape on the microstructure 

enhancement, such as grain size in the SZ, has been 

investigated, and no reinforcing particles have been 

used. Khodaverdizadeh et al. [8] investigated the 

microstructural and mechanical properties of the 

joints produced between the copper sheets using 

different pins of the FSW tool. They concluded that 

using a square pin produced a joint with finer grains 

and thus improved mechanical properties. However, 

Faraji et al. [9] stated that the triangular tool creates 

more refined grains in the SZ than the square tool. 

Azizieh et al. [10] found that threaded tools are the 

most suitable tool for composite production. Zhao et 

al. [11] concluded that a threaded taper pin had the 

best material flow in comparing four pins of different 

shapes. Also, the sample produced with this pin had 

better strength and appearance than other pins such 

as threadless cylindrical, threaded cylindrical, and 

threadless taper. Another essential point in this study 

is the undeniable superiority of threaded tools over 

non-threaded tools. Also, the flow of materials in 

threadless pins (both conical and cylindrical) is not 

suitable, and the lack of materials in the processed 

area causes tunnel defects in the advancing side. 
Khojastehnezhad et al. [12] investigated of 

mechanical properties of friction stir processed Al 

6061/Al2O3-Tib2 hybrid metal matrix composite. In 

this study, they examined the main welding 

parameters such as rotational speed and linear 

velocity and did not study the geometry of the tool. 

Material flow during FSP is the reason for 

distributing reinforcing particles in the metal matrix. 

As a result, the study of material flow patterns is 

crucial to understand the effect of tool pin profiles on 

particle distribution. However, it is challenging to use 

experimental methods to study the flow of matter 

during the process due to severe deformation as well 

as high temperatures. Therefore, numerical methods 

based on the FEM have been developed to model 

material flow. Akbari et al. [13] investigated the flow 

of material generated by the circular and threaded 

tool pin profiles during the fabrication of composite 

using FSP. Their material flow results clearly 

identified the reason for the proper distribution of 

ceramic particles when using the threaded tool. 
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Akbari et al. [5, 14] simulated material flow in 

dissimilar friction stir lap welding of brass and 

aluminum using coupled Eulerian and Lagrangian 

method. The material flow simulation results clearly 

showed how brass and aluminum are mixed in the stir 

zone. Akbari et al. [13]  investigated the material flow 

of different locations in the stir zone (SZ), including 

the advancing side, the retreating side, the shoulder-

affected area, and the pin-affected area 3D finite 

element method.  

In this study, the different pin shapes used in several 

previous studies were collected, and the effect of 

these pins on the distribution of reinforcing particles 

in the base metal was systematically investigated. In 

previous research, as mentioned, one or more limited 

pins were generally used to produce the composite, 

which did not allow for a comprehensive comparison 

between the performance of the different pins. For 

this purpose, by using different pins of the tool, the 

performance of each of them will be examined, and 

the appropriate pin shape will be introduced. 

 

2. Experimental method 
In order to produce the composite, 6061-O aluminum 

sheets with a thickness of 5 mm were used. The 

chemical composition of this alloy is given in Table 

1. The dimensions of 6061 plates for the FSP 

experiments are illustrated in Figure 1a.

 
Table 1. Chemical composition of 6061 aluminum plates (wt%). 

Ti Zn Cr Mn Fe Cu Si Mg Al 

0.015 0.001 0.271 0.106 0.56 0.265 0.61 0.89 97.265 

 

 
Fig. 1. FSW tools dimensions used in this study 
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SiC reinforcing particles with an average size of 5 

microns were used in this study. To produce the 

composite by the FSP method, first, grooves were 

made with dimensions of 0.8mm width and 1.4mm 

depth in aluminum samples, and particles were 

embedded inside these grooves. The surface of the 

aluminum specimens was then sealed with a pinless 

tool to prevent reinforcing particles from escaping 

during the process. The FSP process was then 

performed using different input parameters to 

produce the composite. 

To investigate the effect of tool pin shape on the 

distribution of reinforcing particles in the base metal, 

FSP tools with different pin shapes of triflate, 

cylindrical, threaded, triangular, square, and 

hexagonal were employed (Figure 1). Moreover, the 

pitch distance of the threaded pin profile tool was 

1mm. 2344 steel was used to make the tools. After 

making the tools, the heat treatment process was 

performed. 

