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The present study develops a semi-instantaneous baseline damage 

identification approach to identify the delamination damage. An 

active sensing network with (Ba0.95Ca0.05)(Ti0.91Sn0.09)O3 (BCTS) 

lead-free piezoelectric transducers that were mounted on the two 

undamaged and damaged (with the delamination) plates. The 

wavelet transform was used for extracting the energy ratio change 

which is an effective and robust characteristic from the collected 

time-domain signals. The “identicality coefficient” (IC) was 

obtained for each sensing path under pristine structural conditions 

and used to eliminate any inequalities in the signals of each path. The 

output wave signals of samples were investigated by experiment and 

the finite element method. The values of the index produced by 

damages were significant against the threshold value set. The errors 

were less than 4%, which may be related to the linear relationship 

considered for the DI and delamination damage. A comparative of 

sensing paths showed a significant difference between both healthy 

and damaged samples. The delaminated damage was detected 

because the delamination phenomenon increased the amplitude of 

the wave and the wave energy. The comparison of the “damage 

index” (DI) values of six sensing paths showed that the path with 

delamination damage had the highest DI value i.e., 0.92 and then the 

sensing paths closest to the damage showed the highest DI values 

(DI=0.67). The path with a distance farther from the damage shows 

DI=0.09. The other DI values of other sensing paths were close to 

zero (DI=0) due to no damage. 

 

 

Keywords: 
Lead-free Piezoceramic 

Laminated carbon composite 

Delamination detection 

Lamb wave 

 

Citation: Bakhtiari, L., Jafari, A., Sharafi, Sh., (2021) The Effect of Reverse Pulse Plating and Lanthanum Addition in Plating Bath on 

Corrosion Resistance of Austenitic Steel in Chlorine Solution, Journal of Advanced Materials and Processing, 9 (3), 3-14.  

Dor: 20.1001.1.2322388.2021.9.3.1.1 

Copyrights:  

Copyright for this article is retained by the author (s), with publication rights granded to Journal of Advanced 

Materials and Processing. This is an open – acsses article distributed under the terms of the Creative Commons 

Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution and 

reproduction in any medium, provided the original work is properly cited. 
 

                                                           
* Corresponding Author  

E-mail address: hassanzadeh@pmt.iaun.ac.ir 
 

http://jmatpro.iaun.ac.ir/
http://dorl.net/dor/20.1001.1.2322388.2021.9.3.1.1
http://dorl.net/dor/20.1001.1.2322388.2021.9.3.1.1
http://creativecommons.org/licenses/by/4.0


Mohammad Hossein Ataei et al,    4 

 

JMATPRO (2021), 9 (3): 3-14 

 

1. Introduction 
Composite materials have been widely used in many 

high-performance structures due to their high specific 

strength and stiffness coupled with cost-effectiveness 

over traditional materials. Internal damages such as 

microcracks and delaminations are generated; they 

can eventually cause catastrophic failures of structures 

during the service life. Delamination in composite 

structures plays a major role in lowering structural 

strength and stiffness, consequently downgrading 

system integrity and reliability. Therefore, composite 

structures are needed to be examined frequently. There 

is an increasing interest in SHM of composite structures 

as composite materials are widely used in structures. 

However, composite materials are susceptible to 

damages such as delamination and debonding. Such 

defects often occur beneath the surface of the 

composite structures, and they are hardly visible or 

detectable by the naked eyes. Further damage may 

also occur in composite laminates in the form of 

delaminations between plies of dissimilar properties. 

Such delaminations are promoted by the interfacial 

shear and normal stresses that appear in the 

“boundary layer” at the laminate edges and near 

internal cracks. Composite materials are vulnerable 

to damages, including debonding and delamination, 

due to accumulated fatigue loading or abrupt impact. 

Delaminations are areas of separation between the 

layers of a laminate composite or between the faces 

and the core of a composite sandwich. Disbonds are 

areas in which two adherends have separated at the 

bondline. Currently, non-destructive testing (NDT) is 

performed to detect such damages during inspections, 

and there are ongoing efforts to develop an online 

SHM, which can perform automated damage diagnosis 

during the normal operation. Structural health 

monitoring is evaluating and assuring the performance 

and safety of structures using sensor data. In the SHM 

process, an electric signal applied at the transmitter 

PWAS generates, through piezoelectric transduction, 

elastic waves that travel into the structure and are 

captured at the receiver PWAS. As long as the 

structural region between the transmitter and receiver 

is in pristine condition, the received signal will be 

consistently the same; if the structure becomes 

damaged, then the received signal will be modified. 

Comparative of the historically stored signals and the 

currently read signal will indicate when changes 

(e.g., damage) take place in the structure. There is an 

increasing need for a valid, cheap, and fast monitoring 

system to ensure the functionality and safety of a 

laminated composite structure. Ultrasonic guided 

waves, especially Lamb waves, because of their 

favorable features like low attenuation during 

propagation, propagating in curved panels, and large-

distance traveling in a thin-plate structure, received a 

lot of attention as an efficient tool for damage 

identification like delaminations and cracks in 

composite and metallic structures [1-10]. Because 

damage identification results based on the Lamb 

waves propagation approach can be influenced by 

varying environmental and operational conditions, 

the development of a robust monitoring system with 

no need for the prior measured data of the structure 

has gained much attention recently. Many 

investigations have utilized the Lamb wave‐based 

damage diagnosis for components with simple 

geometry like plates to successfully detect debonding 

and delamination [11-15]. Although ultrasonic guided 

wave attenuation in carbon-fiber-reinforced polymers 

is greater than metal alloys, many researchers widely 

study this method in composite materials [16-21]. 

Gumez et al. investigated the delamination damage 

detection in wind turbine blades using guided waves. 

They developed a new approach for disunity detection 

between layers comparing two real blades. Also, one 

of them was built with three disbonds introduced in 

its manufacturing process. The signals are denoised 

by Daubechies wavelet transform. The threshold for 

denoising is obtained by a wavelet coefficients 

selection rule using the Birgé‐Massart penalization 

method. The signals were normalized, and their 

envelopes were obtained by Hilbert transform. Finally, 

pattern recognition based on correlations was applied. 

Damaged and undamaged blades were compared. 

The three induced disbonds in the “damaged blade” 

were clearly found [16]. The signals were normalized, 

Hilbert transform was used to obtain their envelopes, 

and pattern recognition was applied based on the 

correlations. A new technique for damage detection 

was proposed by Yeum et al. [18]. They detected the 

delamination in composite plates by comparing pitch-

catch Lamb wave signals of a piezoelectric transducer 

(PZT) network without using their baseline signals 

from the pristine conditions [18]. It was on the basis 

of the fact that while the fundamental antisymmetric 

(A0) mode passes through a delamination area, its 

speed slows down. On the other hand, delamination 

slightly affects the fundamental symmetric mode 

(S0). The A0 modes’ relative time delays are instantly 

compared. Therefore, intense delamination detection 

is obtained at different temperatures. Kang et al. [22] 

showed that by using the PZTs, which are embedded 

in a composite plate, Lamb waves could be generated 

and used for health monitoring applications. A Lamb 

wave-based identification method was established to 

delaminate in vacuum-assisted resin transfer molding 

(VARTM) composite structures. The finite element 

method (FEM) experiment was used to propagate 

Lamb waves in composite plates. The study assessed 

damage in the plates by fusing information from 

multiple sensing paths of the embedded network. To 

eliminate interference, a wavelet transform technique 

was applied to purify the acquired Lamb wave 
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signals. The results showed that satisfactory detection 

of defects could be achieved with the proposed 

method.  Ng et al. [23] for checking the carbon fiber 

reinforced polymer (CFRP) retrofitted concrete 

structures debonding, proposed transducers network 

by sequentially receiving and actuating nonlinear 

Rayleigh wave. The second harmonic generation 

nonlinear property was used for debonding due to the 

Rayleigh wave interaction at the debonding between 

the concrete interfaces and CFRP. The ultrasonic 

guided wave propagation technique as a promising 

method of damage detection utilizes guided waves in 

the damage detection by the analysis of differences 

among the signals recorded from sensing paths as 

baseline data when the structures are in their pristine 

conditions with no damage. The variations in 

operational and environmental parameters are a 

crucial concern with the methods using pristine 

baseline data, which can make a difference in the 

structure's currently collected response with that of 

measured baseline data. Furthermore, the detection of 

any possible existing initial defect is not possible 

before installing the sensor. To solve these drawbacks, 

some techniques have been tried to be developed, 

which do not require the use of pristine baseline data, 

such as the time-reversal method. Sohn developed 

some progress in in-service monitoring of aerospace, 

automotive, civil, and mechanical systems, which are 

subject to various operational and environmental. He 

developed effects of environmental and operational 

variability on structural health monitoring [24]. A. 

Marzani, S. Salamo presented a numerical prediction 

and experimental verification of temperature effect on 

plate waves generated and received by piezoceramic 

sensors. This work proposes a numerical approach 

based on a Semi-Analytical Finite Element (SAFE) 

model to predict temperature effects on guided waves 

generated and received by low-profile piezoceramic 

(PZT) transducers. The proposed model includes the 

cumulative role of transducer elements (actuator and 

sensor), substrate structure, and transducer/structure 

interaction in predicting the full pitch-catch guided 

wave response under changing temperature. Also, it 

was presented a novel physics-based temperature 

compensation model for structural health monitoring 

using ultrasonic guided waves [25,26]. An analytical 

and experimental investigation of the Lamb wave-

mode tuning with piezoelectric wafer active sensors 

(PWASs) is presented by G. B. Santoni et al.. The 

analytical investigation assumes a PWAS transducer 

bonded to the upper surface of an isotropic flat plate. 

The PWAS Lamb wave tuning technique described 

in this paper is used to resolve the side packets 

problem. Several tuning cases are illustrated [27]. A 

reference-free scheme was proposed by Kim and 

Sohn. The proposed NDT technique utilizes the 

polarization characteristics of the piezoelectric wafers 

attached on both sides of the thin metal structure. 

Crack formation creates Lamb wave mode conversion 

due to a sudden change in the thickness of the 

structure. Then, the proposed technique instantly 

detects the appearance of the crack by extracting this 

mode conversion from the measured Lamb waves, 

and the threshold value from damage classification is 

also obtained only from the current dataset [28]. 

Alem and Abedian proposed a semi-instantaneous 

baseline approach to detect damage using a guided 

wave propagation technique with an embedded PZT 

wafer active sensor [29]. In this method, its 

introduced IC was obtained and used for all sensing 

paths in structures’ pristine conditions to eliminate 

any inequalities in the signals of each path. The 

technique was according to the assumption that the S0 

of Lamb waves is attenuated by passing through the 

crack damage. The damage was detected on a sample 

lap joint structure by an active sensing network. FEM 

is used for wave propagation simulation by the 

wavelet transform to calculate DI values.  