The composite samples were polished and etched 

according to metallurgical methods to investigate 

their microstructural properties. Olympus optical 

microscope with 50, 100, 200, and 500x 

magnifications was used to examine the 

macrostructure and microstructure.  

 

3. Simulation of friction stir processing 
The FSP is simulated by the finite element method 

using Deform 3D software and based on the 

Lagrangian method to predict the material flow in the 

stir zone [15, 16]. In order to simulate the material 

flow, it is necessary to introduce the properties of 

6061 aluminum alloy in Deform software, which was 

selected from the Deform materials library. These 

properties include plastic, elastic, and thermal data, 

depending on the type of application. The plastic 

behavior of the samples is determined by the flow 

stress function or flow stress data. The current stress 

in this software is expressed for aluminum alloys 

under Eq. (1). 

 

(1) �̅� = �̅�(𝜀,̅ 𝜀 ̅̇, 𝑇) 
 

In this relation, σ is the stress flow, ε is the effective 

plastic strain, ε ̅ is the effective strain rate, and T is 

the temperature. 

The constant shear friction model was used for 

modeling friction between the FSP tool and the 

workpiece. The tool was meshed with about 7500 

tetrahedral elements with an average size of 0.85 mm. 

The workpiece was also meshed with about 35,000 

tetrahedral elements (Figure 2). The size of the 

elements in the workpiece is divided into three parts. 

The average size of the elements in part under the pin 

was considered 0.85 mm for contact accuracy. By 

moving away from the tool, the size of the elements 

was considered larger to reduce the process analysis 

time.  

 

 

 
Fig 2. Meshed tool and workpiece. 

 

4. Result and discussion 

4-1- The effect of rotational and traverse 

speed  
Table 2 shows the number of processed samples with 

different parameters. The results show that at 

rotational speeds higher than 1250 rpm, more heat is 

generated in the SZ, which leads to irregular material 

flow. At speeds below 1250 rpm, the heat generated 

is not sufficient to soften the stir zone material and 

causes surface defects and tunnel cavities. Defects 

also occur at traverse speeds above 100 mm/min due 

to insufficient time to distribute the reinforcing 

particles. At traverse speeds below 100 mm/min, the 

heat generated increases, causing the material to 

overflow and causing cavities and tunnels in the 

processed zone. In this research, composite samples 

will be produced with a rotational speed of 1250 rpm 

and a traverse speed of 100 mm/min. 
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Table 2. Processed samples with different parameters 

 

 

4-2- Effect of tilt angle on defect formation 
Tilt angel is one the most influencing parameters on 

FSPed quality, such as mechanical and 

microstructural properties. Moreover, tool tilt angle 

has a significant effect on the heat generation and 

material flow and, as a result, the formation of defects 

such as tunnels and wormholes during the composite 

fabrication.  

This parameter usually was selected in previous 

investigations without any investigation, and the 

optimum value of this parameter may not be used. In 

this study, to choose the proper value of tilt angle, 

three different values of 0, 2, and 3 degrees were 

numerically and experimentally investigated to 

produce composites (Figure 3).  

quality Defect Sample cross-section image 
speed 

Pin shape 
Traverse Rotational 

Defective Hole 

 

31.5 800 Cylindrical 

Defective Hole 

 

63.5 1000 Cylindrical 

Defective Hole 

 

63.5 1000 Cylindrical 

Defective Hole 

 

160 1600 Cylindrical 

Sound - 

 

100 1250 Cylindrical 

Sound - 

 

100 1250 Triangular 

Sound - 

 

100 1250 Triangular 

Sound - 

 

100 1250 Hexagonal 

Sound - 

 

100 1250 Triflate 

Sound - 

 

100 1250 Threaded taper 

Sound - 

 

100 1250 
Threaded 

cylinderical 
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Fig 3. Different tilt angles used in this study 

 

The simulation result of FSP using different tilt 

angles is shown in Figure 4.  Using a tilt angle of 0º 

results in forming a large tunnel on the advancing 

side, as shown in this figure. The tunnel size is 

decreased by increasing the tilt angle to 2º. As shown 

from this figure, no defect can be found by using a tilt 

angle of 3º.  

 

 
 

Fig 4. Simulation results of FSP by using different tilt angles at the surface of a workpiece 

 

The experimental results of different samples 

proceed by different tilt angles are shown in Figure 

5. As shown from this figure, numerical results are in 

good agreement with the experimental results. 

Moreover, the tilt angle of 3 results in the sound 

sample. When the tilt angle is zero, the material in 

contact with the tool shoulder flows in a direction 

parallel to the shoulder surface. However, a tilt given 

to the tool results in pushing the material downward 

from retreating to advancing side along the trailing 

edge due to the combined action of rotational and 

translational movement of the tool. This downward 

movement of material at the shoulder's trailing end 

can be considered a forging action due to the tool tilt 

angle [17, 18]. 

An increase of tool tilt angle results in an increase of 

forging action on the trailing edge of the weld, 

thereby filling the cavities which otherwise remain at 

a lower tool tilt angle. Moreover, the increase in tool 

tilt results in reduced material to be transported from, 

leading to a trailing edge on the top material surface. 

There is a slight increase in temperature due to an 

increase in the plastic deformation heat associated 

with the forging action of the FSP tool. An increase 

in the temperature decreases the material's viscosity, 

leading to increased material flow moving with high 

velocity filling the surface defects. 
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Fig 5. Experimental results of FSP by using different tilt angles of a) 0º, b) 2º and c) 3º  

 

4-3- Effect of pin shape on particles distribution 
Non-uniform distribution of reinforcing particles in 

metal-based composites has significant effects on the 

failure characteristics and plastic deformation of 

composites. Uniform distribution of reinforcement in 

the metal matrix phase is one of the challenges 

encountered in metal matrix composite during 

processing which highly influences its strength. 

There are many parameters that constitute this issue; 

however, FSP pin shape is the most influencing 

factor in distributing particles. As a result, 

investigating the effect of pin profile on particle 

distribution seems crucial.   To study the effect of pin 

shape and pass number on particle dispersion in the 

base alloy, a microstructural investigation was 

carried out.   

Macroscopic and microscopic images of the FSPed 

sample fabricated by cylindrical pin profile are 

shown in Table 3. Samples were produced in one, 

two, and four pass processes. As shown in the table, 

the cylindrical tool could not disperse the reinforcing 

particles homogeneously in the base metal even after 

four passes. Reinforcing particles were agglomerated 

mainly at the pin root in all samples, so a circular pin 

profile cannot distribute particles in the metal matrix. 

It can be concluded that cylindrical tools are not 

suitable tools for composite production using the FSP 

method. 

In order to investigate the cause of the accumulation 

of reinforcing particles when using a cylindrical tool, 

the material flow during the process is modeled. 

Figure 6 shows the material flow during FSP.  

Several points are located along the centerline to 

study the dispersion of the reinforcing particles 

during the process. The results show that the material 

flow patterns at the upper and lower levels of the 

composite layer thickness were different. In this way, 

the material in part close to the shoulder due to more 

heat production became softer and had more material 

flow than the lower part of the stir zone. Therefore, 

the main driver of the material flow is the cylindrical 

tool. It is clear that due to the lack of oscillating 

mixing and the ability to move the material by the 

pin, the distribution of particles in the processing area 

is entirely irregular and accumulated. 
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Table 3. Macro and micro images of FSPed sample fabricated with circular pin profile 

Microscopic image Macroscopic image Pass number 

 

 

1 

 

 

2 

 

 

4 

 

 
Fig. 6. a) The material flow during FSP using circular pin profile, b) Experimental particle distribution 
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Macroscopic and microscopic images of the FSPed 

samples fabricated by triangular pin profile are 

shown in Figure 7. The sample fabricated with one 

pass of the process shows the inhomogeneous 

distribution of particles in the metal matrix. By 

increasing the pass number, the distribution of 

particles in the metal matrix is enhanced. Moreover, 

FSPed samples were fabricated with and without 

changing the rotational direction between passes. As 

shown in Figure 7, the microstructural inhomogeneity 

is more evident in the FSPed samples fabricated 

without changing the tool rotational direction. The 

reinforcing particles are mainly accumulated on the 

advancing side (AS), and the asymmetric distribution 

of particles around the SZ center can be seen.  Change 

in the tool rotational direction between passes results 

in alteration of the location of the AS and RS together 

and consequently the material flow pattern, which 

improves the distribution of the particles. Moreover, 

the particles are not distributed near the plate top 

surface, and a bond with a very low percentage of 

particles can be found in this area that may be related 

to the absence of vertical material motion. 