The main idea and novelty of the present study is 

developing a semi instantaneous baseline damage 

identification to identify the delamination damage in 

a laminated carbon composite plate. Because damage 

identification results based on the Lamb waves 

propagation approach can be influenced by varying 

environmental and operational conditions, developing 

a robust monitoring system with no need for the prior 

measured data of the structure has gained much 

attention recently. The instantaneous baseline damage 

detection technique is one of the promising methods 

that overcome the mentioned obstacles. This method 

was proposed by Alem and Abedian that used to 

detect and characterize fatigue cracks that initiate 

around the rivet holes of lap joint metal structures 

[29]. The authors developed a semi‐baseline damage 

identification approach for detecting delamination 

damage for the first time. The obtained results show 

that this method can detect delamination. The output 

wave signals, IC, and DI values of each sensing path 

for healthy and damaged samples were investigated 

and evaluated by experimental and FEM.  

Another novelty and merit of the study is that for the 

first time, an active sensing network of lead-free 

BCTS or (Ba1-xCax)(Ti1-ySny)O3 (designed and 

manufactured by the same authors) was used to 

damage detection instead of PZT transducers. In 

order to detect the delamination damage in laminated 

composite structures by the method of sending and 

receiving propagated wave with a high piezoelectric 

sensors coefficient (d33), a lead-free piezo ceramic 

(Ba1-xCax)(Ti1-ySny)O3 with high piezoelectric 

coefficients (d33=752 pC/N) and the corresponding 

planar electromechanical coupling factor (kp=54.2%) 

https://www.sciencedirect.com/science/article/pii/S0888327018305557#!
https://www.sciencedirect.com/topics/engineering/piezoceramics
https://www.sciencedirect.com/topics/engineering/transducers
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and inversed piezoelectric coefficient (dS/dE=1248 

pm/V) [30]. Also, due to the toxicity of lead, 

environmental concerns and limitations, there is an 

immediate demand for lead-free alternatives to PZT 

transducers and sensors.  

 

2. Experimental 
2.1. Materials and Specimen preparation  

Two undamaged and damaged laminated composite 

plate samples containing four layers prepreg woven 

carbon/epoxy (Japan Toray 100% quality carbon 

fiber sheet T300) with plies angles “0/90, ±45, 

Teflon, ±45, 0/90”, shaped at 0.001 in×7.36 in×7.36 

in, were prepared as experimental specimens. Fig. 1 

shows a schematic of the dimension and geometrical 

information of the samples. In the delaminated region, 

a thin Teflon tape was used to separate two 

delamination surfaces in the delamination region 

with the individual lamina distance. Also, Fig. 2 

shows a laminated carbon composite plate with 

delamination damage. Table 1 shows the mechanical 

properties of the specimen. Also, the sensors used in 

this study were BCTS, whose properties are given in 

Table 2. These designed and manufactured 

transducer sensors were used for the first time on a 

composite plate for damage detection [30]. An 

arrangement of four BCTS transducer sensors was 

used for the active sensing network, as illustrated in 

Fig. 3. In order to bond the sensors to the specimens’ 

surface, a conductive silver epoxy adhesive 

(CW2400) was utilized.  
 

 
Fig. 1. Schematic of dimension and geometrical information of the samples. 

 

 
 
 

Fig. 2. Laminated carbon composite with delamination damage. 

  

Delamination

n 

Scale Ratio 1:3.5 

2.1in (53.5mm) 
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Table 1. Material properties of the specimen [30] 

ρ(kg/m3) G23 

(Gpa) 

G13(Gp

a) 

G12(Gp

a) 
𝝊
𝟐𝟑

 𝝊
𝟏𝟑

 𝝊
𝟏𝟐

 
E33(Gp

a) 
E22(Gpa

) 
E11(Gp

a) 
Material 

1605 2.407 2.407 4.0 0.437 0.437 0.06 8.265 55 55  

 

Table 2. Properties of piezoelectric sensor [30] 

Kp (%) fa (hz) fr (hz) Ε d33 (PC/N) tgδ Piezoceramic 

54.2 179990 151200 8100 752 0.027 (Ba0.95Ca0.05)(Ti0.91Sn0.09)O3 

 

 
Fig. 3. Model description of delamination with the proposed actuator–sensor arrangement 

 

2.2. Experimental and numerical setup - Model 

description 

The transducers' wave propagation sensing paths and 

their deployment scheme on the structure are the 

same as the test model (Fig. 3). The function 

generator (RIGOL DG1022) generated a 250kHz and 

4cycle burst-sine ultrasonic signal with a 10-V peak-

to-peak amplitude and was applied to the BCTS 

actuators for exciting the structure. A digital 

oscilloscope collected signals from the sensing Paths 

1 to 6 sensors. Fig. 4 shows the experimental setup. 

In this research, the lamb waves propagation in a 

square carbon/epoxy was laminated composite plate 

simulated numerically using the full 3D FEM models 

and dynamic explicit time-step analyzing ability of 

the ABAQUS software. The explicit solver can make 

a better trade-off between computational time and 

accuracy. In the dynamic time-step analysis, the 

accuracy and stability of the numerical solution are 

highly dependant on the spatial and temporal 

resolution of the analysis. In many investigations, a 

minimum of twenty points/wave cycles at the highest 

frequency is set for a time-step resolution. The size 

of the element is limited to 10% of the wavelength 

propagated in the structure for obtaining spatial 

accuracy. Three elements are considered through the 

thickness of each layer of the plate. The BCTS 

actuators and composite plate were simulated using 

an 8-node standard solid element C3D8R with 3 

degrees of freedom/node from the ABAQUS element 

library. The layers were attached by defining the ‘tie’ 

constraint between the nodes at the interface of two 

adjacent layers. Two lower surfaces of BCTS 

actuators were also attached to the upper surface of 

the composite plate by 'tie' constraint in 

ABAQUS/explicit. 
  

 
Fig. 4. The experimental setup of piezoelectric patch surfaces bonded structure with delamination. 
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Several works using conventional FEM have 

simulated the propagation of Lamb waves in 

structural components [29,31-37]. The studies have 

shown that a good discretization through the sample 

thickness (> 3 or 4 layers of elements) is needed to 

obtain precise results from simulating the A0 mode. 

The explicit solver makes better trade‐offs between 

computational time and accuracy. To accurately 

simulate the wave propagation, the model was 

meshed by 8-node 3D brick with 12 elements, with 4 

element layers through the plate thickness (3 

elements for each layer). At least 10 main nodes were 

assigned at the Lamb wavelength to show the validity 

of each simulated dynamic response. A surface 

contact algorithm [15] was introduced for processing 

the contact problem caused by delamination. By an 

element-based deformable surface, both the lower 

and upper delamination surfaces were defined. This 

surface allows the 2 surfaces to interact in a normal 

direction but resisting mutual penetration. The 

specifications of the simulated transducers, which 

were designed and built by the same authors, can be 

found in their most recent article. 

Considering the piezo element's elastic effect, the 

piezoelectric sensor modeling attached to the 

structure leads to a more realistic simulation. The 

lower BCTS surface was attached to the composite 

plate by the tie constraint in ABAQUS. In addition, 2 

connected regions were set as equal. In the tie 

constraint, the sensor surface and the actuator 

transducer surface were considered as the slave and 

master regions, respectively. The recorded signals 

from all sensing paths were compared between the 

experiment and the FEM simulation. For example, in 

Fig. 5, sensing path#3 is compared between the FEM 

and the experiment. As shown in Fig. 5, a great 

agreement can be seen for the S0 mode used in 

detecting damages. Slight differences in amplitude 

and phase may be due to the adhesive bonding. S0 

mode at a relatively high frequency was used for the 

detection of the delamination damage. As seen in Fig. 

5, the antisymmetric part of the signal recorded in the 

experiment is different from that of the FEM 

simulation. Therefore, this simulation could only 

help to design the structural health monitoring asset 

when only the first symmetric mode of the received 

signal is used for damage identification.  

 
Fig. 5. Comparison of the recorded signals from sensing path#3 between the experiment and FEM at fc=250 kHz 

 

2.3. Frequency selection   

The excitation signal frequency should be correctly 

chosen to detect damages more precisely. The 

frequency selection range is completely liberal when 

one deals with the damages characterized by contact 

nonlinearity such as delamination. The number and 

frequency of the signals’ cycles were calculated 

based on the output antisymmetric and symmetric 

signals. This calculation is dependant on the distance 

between the sensor and actuator transducers and the 

velocity of antisymmetric and symmetric waves or 

waves’ time flight. The reason is that the contact 

nonlinearity arises due to relatively large stiffness 

alterations at the contact interfaces. The authors did 

five experiments at different frequencies (50-300 

kHz) that the fewer Lamb wave modes are excited in 

the structure. Besides, a 4-cycle Hanning sinusoidal 

burst excitation wave with 10V amplitude and 

250kHz central frequency was selected for the 

actuator signal. 

2.4. Evaluating delamination procedure 

The instantaneous baseline damage detection 

technique requires no pre-recorded data from the 

pristine structure [38]. It is because the signals 

recorded from 2 similar or equal paths are the same 

in the absence of defects near sensing paths. The 

damage parameters e.g., size, depth, and location of 

the defect, were extracted by determining the 

differences between the signals recorded along 2 

equal sensing paths with/without damages. In 

general, signal measurement features response, 

including phase shift and attenuation, can be utilized 

to extract damage data of the inspected system due to 

discontinuities [6]. The output signal feature of 

similar sensing paths is identical about a simple 

structure, in the pristine state or health condition. 
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However, due to the waves reflected from structure 

edges and material orientation properties in 

composite and complex structures, their sensing 

signals are not the same even if equal lengths are 

considered for all similar sensing paths. Therefore, 

this study examined the semi-instantaneous baseline 

damage detection method for damage identification 

in composite structures [30]. An IC was defined for 

each of the paths. The “ICi” of the ith sensing path in 

the pristine conditions is the ratio of the minimum or 

maximum value of the signal feature content in all 

paths to the value of the signal energy content in the 

desired path. The selection of maximum and 

minimum will be explained in the following. 

Continuous wavelet transform CWT is a popular 

signal processing tool to identify the various features 

of dispersive guided wave signals [9,32,39-41]. The 

CWT of a guided wave signal is a transformation, 

which decomposes every such wave into a 

superposition of both translation and scale of a 

mother wavelet function ψ(t) given by 

ψa,τ(t) = |a|
−1

2 ψ(
t−τ

a
) (1) 

In the above-mentioned equation, the scaling 

parameter “a” controls the wavelet frequency 

bandwidth, and the translation parameter “τ” shifts 

the wavelet in time. The CWT of a time-domain 

guided wave signal “S(t)” is defined as follows:  

Wψ(a, τ) =
1

√a
∫ s(t)
∞

−∞
ψ∗ (

t−τ

a
) d(t)                    (2) 

where ψ* is the complex conjugate of ψ. The wavelet 

energy spectrum “Ei(t, f)” for the ith path is: 

Ei(t, f) = |Wi(t, f)|
2                                                             (3) 

“Wi(t,f)”  is the scalogram related to the ith sensing 

path. Therefore, the value of feature content (the 

energy index of each path or the wavelet energy 

value) related to the ith sensing path “Fi” is defined 

as  

Fi = ∫ Ei
te
ti

(t, f ∗)dt                                                (4) 

In equation 4, te and ti are the end and initial times of 

the windowed segment of the signal received, and f* 

is the frequency or scale where the absolute value of 

the CWT coefficients ׀Wi(t, f)׀ is maximized [29].  

The semi-instantaneous method used here is based on 

the fact that each sensing feature must be normalized 

to the healthiest sensing path by the identical 

coefficient calculated in pristine conditions. For 

delamination defects, the feature content value of the 

output signal recorded from a path with delamination 

through that is higher than from the same path with 

no damage. This phenomenon will be shown in the 

result section by comparing the output waveform, 

output signal recorded from a path in health and 

damaged condition. This is because, in a composite 

structure such as a composite plate, the transducers 

are attached to the upper layer. When a Lamb wave 

is excited in the structure by the actuator transducer, 

the wave propagated in the structure through the 

laminate, attaching the transducer and other lower 

laminates by transferring the wave energy through 

the interference between the layers. Therefore, when 

there is a delamination defect between the layers, 

lower wave energy transfers to the lower layers. S0, 

the wave energy content value recorded from sensing 

the damaged path, contains a delamination defect 

trough that is higher than that of without 

delamination. However, the defects such as fatigue 

cracks cause a discontinuity in structure, and the 

wave amplitude is decreased when it passes through 

the fatigue cracks like to the cut trough damages. 

Therefore, an IC is defined for each path. The IC of 

each sensing path is equal to the ratio of the highest 

amount of the signal energy of all paths to the amount 

of signal energy of the desired path [29] to identify 

the fatigue cracks in metallic lap-joint structures. In 

this research, because of the identification of the 

delamination defects, the “ICi” of the ith sensing path 

is as follows: 

ICi =
FMin
P

Fi
P                                                                (5) 

where “Fi
P” is the value of the wavelet energy content 

of the ith sensing path in pristine condition and 

“FMin
P ” is the minimum value of the wavelet energy 

content of the signals present in all the existing 

sensing paths. Then, by multiplying the value of the 

current energy content “Fi
C” of the ith sensing path 

“Fi
C” and its “ICi” , the value of adjusted energy 

feature “Fi
ad” of the sensing path at the current 

measurement condition is obtained by Fi
ad 

 

Fi
ad = ICi × Fi

C                                                      (6) 

This IC eliminates the effect of differences in path 

length and other factors that affect path energy. When 

there is no damage to the sensing paths, the values of 

adjusted energy in all sensing paths are identical at 

any current measurement data. The “DIi” of the ith 

sensing path is as follows:  

DIi=|
FMin
ad −Fi

ad

FMin
ad |                                                        (7) 

where “FMin
ad ” is the minimum value in the adjusted 

energy of all sensing paths.  

There is no need to refer to the collected pristine data 

in future detection procedures due to the difference 

between this method and baseline methods. S0, 

operational and environmental conditions can not 

affect the results of damage detection. In addition, IC 

is used to remove errors due to some uncertainties 

like plate thickness alterations, dimension inaccuracy 

during assembly and manufacturing procedures, 

embedded sensor dislocation, orientation layer, and 

laying up the process in the damage detection results. 

Even when the structure is in good condition, these 
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inaccuracies or uncertainties lead to differences in the 

sensing signals of similar paths. Thus, if IC is not 

used, the instantaneous baseline damage index may 

falsely show some damage in undamaged structures, 

or one may have to set high threshold values for the 

indices. In this algorithm, it is assumed that there is 

more than one healthy sensing path among all similar 

or equal sensing paths for the designed actuator-

sensor arrangement. So, it can detect various 

damaged paths. 

 

3. Results and discussion  
3.1. Delamination detection by comparing the 

output signal of the sensing paths  

In this study, the method for identifying semi-

instantaneous baseline damage was developed and 

modified. Experimental tests were conducted to 

investigate the recorded signal and delamination 

damage detection. A 250kHz frequency excitation 

wave was chosen as an exciting wave in the 

composite plate structure because it provides good 

separation between the “A0” and “S0” modes in all 

sensing paths. The received signal represents the 

baseline signal, and shows the response time signal 

when delamination is within a direct line of the 

actuator and sensor path. The response signal is 

composed of several wave modes owing to wave 

scattering at the boundaries. In Fig. 5, the first mode, 

which looks like a sine wave modulated by a cosine 

function, is the first arrival of the A0 mode associated 

with the direct path of the wave propagation. The 

second mode is another A0 mode that is reflected 

from the edge of the plate. The observation of Fig. 5 

clearly reveals that the first A0 mode is the most 

sensitive to delamination damage. Based on these 

observations, a damage index is defined as the 

function of a signal’s attenuation at a limited time 

span (a signal portion corresponding to the first A0 

mode) and at a specific frequency (the input 

frequency of the signal). Considering the necessary 

conditions that enforce the application of “IC” to the 

DI of similar sensing paths (i.e., symmetry in placing, 

geometry, and materials), the collected data for 

path#2 should be identical to the signals obtained 

from path#4. In fact, paths 2 and 4 are mirror 

symmetries of each other, without any damage .The 

corresponding wave packet consists of the first 

symmetric mode (S0), the first antisymmetric mode 

(A0), and the reflected wave from the boundaries. The 

ICs for all sensing paths (i.e., paths 1 to 6 as described 

in Fig. 3) are obtained. S0 mode at relatively high 

frequency was used for the detection of the 

delamination damage. 

Fig. 6 a and b compares the recorded signal of the 

sensing path#1 and #3, respectively, for two samples 

(one without any damage and the other having a 

peeling defect in thought path#1 as shown in Fig. 1). 

Results of  Fig. 6a illustrate that the amplitude of the 

output recorded signal will be increased due to the 

existence of delamination defects in sensing path#1. 

Also, there is no difference in the amplitude of the 

output recorded signal in sensing path#3 for two 

samples. 
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Fig. 6. Comparing the recorded signal of  (a) sensing path #1, and (b) sensing path #3 for two un-damaged and 

damaged composite plate samples. 

 
3.2. Sensing paths ICs 

The ICs can eliminate the effect of uncertainty that 

occurred during production and measurement 

processes such as geometry, variable thickness, layer 

arrangement, plies angle, manufacturing, and 

installation condition. The IC is obtained for all 

sensing paths in the pristine condition of undamaged 

samples and reflects the relationship between the 

signals of the structure used to eliminate any present 

inequalities in each path. The proposed ICs modify 

the DI values for all sensing paths to remove the 

errors due to reflections from structural components 

and boundaries. ICs are only needed to be calculated 

once at the design stage of the SHM system. These 

coefficients that reflect the relationship between the 

paths are different from the recorded baseline data 

and are obtained when the structure is in its pristine 

condition. The ICs for all sensing paths in the pristine 

condition of the structure is obtained and utilized to 

eliminate the inequalities that occurred in the signals 

of each path. In this study, for delamination damage 

detection in the laminated composite plate, there are 

three groups of equal sensing paths: group paths 1 

(paths#1 and #3), group paths 2 (paths#2 and #4), and 

group paths 3 (paths#5 and #6). Fig. 7 shows the ICs 

of all six sensing paths, calculated by the 

experimental output results of two samples. The 

standard deviation of ICs difference between paths 

#1 and #3 in group paths 1, path#2, and #4 in group 

paths 2, and path#5 and #6 in group paths 3, are 

0.004, 0.005, and 0.005, respectively. These 

differences refer to measurement, equipment, 

manufacturing errors, etc. The ICs differences 

between group paths 1, group paths 2, and group 

paths 3, are due to differences in the length of the 

measurement paths.  

 

 
Fig. 7. IC values of Sensing Paths 1 to 6. 
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3.3. DI values 
Fig. 8 shows the DI for six sensing paths. The path 

with damage (path#1) is identified by its higher index 

value. Higher threshold values are required because 

of the presence of some noise signals from the 

environmental impacts and measuring tools. Here a 

threshold value of 0.04 is sufficient. So, the values of 

the index produced by damages were significant 

against the threshold value set. The errors were less 

than 4%, which may be related to the linear 

relationship considered for the DI and delamination 

damage (Fig. 8).  Recognition of the damaged path is 

difficult, with very low values of DI [29]. However, 

baseline-free methods play a significant role in 

removing such drawbacks as noise signals from the 

manufacturing process, measuring tools, etc. 

Therefore, with the proposed damage technique, 

several damaged paths can also be detected if there is 

a path without any damage. The output wave signals 

for damaged and undamaged samples (with 

delamination damage in path#1) were investigated by 

the experiment. Comparison of the results of 

recorded signals from sensing path for two healthy 

and damaged samples using two experimental and 

FEM analysis methods shows a significant difference 

between two samples in path#1 (the path with 

delamination damage). Also, it was not observed any 

notable difference in path#3 between undamaged and 

damaged samples. So, the damage was identified, and 

the performance of the lead-free piezoelectric sensors 

was verified. The delaminated damage was detected 

because the delamination phenomenon increased the 

amplitude of the wave and the wave energy.   

A comparison of the DI values for six sensing paths 

based on the semi instantaneous baseline method 

shows that path#1 has the highest DI=0.92. In 

addition, DI of path#4 due to closeness to 

delamination damage is DI=0.67. Path#6 with a 

distance farther from the damage shows DI=0.09. 

Other sensing paths i.e. path#2, #3 and #5 with DI are 

close to zero due to no damage (Fig. 8).  

 
Fig. 8. DI values of Sensing Paths#1 to #6 

 

4. Conclusions  
In this paper, a semi-instantaneous baseline 

algorithm based on the wave propagation technique 

was developed in a carbon composite plate 

containing delamination damage by using an active 

sensing network with four (BCTS) lead-free 

piezoelectric transducers. The electrical signals’ 

excitation forces applied to the piezoelectric 

actuators were calculated and entered into the model. 