 

 
Fig. 7. Macro and micro images of FSPed sample fabricated with triangular pin profile at a) one pass, b) two passes, c) 

four passes, d) four passes with direction change 

 

Macroscopic and microscopic images of samples 

fabricated by square pin profile are shown in Figure 

8. Like the triangular pin profile, reinforcing particle 

distribution in the FSPed sample fabricated with four 

passes and with change in the rotational direction is 

the best. However, different bands involving different 

percentages of reinforcing particles were found in the 

SZ. Particle distribution is improved compared to 

cylindrical tools, which is due to the higher 

eccentricity and pulsation effect of the pin shape with 

a flat surface which increases the material flow. 

Macroscopic and microscopic images of samples 

fabricated by hexagonal pin profile are illustrated in 

Figure 9. Reinforcing particles are distributed 

uniformly in the metal matrix in the FSPed sample 

fabricated with four passes with a change in the 

rotational direction. However, particles are not 

distributed uniformly in FSPed samples fabricated by 

one, two, and four passes without change in tool 

rotational speed.
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Fig. 8. Macro and micro images of FSPed sample fabricated with square pin profile at a) one pass, b) two passes, c) four 

passes, d) four passes with direction change 
 

 
Fig. 9. Macro and micro images of FSPed sample fabricated with hexagonal pin profile at a) one pass, b) two passes, c) 

four passes, d) four passes with direction change 
 

Macroscopic and microscopic images of workpieces 

fabricated by triflate pin profile are shown in Figure 

10. The particle distribution of the FSPed sample 

fabricated with one pass is much better than circular, 

triangular, square pin profiles. The distribution of 

particles in the SZ in the FSPed sample fabricated by 

two passes is almost uniform.  Moreover, increasing 

pass number or changing rotational direction has less 

impact on particle distribution than other pin profiles.  

By changing tool rotational direction between passes 

or increasing passes from two to four, the particle 

distribution does not improve significantly. As a 

result, compared to hexagonal pin profile, using 

triflate pin leads to achieving uniform particle 

distribution at lower passes, leading to savings in 

time and cost.  

(a)

(d)

(b)

(c)

(a)

(b)

(c)

(d)
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Fig .10. Macro and micro images of FSPed sample fabricated with triflate pin profile at a) one pass, b) two passes, c) 

four passes, d) four passes with direction change 
 

Macroscopic and microscopic images of the 

workpieces produced by the threaded pin profile are 

shown in Figure 11. As shown from the table, 

excellent particle distribution is achieved by using a 

threaded pin profile. The patterns of material flow 

caused by threaded pin profiles are simulated 

numerically to consider the particle distribution 

pattern in the aluminum matrix (Figure 12). As can 

be seen from this figure, the particles, in addition to 

rotating around the pin, also experience vertical 

motion due to the presence of a thread in the pin. This 

vertical motion eliminates the difference in the 

number of particles distributed in the different layers 

of the composite .Moreover, the threads of the tool 

also crush the reinforcing particles, making them 

more refined and preventing them from accumulating 

[13, 19, 20]. 