The Lamb wave was created by imposing force 

profiles with time change to the actuator transducer 

nodes. The IC is obtained for all sensing paths in the 

pristine condition of undamaged samples and reflects 

the relationship between the signals of the structure 

used to eliminate any present inequalities in each 

path. The proposed ICs modify the DI values for all 

sensing paths to remove errors due to structural 

components and boundaries reflections. This can also 

reduce the uncertainty caused in manufacturing and 

assembly processes, that is, geometrical asymmetries 

and length differences in sensing paths. ICs are only 

needed to be calculated once at the design stage of the 

SHM system. These coefficients that reflect the 

relationship between the paths are different from the 

recorded baseline data and are obtained when the 

structure is in its pristine condition. The values of the 

index produced by damages were significant against 

the threshold value set. The errors were less than 4%, 

which may be related to the linear relationship 

considered for the DI and delamination damage. The 

output wave signals of samples were investigated by 

experiment and FEM (using Abaqus software). A 

comparison of the results of recorded signals from 

sensing paths shows a significant difference between 

the two healthy and damaged samples. The 

delaminated damage was detected because the 
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delamination phenomenon increased the amplitude 

of the wave and the wave energy. S0 mode at a 

relatively high frequency was used for the detection 

of the delamination damage. A comparison of the DI 

values of six sensing paths shows that the path with 

delamination damage (path#1) has the highest DI 

value i.e., 0.92 and then the sensing paths closest to 

the damage show the highest DI values. The DI 

values of other sensing paths are close to zero due to 

no damage. So, the damage was identified, and the 

performance of the BCTS sensors was verified. 

  

 Data Availability 
All data, models, and code generated or used during 

the study appear in the submitted article. 
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In this study effect of active material particle size distribution (PSD) 

on TiNb2O7 electrodes and their performance were evaluated. To 

determine the effect of PSD, have focused on the performance of the 

electrode, which is mainly affected by the performance of individual 

particles and their interaction. For this purpose, TiNb2O7 was 

successfully synthesized by mechanochemical method and post-

annealing, as an anode material for lithium-ion batteries. Phase 

identifications and microstructure characterization was carried out 

by X-ray diffraction (XRD) and field emission scanning electron 

microscopy (FESEM) to identify the phases and evaluate the 

morphology of the synthesized samples. The charging and 

discharging tests were conducted using a battery-analyzing device 

for evaluating the electrochemical properties of the fabricated 

anodes. Eventually, at faster charging rates, the electrochemical 

performance was found to be improved when smaller active material 

particle size distribution was used. Differences in particles size 

distributions resulted in variable discharge capacities so that the 

sample with particle size higher than 25 microns (>25 μm) showed 

a capacity of 19 mAh/g after 179 cycles, which had a lower capacity 

than their sample with particle size less than 25 microns (<25 μm). 

The final capacity of the sample with a particle size less than 25 

microns is 72 mAh/g. 
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1. Introduction 
Nowadays, intermediate metal oxides with high 

specific capacity and good cyclability in the anode 

materials development used in lithium-ion batteries 

have been extensively studied [1,2]. Among these, 

TiNb2O7 chemical composition was considered by 

many researchers [3,4] due to their unique 

characteristics such as high theoretical capacities of 

387 mAh/g (much more than Li4Ti5O12: 175 mAh/g), 

the process of rapid insertion and extraction of 

lithium-ion owing to rapid reaction kinetics, and high 

operating voltage (~1.6 𝑠𝑣, Li/Li+) which can prevent 

the formation of solid electrolyte interface (SEI) 

layer. However, the operating discharge of these 

materials is not quite satisfactory due to their weak 

electric conductivity and the slow rate of ion transfer 

[3-5]. Various approaches and strategies, including 

reducing the particles size and improving the specific 

area, and designing the porous structures, were 

investigated to address this issue since a higher 

specific area shortens the distance for penetration of 

lithium ions, improves the electric conductivity, and 

will consequently improve the lithium ions storage 

performance [4,6]. However, an important fact that is 

often overlooked in electrode fabrication is the 

electrode particle size and the narrow distribution of 

particle size at the electrode surface. The broad and 

dissimilar particle sizes, active material particles are 

not similar in terms of morphology and size, and 

therefore have a heterogeneous system at its highest 

level. The degradation of Li-ion batteries is related to 

the particle size distribution (PSD) of the active 

material. In graphite anodes, solvent co-intercalation 

can cause particles to crack, and gas evolution leads 

to the same thing as well [7,8]. Moreover, in case of 

any changes in the volume of particles, contact loss 

will happen between particles [9]. Various materials 

show the agglomeration of particles in Li-ion 

batteries [6-8], and this is particularly significant and 

critical for those materials with considerable 

variations in their volumes [10] or use nanosized 

particles [8].  Therefore, although it has been proven 

in the discussion of making lithium-ion batteries that 

reducing the particle size improves its performance, 

while the actual shape and size distribution effect is 

often not examined. The PSD of the active material 

is a well-known property in Li-ion batteries and can 

be adjusted during the manufacture of battery 

electrodes [11,12]. Therefore, in order to better and 

more accurately understand the subject, the particle 

size distribution of active materials at the electrode 

surface and its effect on the performance of TiNb2O7 

anode will be investigated in this research. 

2. Experimental Procedure 
TiNb2O7 ceramic powder was produced as the 

following reaction: 

TiO2 + Nb2O5 → TiNb2O7                                          (1) 

N2O5 (99. 5% purity, particles size 25 μm) and TiO2 

(99% purity, < 2 μm) were the raw materials used to 

reach this goal. The purchase of the whole chemical 

was from Merk, and none of them were purified. To 

perform the MA process, a high-energy planetary ball 

mill was used with hardened chromium steel vials 

(vol. 125 ml) and balls (15 and 20 mm in diameter) 

while the purity of the argon atmosphere under which 

the process was performed was high. The speed of 

rotation was set up to 600 rpm. The ball-to-powder 

weight ratio (BRP) was considered 15:1, where the 

total mass of the powder was 7 g. Every 45 minutes, 

the milling planetary is stopped for 15 minutes so that 

the temperature will not be rising. The milling time 

was equal to 5 hours. In the next step to complete the 

chemical reactions and remove the raw materials, 

Samples were annealed in a tube furnace under an 

oxygen atmosphere for 2 hours at 900 °C. Evaluating 

the phase and crystallographic structural properties of 

the nano-powder; the X-ray diffraction was used. The 

collection of the XRD patterns was performed over 

the 2θ angular range between 20 and 60 at a scan rate 

of 1°/min. XRD data was needed to be analyzed, the 

PANalytical X'Pert High Score software can be used. 

We can compare the XRD patterns and standards to 

those standards which are compiled by the Joint 

Committee on Powder Diffraction and Standards 

(JCPDS), #01-070-2009 for TiNb2O7, #01-072-0158 

for Ti2Nb10O29, #01-071-1168 for TiO2, and #01-030-

0873 for Nb2O5. The morphological features of 

TiNb2O7 nano-powders were examined on a Field 

emission scanning electron microscope (FESEM; 

Vega©-Tescan, Brno, Czech Republic) that operated 

at the acceleration voltage of 15 kV. Energy- 

dispersive X-ray spectrometry (EDS) attached to the 

FESEM was also utilized for semi-quantitative 

examination of the samples. To determine the volume 

fraction of grain boundary of the nano-powders, the 

edge-mode of the FESEM images was employed. 

After the production of TiNb2O7 nano-powder, the 

synthesized powder was divided into two parts to 

investigate the uniform particle size distribution 

effect of active materials on the electrochemical 

performance of the anode (Table 1). Then a group of 

samples passed through a screen with 500 mesh (< 25 

μm) and then entered the electrode manufacturing 

stage. While the other group entered the slurry and 

electrode production stage directly without passing 

through the screen.
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Table 1. Specifications of the applied parameters in the experimental process. 

Sample 

No. 

Stoichiometric 

reaction 

Milling time 

(h) 

Furnace/annealing 

atmosphere 

Annealing 

time (h) 

Annealing 

temperature (oC) 
Screen 

N1 TiNb2O7 5 Tube/oxygen 2 900 Yes 

N2 TiNb2O7 5 Tube/oxygen 2 900 No 

 

Lithium-ion storage performance in the compositions 

of TiNb2O7 was investigated using the Li/TiNb2O7 

half-cells. When each of the synthesized materials is 

mixed with polyvinylidene fluoride (PVDF), and 

black carbon, which acts like the adhesive and 

conductor, weight ratio 70:15:15 inside N-Methyl-2-

pyrrolidone (MNP), the electrodes that are used at 

practical work can be produced. The slurry we gained 

covered a copper foil, and this was then dried for 12 

hours under the temperature of 120 °C inside an oven 

under vacuum condition. In each half-cell, the ande 

material was loaded at a rate of 1 mg/cm2 in 

accordance with the previously performed work 

[13,14]. The separator used in this study was a thin 

layer (film) of polypropylene (Celgard 2400). A 

standard vacuum glovebox with a pure lithium foil as 

a cathode/ counter in the coin cells was used to mount 

each of the prepared anodes inside it (CR 2032). 

Combining one molar LiPF6 in ethylene carbonate 

(EC), diethyl carbonate (DEC), and dimethyl 

carbonate (DMC), the preparation of the used 

electrolytes took place. A battery analyzer (BTS4000 

5V) device by galvanostatic cycles in the voltage 

range of 0 to 3 volts at room temperature was used to 

perform charging and discharging tests. Then, an 

electrochemical impedance test was used to calculate 

the diffusion coefficient of lithium-ion in each half 

cell. The equation used to calculate the diffusion 

coefficient is as follows [14]: 

𝐷 = 𝑅2𝑇2 2𝐴2𝑛4𝐹4𝐶2𝜎𝑤
2⁄                                                 (2) 

where R is the gas constant (8.314 J/mol K), T is the 

absolute temperature, n is the number of electrons 

exchanged in each molecule during the redox 

process, A is the surface area of the electrode (1.77 

cm2), C is the lithium-ion concentration (7.69 × 10−13 

mol.cm−3), F is the Faraday constant (96486 C/mol), 

and σw is a Warburg factor that is directly related to 

Z′, as follows: 

Z′ = 𝑅𝑒 + 𝑅𝑐𝑡 + 𝜎𝑤
−1 2⁄

                                               (3) 

where Z′ is the real part of the electrochemical 

impedance test, indicating the general resistance of 

the cell, Re represents the resistances due to the 

electrode and electrolyte, and Rct is the charge 

transfer resistance.  

3. Results and Discussion: 

3.1.  Phase analysis and structural features 
Fig. 1 shows the X-ray diffraction pattern of the 

powder sample synthesized before and after the 

annealing process. According to Fig. 1a, the un-

annealed sample was composed of TiO2 and Nb2O5 

[13]. Besides, several product peaks corresponding to 

TiNb2O7, Ti2Nb10O29, and TiNb24O62 were detected. 

Compounds of TiNb2O7, Ti2Nb10O29, and TiNb24O62 

all belong to the same family, which are obtained by 

reacting between TiO2 and Nb2O5 with different 

stoichiometry. Therefore, phase overlap is strongly 

observed between these three compounds. The XRD 

patterns of the annealed products are shown in Fig. 

1b [13]. It can be seen that the characteristic peaks of 

TiO2 and Nb2O5 were completely removed in the 

annealing process. Based on clearly defined X-ray 

patterns, annealing operations lead to the completion 

of the chemical reaction and the removal of raw 

materials peaks. 
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Fig. 1. Diffracted X-ray patterns of the compounds TiNb2O7: (a) before annealing (b) after annealing [13]. 

 

3.2. Morphological evaluations characteristics  
Fig. 2 shows an image of the synthesized TiNb2O7 

powder before the electrode was made. In this figure, 

the agglomeration of particles is observed. The 

agglomeration phenomenon has occurred due to the 

reduction of particle size caused by milling and the 

increase in the surface defects, which results in an 

unstable surface, and with a longer milling time, the 

system will reach a stable state. The surface diameter 

size of the synthesized particles is in the range of 13 

to 24 nm. The EDS analysis and elemental mapping 

were used to understand the XRD results better, as 

shown in Fig. 3. According to the EDS spectrum (Fig. 

3a), the main components of the nano-powder in 

terms of the element were oxygen, niobium, and 

titanium. From elemental mapping analysis (Fig. 3b), 

the nano-powder showed a homogenous distribution 

of O, Nb, and Ti elements which confirmed the 

formation of a uniform microstructure after 

annealing. 

 

 
Fig. 2. The morphological features of the TiNb2O7 nano-powders. 
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Fig. 3. (a) EDS analysis and (b) elemental mapping images of TiNb2O7 sample 

 

3.3. Charging and discharging curves 
To investigate the effect of particle size distribution 

on the electrochemical performance of TiNb2O7 

anodes, the made electrodes were charged and 

discharged during 179 cycles at different C rates 

(Table 2). Fig. 4 shows a comparison graph of the 

discharge diagrams of the two samples N1 and N2. 

As can be seen at all C rates, the performance of the 

sample (with uniform particle size distribution) is 

much better than that of the sample containing non-

uniform particle distribution, so that the difference in 

the final capacity at the end of each C rate, including 

0.1C, 0.2C, 0.5C, 1C, 2C, and 4C is equal to 45, 50, 

73, 73, 62 and 53 mAh/g, respectively. In other 

words, the yield of a heterogeneous sample (N2) is 

on average 50% of a homogeneous sample (N1). Fig. 

5 shows the FESEM images of the two samples N1 

and N2, after being placed in the charge and 

discharge cycles and completion of the work process. 

As can be seen in the figure, the N1 sample (sample 

with particle size less than 25 microns) has a more 

uniform appearance and morphology than the N2 

sample. Heterogeneous distribution of particles will 

reduce battery life and cyclability. Even in practical 

conditions, after the electrode slurry made on the 

copper foil is coated, the coating obtained from the 

sample with particle size less than 25 microns is 

much softer and more uniform. In comparison, the 

sample with a particle size higher than 25 microns has 

a rough coating, which causes a potential difference, 

reducing the contact surface between the particles 

and the loss of the separator during the assembly 

process or the charge and discharge cycles. 

 

 
Fig. 4. Comparison of discharge diagrams of two samples N1 and N2. 
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Table 2. Electrochemical performance of the produced electrodes. 

 No. of cycles per each crate Capacity (mAh/g) 

Sample 

No. 

Cycle 

No. 
0.1C 0.2C 0.5C 1C 2C 4C 0.1C 0.2C 0.5C 1C 2C 4C 

N1 179 4 8 23 48 48 48 231 192 157 124 97 72 

N2 179 4 8 23 48 48 48 186 142 84 51 35 19 

 

 
Fig. 5 (a, b) The morphological features of the N2, (c, d) The morphological features of the N1. 

 

Figure 6 is a diagram of the cyclability of the two 

samples N1 and N2, which shows the difference in 

the capacity retention and cyclability of both samples 

and confirms the poor performance of sample N2. 
 

 
Fig. 6. Cyclic stability or cyclability of N1 and N2. 
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3.4. Electrochemical Properties 
The electrochemical impedance (EIS) test is 

performed when the cell is totally discharged. Figure 

7 shows the Nyquist diagrams of the sample with 

particle size less than 25 microns [13] and sample 

with a particle size of more than 25 microns (the 

corresponding curve is placed in the figure for 

performing the fitting process of lab data for the EIS 

test). An intercept is observed at high frequencies, 

followed by a semicircle in the medium frequency 

region and a straight line at a low frequency. Ohmic 

resistors (Re) include electrolyte and electrode 

resistors seen as the intercept impedance in the Z′ 

axis. The charging transfer resistors (Rct), available 

between the anodic material and electrolyte, are in 

conformity with the diameter of the semicircle on the 

Z′ axis. The tailbone or the straight line is connected 

with the emission of lithium ions in the electrode 

bulk, known as the Warburg diffusion (Zw). Double 

layer strength and capacitive surface film are shown 

as the fixed phase element (CPE) [14,15]. 

 

 
Fig. 7. EIS spectra of the sample with particle size less than 25 microns (N1) [13] and the sample with particle size 

more than 25 microns (N2) 

 

Table 3 appears the fitting comes about of the 

impedance test of the tests. In this table, the Rct 

values of the sample with particle size less than 25 

microns and the sample with particle size more than 

25 microns are presented, which in N1 and N2 are 

equal to 29 and 51 Ω 𝑐𝑚2, separately. Therefore, 

using Equation 2, the diffusion coefficient of lithium 

ions in each sample was calculated. According to the 

results, the emission rate of lithium-ion in the sample 

with particle size less than 25 microns is higher than 

the sample with a particle size of more than 25 

microns, so that the diffusion coefficient in the N1 is 

equal to 1.24 × 10−11 cm2/s, which is approximately 

2.3 times the sample N2 with a diffusion coefficient 

of 5.42 × 10−12 cm2/s. 

 
Table 3. EIS parameters of the produced electrodes 

Sample 𝑅𝑒 (Ω 𝑐𝑚2) 𝑅𝑐𝑡 (Ω 𝑐𝑚2) 𝑖0 (mA 𝑐𝑚2) 𝜎𝑤 (Ω 𝑐𝑚2 s1/2) 𝐷c (cm2/s) 

N1 16.19 29 8.85 × 10−4 3.74 1.24 × 10−11 

N2 8.76 51 5.03 × 10−4 5.65 5.42 × 10−12 

 

4. Conclusion 
In this study, we investigated the particle size 

distribution as an essential parameter in the 

performance of the TiNb2O7 anode. The presented 

results show the effect of shape and scale of particle 

size distribution on the performance of electrodes. In 

general, the smaller and more uniform the particle 

size distribution, the correlation and contact surface 

between the particles increase, and the faster 

displacement of lithium ions. Hence, the ability to 

maintain capacity at higher C rates will be better. 

Differences in particles size distributions resulted in 

variable discharge capacities so that the sample with 

a particle size of more than 25 microns showed a 

capacity of 19 mAh/g after 179 cycles, which had a 

lower capacity than their sample with particle size 

less than 25 microns. The final capacity of the sample 

with a particle size less than 25 microns is 72 mAh/g. 
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The 316L nickel-chrome molybdenum austenitic stainless steel is 

commonly employed in various industries. This type of steel is 

particularly of interest in chemical industries, especially in harsh and 

corrosive environmental conditions. Although 316L stainless steel 

has good mechanical and corrosive characteristics, it fails to perform 

well in chlorine-containing aqueous environments. To overcome this 

issue, a Ni-La-Cr-Fe layer is applied to the 316L steel using the 

electroplating method. In addition, the reverse pulse plating method 

is used to control the ion deposition kinetics. The plating current 

application duration (on-time), the current disruption duration (off-

time), and (TRev) are the control parameters of the duration and 

polarity of the pulse. Finally, the coated layer acquires an average 

thickness of 6.83 after applying on-time and off-time repeatedly and 

performing SEM and polarization tests in 1.5% solution at 50 

Celcius degrees. Furthermore, the desired surface morphology is 

achieved, and corrosion resistance is 160 times higher than 316 bare 

steel. Applying the reverse pulse plating method, adding beneficial 

compounds of saccharin and SDS, and using lanthanum chloride in 

the plating bath are the essential reasons to successfully add a 

coating layer on the 316 bare steel. 
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1. Introduction 
The SS316L nickel-based stainless steel is less prone 

to intergranular corrosion than SS316 steel due to its 

lower carbon contents. Plate heat exchangers are 

usually made of SS316L steel. Despite the 

appropriate corrosion properties of this kind of steel, 

it suffers from local corrosion. This kind of corrosion 

possibly stems from the water-soluble industrial salt 

flowing among the plates. Therefore, numerous 

studies are conducted on the effects of chlorine ion, 

which is one of the most crucial ions in cavitation and 

local corrosion. A combination of water, heat, and 

chloride-containing salt causes pitting corrosion of 

the stainless steel. Surface contamination by 

hygroscopic salt can result in very deep pits over 

several months. When corrosion occurs under thin 

moisture layers, pit extension results in shallow pits 

[1]. The primary reason for chloride influence is 

attributed to the behavior of passive film on stainless 

steel in wet and atmospheric conditions. Numerous 

studies on the effects of environmental variables on 

the corrosion resistance of stainless steel against 

pitting corrosion in the presence of chloride 

demonstrated an inverse linear dependence of the 

corrosion potential on the temperature in the 

25~100oC interval. Therefore, Epit decreases as the 

temperature is raised. When the temperature is risen 

from 25°C to 88°C, the potential decreases four 

times. The temperature effect on the morphology of 

the pits in such environments becomes more 

noticeable at higher temperatures, and shallow spread 

ones at higher temperatures replace the deep 

localized pits at temperatures lower than 150°C [1-

4].  

The density of the pits is inversely dependent on the 

temperature. In addition, the number of pits decreases 

at temperatures higher than 100°C, while their 

diameters are increased [5]. The relationship between 

the chloride concentration and corrosion resistance in 

stainless steel is investigated. The studies revealed 

that the pitting tendency is reduced due to higher 

positive potentials at lower levels of concentration. In 

fact, the threshold temperature and amount of 

chloride for the pitting to have a steady-state 

corrosion form are shown to be 50°C and 0.5 mol, 

respectively [5-9]. Heat-resistant steels are used in 

heat exchangers due to their appropriate mechanical 

properties and corrosion resistance that is 

characterized by the composition change of the 

surface steel [10-13]. A continuous dense coating 

prevents the diffusion of anions into the alloys. 