 
Fig. 11. Macro and micro images of FSPed sample fabricated with hexagonal pin profile at a) one pass, b) two passes, 

c) four passes, d) four passes with direction change 

(a)

(b)

(c)

(d)

(a)

(b)

(c)

(d)
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 [[ 

 

 
Fig. 12. the material flow during FSP using threaded pin profile 

 

Tool pin profiles with flat faces, including triangular, 

hexagonal, square, and triflate pin profiles, are 

associated with eccentricity, which is defined as the 

ratio of the dynamic volume swept by the tool to its 

static volume. This ratio equal to 1, 2.41, 1.2, and 1.5 

for triangular, hexagonal, square, and triflate, 

respectively (see Table 4), determines the direction 

of plasticized material flow from the advancing to the 

retreating side of the tool. In addition, the eccentricity 

of the pin shape is associated with dynamic orbit. The 

dynamic orbits of all pin profiles utilized in this study 

are demonstrated in Table 4. The pin profiles with flat 

faces produce a pulsating stirring action in the 

flowing material because of flat faces. As shown 

from the table, triangular, hexagonal, square, and 

triflate pin profiles produce 62.5, 125, 83.3, and 125 

pulses/s when the tool rotates at a speed of 1250 rpm 

(Table 4). There is no such pulsating action in the 

case of cylindrical profiles. It illustrates that the 

pulsation effect of the hexagonal pin is severe than 

the square and the number of pulses generated by the 

hexagonal pin is 50% more than the square pin; 

however, the rotating arm is bigger for the square pin. 

As illustrated before, particle distribution in the 

FSPed sample fabricated with hexagonal pin profile 

is more uniform than square pin profile.  This may 

show that the pulsation effect of the pin is dominated 

factor in distributing particles.   

Moreover, the triflate pin profile has a higher 

dynamic to static ratio than the hexagonal pin profile, 

and the number of pulses made by both pin profiles 

is the same. Therefore, as stated before, FSPed 

fabricated with triflate pin profile could distribute 

particles uniformly at lower passes that may be due 

to higher dynamic to static ratio amount of triflate pin 

profile. As a result, in a pin with flat surfaces, two 

critical parameters influence the distribution of 

particles in the matrix (a) first, the pulsation effect of 

the tool is the most influential parameter, and (b) 

dynamic to static ratio. 

As illustrated from the previous section, hexagonal, 

triflate, and threaded pin profiles are appropriate for 

distributing particles in the metal matrix by two 

different mechanisms. Comparing the threaded and 

hexagonal pin shapes, the revolving arm in the 

hexagonal pin is much bigger and is planer rather 

than threaded. However, it should be noticed that fine 

threads on a small scale cause higher material flow in 

the threaded pin. As a result, well particle distribution 

in metal matrix fabricated by the hexagonal and 

triflate pin is due to the pulsing effect of the flat 

surface, where the distribution of particles in metal 

matrix fabricated bay threaded pin profile is due to 

vertical motion generated by this pin profile. 
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Table 4. Impact of tool pin profile on perturbation area 

No. of pulses 
per second 

The portion of 
Dynamic Orbit 

Dynamic/ 
Static 

Dynamic Area 
)2(mm 

Area Occupied by the Pin 
in Dynamic Condition 

Static Area 
)2mm) 

Pin profile 

- 

 

1 28.27 

 

28.27 

 

62.5 

 

2.41 28.27 

 

11.7 
 

83.5 

 

1.57 28.27 

 

17.98 
 

125 

 

1.2 28.27 

 

23.38 
 

125 

 

1.5 28.27 

 

18.8 

 

- 

 

1.1 28.27 

 

25.5 
 

[ 

 

5. Conclusion 
In this research, the effect of pin shape on the 

distribution of reinforcing particles within the base 

metal during the production of composites by the FSP 

method is investigated. First, some experiments were 

performed to find the optimal parameters of 

rotational speed, traverse speed, and tilt angle. The 

results showed that 3-degree tilt angle, 1250 rpm 

rotational speed, and 100 mm/min linear speed could 

produce perfect samples. The results showed that the 

cylindrical tool was not able to distribute the particles 

evenly even after the fourth pass of the process. The 

square and triangular tools showed better powder 

distribution than the circular tools due to the edge 

surfaces of the pins. The triflate tool distributes the 

particle process evenly in the first and second passes, 

and this distribution does not improve much as the 

number of passes increases. Hexagonal and threaded 

tools in the fourth pass of the process evenly 

distribute the particles in the base metal. The 

distribution of particles using threaded and hexagonal 

tools in the fourth pass was better than the triflate 

tool, although the edge tool in the second pass 

compared to other tools after two passes had the best 

distribution process. 
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