Therefore, generating these kinds of coating naturally 

or technically on the surfaces is the key to the 

corrosion resistance of an alloy. Researches 

demonstrated that the Reverse Pulse Electroplating 

(RPE) method is influential in forming composite 

layers and high entropy alloys that are dense and 

stable and present excellent corrosion resistance [14-

17]. Pulse Plating (PP) is used to form a wide range 

of compositions and properties through effective 

alteration of the catholyte/cathode interfaces [18-20]. 

The effects of the rare earth elements on the corrosion 

(particularly pitting corrosion) and high-temperature 

oxidation of steels (due to their unique electronic 

structures and chemical activity) are reported [21-

26]. Rare earth salt can improve the Throwing Power 

(TP) of a plating solution, reduce the grain size of the 

plating alloy, and make the microstructure of the 

coating more uniform [27-31]. Electrochemical 

Impedance Spectroscopy (EIS) is often used to 

characterize the quality of barrier coating systems. 

The EIS response is stable, and Kramers-Kronig 

consistency requirements are met when the three 

parameters of saturated water volume fraction of the 

coating, diffusion rate, and the electrical response are 

low. Higher rates of diffusion, water volume 

fractions, or electrical impedance responses to the 

composite system can influence the resonance 

frequency and consequently the relative impact on 

the real and imaginary parts of the coating impedance 

[32]. High hardnesses and a slight increase in 

corrosion resistance are studied and reported by 

applying Direct Current Plating (DCP) methods or 

conventional pulsed plating methods [27-30]. The 

latter is achieved by including some rare earth metals 

in nickel plating baths for mild steel. However, 

according to this study, no research has been 

conducted on enhancing mechanical performance 

and high-temperature corrosion by combining 

lanthanum with the RPE technique. 

2. Experiments 
2.1. Materials and Research Methods 

It is demonstrated in this research that the best 

possible way to increase the corrosion resistance of 

316L steel is to use the Pulsed Electroplating (PE) 

method and rare earth elements in the plating bath 

(according to the articles in the field [18-28]. 

Lanthanum is selected among the rare earth elements 

because of its results in previous researches [28,29]. 

In all previous studies, the bath-plating method 

consists of rare-earth elements, direct-flow plating, or 

pulsed plating. During the almost three-year period 

of this study, none of these two methods are shown 

to be suitable. Finally, the experiments continue until 

reaching the surface since the produced coating by 

the reverse pulse plating (RPP) method has a finer 

grain size, more density than the PP and Direct Flow 

(DF) methods, and higher quality. The RPP method 

is applied in this regard [33, 34]. The first thing to be 

noted in the case of plating ranges is that the TOff is 

selected in every plating time if the off-time (TOff) 

is greater than on-time (Ton) since the unstable buds 

and impurities have more time to peel off the surface, 

leading to better coating quality, compression, and 
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adhesion. Multiple TOn and TOff times are tested for 

the three ranges listed in Table 3. Finally, the best 

results among all of the tested times are listed. It is 

observed that range 1 satisfies the objective of the 

present study among the three ranges. 

Experiments are performed using double distilled-

deionized water. 3.5% NaCl is added to the water, so 

the specimens are tested without a calcareous scale 

on the surface. The SS316L stainless steel specimens 

of Table 1 are polished with 2000 abrasive papers 

with one side coated by a thermoset resin.  
 

Table 1. Elemental analysis of SS 316 L austenitic stainless steel 

 

 

 

The plating anode is made of 99.9% nickel, and the constituents of the electroplating bath are all Merck’s 

laboratory-grade reagents, as shown in Table 2. Table 3 summarizes various electrical pulse ranges used for 

the electroplating process. 

 
Table 2. Chemical composition of Ni-La-Cr-Fe plating bath 

Constituents Concentration (gL-1) 

NiSO4.6H2O 250 

H3BO3 35 

C12H25SO4Na 0.35 

Saccharin 1 

Na3C6H2O.2H2O 60 

AlCl3.6H20 

 

100 

CrNO3.6H2O 

 

100 

LaCl3.7H2O 1 

Plating Parameters 

Current Type Pulse 

Plating Time (min) 40 

Temperature (ºC) 40 

Current Density (Acm-2) 1 

 

Table 3. Pulsing ranges employed for Ni-La-Cr-Fe layer plating 

Reverse Pulse Time (TRev) /µs Off-Time (TOff) /µs On-Time (TOn) /µs No. 

100 700 400 range-1 

100 1000 1000 range-2 

100 10000 10000 range-3 

 

Fig. 1 shows the represented pulse sequence of table 3 graphically. The current density and TRev are selected 

to be 1 Acm-2 and 100µs, respectively. These values ensure that a fine grain structure and smooth morphology 

are used throughout the experiment. The plating bath contains 0.35gL-1 of C12H25SO4Na to raise the over-

potential of the hydrogen evolution reaction (HER). This, in turn, cuts hydrogen produced at cathodic points, 

eliminates the embrittlement and pinhole formation, and consequently improves coating integrity.  

Element C Si S P Mn Ni 

Quantity (%) 0.018 0.70 0.002 0.03 1.17 10.22 

Element Cr Mo Fe Cu W Co 

Quantity (%) 16.71 2.03 68.5 0.36 0.02 0.18 
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Fig. 1. Schematic representation of PRP plating range used in this study. 

 

2.2. Characterization Method 
The XRD, SEM, Potentio-dynamic polarization 

experiments are performed to characterize the 

structure and corrosion properties. Moreover, the 

Tofel polarization is performed at a scan rate of 

1mVS-1 using Model PARSTAT-2273 EG&G 

potentiostat with saturated Ag/AgCl and Pt gauze as 

a reference and a counter electrode, respectively. The 

potentials of the electroplated specimens are allowed 

to stabilize in a 3.5wt% NaCl solution in the 

potentiostat’s three-electrode cells for one hour 

before each test. The tests are also repeated three 

times to ensure reproducibility, and the results are 

analyzed using the Powersuite software. The 

elemental composition of the compounds formed on 

the surface and crystallography and morphology of 

the constituents are studied using SEM Model 

TeScan Mira III, with EDS for point and linear 

element analysis and element-distribution mapping. 

The X-Ray Diffraction (XRD) technique is 

implemented using Philips Xpert and Cu-kα radiation 

to evaluate the phase patterns. 

3. Results and Discussion 
The XRD results of lanthanum-doped coatings for 

Ni3La7, NiFe, and CrFeNi are shown in Fig. 2. Ni3La7 

indicates a well-developed crystalline structure and 

clearly demonstrates the coating’s preferred growth 

for 200 planes. Its peak has an intensity three times 

greater than that of (020) and (022) planes that are the 

characteristics of nickel. As a rule, the sharp XRD 

peaks indicate a well-developed polycrystalline 

structure, and the low, wide peaks obtained from 

range-1 coatings (represented in Table3) confirm the 

microstructure is fine. Therefore, these peaks become 

wider and shorter in range-1 sample as the conditions 

tend to promote finer grains. This is validated by the 

SEM images represented in Fig. 3. 

 

 

Fig. 2. XRD patterns of coatings formed under plating ranges 1, 2, and 3 of Table 3 

 

The morphology of the specimen coated under the 

range-1 plating is shown in SEM pictures in Fig. 3. A 

uniform refined grain structure is often associated 

with enhanced mechanical properties and better 
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corrosion resistance, as demonstrated in Fig. 3. This 

culminates in directional deposit colonies comprising 

smaller spherical sub-sets. The range-1 samples are 

composed of closely packed 200nm spheres forming 

a homogenous surface. In contrast, range-2 samples 

have grains that clump together, forming coarse 

granules. This issue is more significant in range-3 

coatings where tubular structures with diameters 

more than 500nm are produced. Some researchers 

observed this phenomenon and attributed it to the 

dominant effect of plating current [25]. However, this 

could be mainly true in DC or one-sided pulse 

plating, as shown later in this paper.   

Rare-earth metals are posited with effects on the 

electrochemical depositing process and grain refining 

ability [21]. Lanthanum is a surface-active element 

with a large atomic radius of 0.1877nm and a valence 

state of La3+ [21, 26]. Thus, its outermost electron-

deficient orbital is believed to cause physical 

adsorption on the surface of a cathode alongside any 

other cation. However, Ni2+ must be chemisorbed 

first on the basis of its overwhelming activity. 

Therefore, the nickel content of the electric double-

layer falls, leading to a slight positive charge 

imbalance as La3+ concentration increases [26-28]. A 

rise in cathodic potential is required to provide the 

necessary energy reduction by deposition current that 

controls both the supply and subsequent reduction of 

Ni2+ and consequently, prevent the mentioned issue 

through migration of new cations [29]. It is discussed 

that a higher over-potential needed for nickel 

reduction helps to refine grains as the nucleation is 

sped up and the growth is reduced [28-30]. However, 

this mechanism is inadequate to explain the 

significant variation in the grain size in this work. 

Furthermore, the directional growth patterns 

observed as the PRP parameters are altered without 

changing the plating current. In contrast, the plating 

current frequency of on/off times is found to be 

particularly relevant. Compared with the effect of this 

parameter, the range-1 specimens with a shorter 

current-on time of 400 s (that is almost 2.5 times 

lower than that for range-2) acquire the most 

structural uniformity. This is due to the fact that this 

off-time prevents fast grain growth. The same holds 

for their current-off time of 700 s, which is enough to 

initiate nucleation. This time interval is enough to 

avoid the diffusion layer being formed on the cathode 

surface with undesirable concentration polarization 

effects. Finally, this research revealed that the ratio 

of “off” and “on” periods effectively achieves the 

desired metallurgical properties. A 2:1 ratio for 

samples formed under range-1 prevents excessive 

grain growth. However, as it tends to unity, both 

nucleation and growth patterns become irregular as 

this specific PRP function fails. The reverse current 

step decelerates deposition during the PRP process 

by removing some of the nascent nuclei. Therefore, 

according to the present study, it has to be kept within 

a tight range that falls within the 100~200 ms. Similar 

time ranges are suggested by other researchers [25]. 

This helps remove the boundary layer formed due to 

the diffusion of ions from the solution to the interface 

of a specimen without affecting the nucleation 

inordinately. 

The linear cross-sectional scan shown in Fig. 4 (a) 

demonstrates that nickel is the dominant coating 

element considered for both the plating bath and the 

substrate containing Ni. It also demonstrates 

outwards declining concentration of iron that is only 

a constituent of the substrate, which contains nearly 

68.5% Fe as shown in tables 1 and 2. This is in 

contrast to the observed behavior of nickel. The 

mechanism of alloy formation during plating by 

employing the modified nickel bath with appropriate 

additives is to first remove a thin layer of the stainless 

steel so that the constituents are incorporated in the 

converted surface layer. The film’s iron content 

concentration is translated from the substrate towards 

the top of the coating. This confirms the source of the 

iron. It is accomplished by controlling the gradual 

diminishing concentration of Fe through the PRP 

parameters. Therefore, the common problem of 

separate phase forming that could jeopardize coating 

adhesion is tackled. Similarly, chromium is mainly 

concentrated around the substrate. It originates from 

this region and participates in forming quaternary Ni-

Fe-Cr-Ta high entropy alloy. It also contributes to the 

coating’s good corrosion resistance [31, 35]. The 

reverse pulse technique allows the dissolution of the 

nascent nuclei. It also provides conditions similar to 

the conversion coating (coupled with electroplating) 

and the Toff duration that prevents the diffusion layer 

from being generated. Fig. 4 represents the EDS 

linear scanning to analyze 30 points elementally 

starting from below the interface to the top of the 

coating. If the concentration of the main elements Fe, 

Cr, Ni at the interface is the same as those represented 

in Table 1, the conversion nature of the coating layer 

on 316 L steel is confirmed. These values are 73 

wt.%, ~17 wt.%, and 9 wt.% for iron, chromium, and 

nickel, respectively, and shift towards those in the 

plating bath composition at distances away from the 

interface. The concentration profiles are produced 

inside the coating with clear inflection points. It is 

noteworthy that the inflection points in the three 

concentration profiles correspond to the same 

distances from the interface. This is due to the 

interactions between these elements when they 

dissolve in the substrate and fill holes in the 
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conversion/plated coating. The iron content is 

decreased rapidly so that the concentration at the 

inflection point drops by three times to 20 wt.%. In 

contrast, Ni content is increased to reach 8 the value 

of 0 wt.%. Chromium also follows a similar pattern 

and, at its inflection point, reaches almost 0.2 wt.%. 

The study on Cr as an alloying element during the PP 

approach revealed the need for high currents to 

enable Cr deposition [36-40]. The current off-time to 

on-time ratio and the current off-time is not constant, 

while our work's current density is constant. It is 

demonstrated that the controlling role of the current 

could be replaced by that ratio and the current off 

times. If there is no cathodic current, an acidic bath 

with surfactant additions can attack the substrate. 

Range-1 samples with the off-time to the on-time 

ratio of 2 show a tendency for restrained dissolution 

of Fe and Cr from the substrate at a constant reserve 

time. As explained before, it leads to moderate grain 

growth without hindering nucleation. The mentioned 

ratio for ranges 2 and 3 tends to unity with noticeable 

high Cr content extending further inside the coating 

due to long current-off time. Extremely long current-

off times of nearly 10ms (e.g., in range-3) enable the 

electrolyte to attack and dissolve the constituents. 

 

 
Fig. 3. (a)-(d) SEM images of the coated sample under the range-1 conditions as described in table 3, and (e) the 

uniformity of element distribution shown in the mapping of the same range 
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Fig. 4. SEM images of plated coating and the elemental linear scan analysis of the coating thickness.  (a) and (b) are 

samples from range-1, (c) and (d) are samples from range-2, and (e) and (f) are samples from range-3 
 

The experimental conditions, additives such as  

LaCl3.7H2O, and complexing agents positively shift 

the potential of the transition ions and depress the co-

deposition of rare-earth elements that affect the 

deposition mechanism of the coating [28]. SEM 

images in Fig. 5 reveal that the coating thickness in 

the three samples created under the ranges 1, 2, and 3 

are 6.83, 5.83, and 7.09μm, respectively. The 

interface of samples formed under range-1 shows no 

discontinuity and porosity. Therefore, the interface 

attains excellent adhesion. The range-2 samples 

demonstrate an acceptable coating quality but less 

adhesion and cohesion. However, samples of the 

range-3 plating suffer from a lack of cohesion and 

adhesion, with a noticeable porosity-filled coating 

interface. This reflects the poor corrosion 

performance, particularly when compared with bare 

SS316L. 
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Fig. 5. SEM images of the cross-sections of the coating for samples created under (a) range-1, (b) range-2, and (c) 

range-3 

 

The Tafel plots of the uncoated and plated sample 1 

are shown in Fig. 6, and the numerical results of the 

polarization curves in Fig. 6 are shown in Table 4. 

The corrosion currents of the range-1 coated 

specimen are decreased compared with the bare 

SS316 indicating an improved resistance to 

corrosion. The comparative bar chart shown in Fig. 7 

contrasts the corrosion current of these samples. It 

illustrates that the range-1 confers the highest 

corrosion resistance reducing the corrosion rate by 

almost 160 times compared to an uncoated sample. 

The overall improvement in corrosion resistance is 

attributed to the surface integrity of the passive layer 

due to chromium oxide formation, surface texture, 

and grain structure of the coating. 
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Fig. 6. Polarization diagrams of (a) 316 L steel without coating and (b) coated sample according to range-1 plating,  

Table 3, and plating specifications of Table 2, for a 1.5% NaCl solution at 50°C. 

 

Table 4. Electrochemical parameters of specimens in 1.5% NaCl solution attained from the polarization test.. 

Sample Icor(µA.cm-2) Ecor(mV) Rp(KΩ.cm2) βa(mV/decade) βc(mV/decade) 

Range-1 0.03 -580- 250 59.741 24.285 

SS.316L 4.8 -520 1.68 58.170 25.031 

 

 
Fig. 7. Comparison between the polarization test results in 1.5% NaCl solution at 50°C from the plated sample under 

range-1 and bare SS316L. 

 

High corrosion resistance results from Cr-dopped 

nickel matrix using reverse pulse frequencies with 

La. It has a pronounced effect on the structure at less 

than 1g.L-1 concentration by enhancing the nucleation 
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process so that it creates a coherent chloride-resistant 

structure. Lanthanum dissolves as La+3 cations (with 

their electronic structures) are favorably adsorbed on 

the surface of the cathode. It disturbs the positive 

charge balance of the catholyte, which is rebalanced 

by more Ni+2 migration. In fact, the initial adsorption 

of La+3 increases the cathodic current to facilitate the 

process of nickel ions reduction. The discharge of Ni+2 

by employing reverse pulse range increases over-

potential, which in turn enhances the nucleation of 

nickel grains. Finally, it results in a fine grain structure 

[31, 41]. As indicated by the linear scan results of Fig. 

4, the amount of lanthanum taken up in the surface 

layer is very low due to its relatively low concentration 

in the bath and also its difficult deposition nature. 

Lanthanum sources like LaCl3.7H2O and the reverse 

pulse condition provide optimal co-deposition to this 

element within the Ni matrix. The pulse electroplating 

with the possibility of reverse currents with varying 

frequency enables the controllability of discharge 

time and removal time of initial nuclei to achieve 

desired adhesion, as shown in Fig. 5(a). In fact, a 

cohesive and adhesive Ni coating with appropriate 

grain size and capable of forming Cr2O3 will exhibit 

the desired corrosion resistance properties. In 

contrast to the SS316L and other samples, it is 

demonstrated in the wide passive region formed in 

the range-1 sample polarization diagram (Fig. 6). 

Excellent properties of lanthanum-dopped nickel 

coating can mainly be attributed to the three effects 

of rare-earth elements on the electrochemical 

depositing process: Firstly, the process of deposition 

is adsorbing the cation on the surface of a cathode. La 

is a surface-active element with a rather large atomic 

radius of 0.1877nm. La3+ is more easily adsorbed on 

the surface of a cathode due to the outer layer of 

lanthanum’s electronic structure. When the plating 

process begins, Ni2+ is reduced on the surface of the 

cathode. However, La3+ does not participate in the 

reaction. The positive charge loss should be 

compensated by the new cations (La3+, Ni2+). 

Therefore, the Ni2+ content in the electric double 

layer decreases while the content of La3+ increases. It 

avoids the provisioning process and reduces Ni2+ in 

the bath. The schematic diagram of this process is 

demonstrated in Fig. 8. It requires a high over-

potential to provide the energy of Ni2+ reduction, thus 

altering the deposition of Ni2+ and refining the grain 

size. Secondly, the over-potential also reduces the 

hydrogen evolution of Fig. 8, the schematic diagram 

of the cathode reaction, and the cathode surface. 

Therefore it reduces the hydrogen embrittlement and 

pinholes and makes perfect surface integrity. Thirdly, 

the outermost electronic structure of rare-earth 

lanthanum makes lanthanum ion adsorbed on the 

surface of the cathode. The cathodic potential needs 

to be increased to supply the Ni2+ energy reduction, 

increase the speed of the new crystal nuclei’s 

formation, and then refine the grains [27, 28, 41].

 

 
Fig. 8. Schematic diagram of the cathode reaction. 

 

4. Conclusion 

 Tertiary high entropy coatings composed of Ni-Fe-

Cr-La with controlled metallurgical properties are 

coated on an SS316L substrate using a hybrid PRP 

electroplating technique and compounds of 

lanthanum as modifiers.  

 Optimizing the Watts plating bath significantly 

improves the morphology and corrosion resistance 

properties of the resulting coating. This is performed 

by adding useful compounds of saccharin and SDS to 

increase the quality and fineness of the coating and 

use the combination of AlCl3 that leads to an increase 

in the electrical conductivity of the plating bath. 
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 The polarization test result indicated that the 

coated sample exhibits ~160 times lower corrosion 

current than the uncoated SS316L steel when 

attacked by chloride. 

 The final result is a conversion coating with an 

adhesion due to the penetration zone. This 

penetration is due to the dissolution and redeposition 

of the substrate constituents during different phases 

of PRP electroplating.  
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In this study, Pd-Co alloying nanoparticles supported on reduced 

graphene oxide (rGO) were synthesized and characterized by various 

techniques such as field emission scanning electron microscopy (FE-

SEM), energy-dispersive X-ray (EDX), X-ray diffraction (XRD), 

and Raman spectra. The prepared Pd-Co/rGO nanoparticle was used 

as the electro-catalyst for the ethylene glycol (EG) oxidation reaction 

in the alkaline medium. The activity of Pd-Co/rGO was evaluated in 

the half-cell by cyclic voltammetry (CV) technique. Results 

demonstrate that Pd-Co/rGO electro-catalyst has higher performance 

compared to simple alloyed-based Pd electro-catalysts for EG 

electro-oxidation in alkaline media. Pd-Co/rGO catalyst showed 

well-defined peaks for the EG oxidation reaction after 150 CV cycle. 

This result indicated that Pd-Co/rGO electro-catalyst is still active in 

EG oxidation reaction even after 150 CV cycles, suggesting high 

poisoning toleration of Pd-Co/rGO electro-catalyst in the EG 

oxidation reaction. The results of electrochemical experiments 

indicated that Pd-Co/rGO could be practically used as the high-

efficiency anode electro-catalyst for the EG oxidation reaction in 

alkaline media. 
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1. Introduction 
Direct alcohol fuel cells (DAFCs) represent one of 

the most promising renewable and clean energy 

devices found in portable, stationary, and mobile 

applications. DAFCs employ a wide range of liquid 

fuels such as mono-valent alcohols and aliphatic 

diols. Ethylene glycol (EG) as an alcoholic fuel has 

the following advantages: 1) renewable bio-fuel from 

the biomass fermentation, 2) low toxicity compared 

to methanol, 3) high theoretical mass-energy density 

(EG: 5.2 kWh kg-1), 4) high-efficiency energy 

conversion, 5) easy to store and carry and 6) cheap 

and wide sources [1-3]. Therefore, developing such 

green, low-cost, and high-efficiency anodic fuel is 

desirable for direct EG fuel cells (DEGFCs). 

The development of catalysts with high electro-

catalytic activity for DEGFCs application is a central 

issue to accelerate the clean energy technology in an 

affordable manner [4, 5]. Due to the unique chemical, 

physical and electronic properties of Pt, it is one of 

the most common catalysts used for alcohol 

oxidation in DEGFCs. However, Pt and Pt-based 

catalysts easily adsorb intermediates of alcohols 

oxidation (e.g., CO), and their electro-catalytic 

activity is reduced rapidly [6]. Moreover, Pt is a 

precious metal with limited global reserves, resulting 

in considerable efforts to lower the Pt loading or even 

replace it with less expensive materials [7]. 

In general, three kinds of electro-catalyst (i.e., Pt-

based, Pd-based and Au-based catalysts) have been 

regarded as electro-catalysts for the electro-oxidation 

of EG in alkaline media as follow: (i) Pt-based 

catalysts such as Pt-Ag nanotubes [8], Pt-CeO2/C [9, 

10], Pt-Co/rGO [11], Pt-Pd/rGO [12], Au-Pt 

deposited on Ni nano-particles [13], (ii) Pd-based 

catalysts such as Pd-M bimetallic electro-catalysts 

(M: Ni or Sn) supported on sulfonated multi-walled 

carbon nanotubes [14], Pd-In [15], Pd-Ni decorated 

manganite [16], Pd-(Ni-Zn)/C [17], FeCo-Fe-Pd/C 

[18], oxide (CeO2, NiO, Co3O4 and Mn3O4)-

promoted Pd/C [19, 20], (iii) Au-based catalysts such 

as oxide (CeO2, Fe2O3 and RuO2)-promoted Au/C 

[21], Pt-Au [22], Au-Bi/C, Pd-Au/C and Pd-Au-Bi/C 

[23]. The past studies on the electro-catalysts for EG 

electro-oxidation indicated that the electro-catalytic 

activity, stability, and durability of electro-catalysts 

could be further improved with binary alloy catalysts.  

The addition of the second transition non-precious 

metals, such as Co, forms a binary alloy with Pd, 

resulting in altering the electronic structures of the 

two metals (by shifts in the binding energy in X-ray 

photoelectron spectroscopy (XPS)). Furthermore, the 

surface segregation phenomenon of alloying leads to 

the suitable arrangement of the Co next to the Pd 

surface atoms [24, 25]. Apart from electro-catalyst 

alloying, the employment of reduced graphene oxide 

(rGO) as electro-catalyst support helps the effective 

dispersion of nano-catalyst and reduction in CO 

poisoning, this activates the functional sites of the 

catalyst due to its hydrophilic nature. In addition, 

rGO has many merits of a large theoretical specific 

surface area, high intrinsic mobility, and high thermal 

and electrical conductivity [26, 27]. 

To the best of our knowledge, Pd-Co/rGO electro-

catalyst applied for EG oxidation reaction has not 

been reported so far. However, it is presented in the 

following articles that Pd-Co/rGO exhibits higher 

electro-catalytic activity in the oxidation of ethanol, 

formic acid, and methanol compared with the Pd 

electrocatalyst. Rostami et al. [28] synthesized the 

Pd-Co/rGO electrocatalyst, which had 

electrochemical catalytic ability toward the ethanol 

electro-oxidation in the alkaline medium. For Pd-

Co/rGO, it was evidenced that the onset potential (Es) 

and the peak current density (jP) are 160 mV lower 

and 2.5 times higher than that of the Pd/C 

electrocatalyst, respectively. Results determined that 

the anti-poisoning ability of Pd-Co is improved by 

rGO as a catalyst support.   

Duck et al. [29] prepared Pd-Co nano-structures 

decorated on graphene (Gr) as an electrocatalyst 

toward the formic acid electro-oxidation. The Pd-

Co/Gr increased jP to 7 times more than Pd/C. In 

addition, the Es and peak potential (EP) for Pd-Co/Gr 

electrocatalyst indicated a negative shift in comparison 

to Pd/C. The chronoamperometry (CA) experiment 

showed that the stability of the Pd-Co/Gr catalyst was 

significantly upgraded. Wang et al. [30] described a 

method for synthesizing carbon-supported Pd–Co 

core-shell nano-particles. PdxCo@Pd/C had a high 

activity comparable to Pt/C, exhibiting a high 

tolerance of PdxCo@Pd/C toward methanol in the 

oxygen reduction reaction. Wang et al. [30] also 

described a method for synthesizing carbon-supported 

Pd–Co core-shell nanoparticles. PdxCo@Pd/C had a 

high activity comparable to Pt/C, exhibiting a high 

tolerance of  PdxCo@Pd/C toward methanol in the 

oxygen reduction reaction. Wang et al. [31] provided 

Pd-Co nano-particles supported on rGO sheets. 

Electrochemical measurements confirmed that the 

Pd-Co/rGO exhibits excellent performance for 

ethanol and methanol electro-oxidation in the alkaline 

medium with slightly decreased activity but 

significantly improved stability compared to Pd/rGO. 

In this paper, Pd-Co alloy nanoparticles based on rGO 

were synthesized and employed as a promising 

candidate for the electrocatalyst toward EG oxidation 

in the alkaline medium. This electrocatalyst was 

prepared through a simple co-reduction process and 

characterized using field emission scanning electron 
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microscope (FE-SEM), energy-dispersive X-ray 

(EDX), X-ray diffraction (XRD) technique, and 

Raman spectra. Then, Pd-Co/rGO nanoparticles were 

employed as the electrocatalyst for EG electro-

oxidation in the alkaline electrolyte. The 

electrochemical performance of the Pd-Co/rGO 

electrocatalyst was evaluated by CV and CA 

techniques. Since the Pd-Co/rGO electrocatalyst 

showed high electro-catalytic activity in EG electro-

oxidation, it would have more promising applications 

in DEGFCs. 

2. Experimental  

2.1. Materials Required 
To synthesized the Pd-Co/rGO electrocatalyst, the 

used chemicals were powdered graphite, PdCl4 

(99.9%, Merck), NaNO3 (Indian), H2O2 (30 wt.%, 

Merck), Co(CH3COO).5H2O (98%, Alfa Aesar,), 

H2SO4 (98%, Merck), HCl (98%, Merck) KMnO4 

(98%, Merck), NaOH (Indian, ~98%), N2H4 (5 wt.%, 

Merck), ethanol (98%, Merck) and EG (98%, 

Merck). To prepare the catalyst ink, nafion 117 (10 

wt.%, Aldrich) and isopropyl alcohol (20 v.%, 

Merck) were used.  All the experiments were 

performed using de-ionized (DI) water. 

 

2.2. Graphene Oxide (GO) and Pd-Co/rGO 

Synthesis 
GO was synthesized through modified Hummer's 

method [32]. In summary, 1g of graphite powder, 1 g 

NaNO3 was added in 40 mL H2SO4 while stirring. 

After 2 h, the mixture was placed into ice bath and 6 

g of KMnO4 was gradually added to it.  Then, the 

mixture was kept at 35oC under stirring for 24 h. 10 

mL of H2O2 was added instantly to terminate the 

reaction. Finally, the suspension was filtered and 

washed with HCl (5 v.%) followed by washing with 

DI water for several times until reaching the neutral 

pH. 

Pd-Co/rGO nano-particles with 1:1 Pd to Co metal 

ratio were synthesized using an in situ procedure as 

follows: 25 mg of synthesized GO was mixed in 25 

mL of EG and ultra-sonicated for 30 min to obtain 

highly exfoliated GO homogenous dispersion. The 

calculated amount of PdCl4 and Co(CH3COO)2.5H2O 

were dissolved in a few amount of ethanol and EG 

solvents, respectively. After that the metal salts were 

gradually added into the GO solution followed by 

stirring for 12 h. 0.25 g of NaOH was dissolved in 5 

mL of N2H4 and added drop wise to the mixture 

followed by stirring for 1 h under N2 atmosphere. 

Then the mixture was put in an oven at 200 oC for 3 

h. After self-cooling to the room temperature, the 

resulting sample was collected by super magnet and 

washed several times with DI water and ethanol until 

reaching the neutral pH. Then, the synthesized 

catalyst was dried in an oven at 45 oC.  

 

2.3. Morphological and Electrochemical 

Characterization 
The surface morphology of GO and Pd-Co/rGO was 

investigated by FE-SEM (Mira III, TE-Scan, Czech 

Republic) in EDX mode. Raman spectrum was 

recorded between 500 and 3000 cm-1 on a Raman 

spectrometer (Takram P50C0R10, Teksan, Iran), 

using a 532 nm Nd: YAG laser at 10 mW power. 

XRD analysis was done to record the structural 

information by calculating crystallite size and lattice 

parameters in the range of 20 to 80 at the rate of 3 per 

minute. A diffractometer (PW3040, Philips, 

Netherlands) with a Cu Kα X-ray source was used for 

XRD. The electrochemical performance of the 

synthesized electrocatalyst was investigated through 

a conventional three-electrode electrochemical cell 

with a potentiostat–galvanostat workstation (SAMA, 

Iran) at room temperature. A glassy carbon (GC), 

platinum foil and Ag/AgCl in saturated KCl were 

used as the working electrode, counter electrode and 

reference electrode, respectively.   

In order to prepare the working electrode, the GC 

electrode surface (area: 0.0314 cm2) was carefully 

polished with the alumina powder on a polishing 

cloth, cleaned by sonication in ethanol and DI water, 

and allowed to dry at room condition. The catalyst 

ink was prepared by well-dispersing 1 mg of 

powdered catalyst in a solution of 0.05 mL of nafion 

solution in isopropyl alcohol (5 wt.%), 0.5 mL of DI 

water and 0.5 mL of ethanol. The required amount of 

the catalyst ink was pipetted on the pre-polished GC 

electrode surface and dried at room temperature. The 

catalyst loading on the pre-polished GC electrode 

was 0.033 mg cm-2. All electrochemical 

measurements were carried out in the basic solution 

containing 1M KOH and 1M EG. For the 

electrochemical measurements, CV and CA were 

performed. CV test was carried out by scanning the 

potential between -0.7 and 0.4 V vs. Ag/AgCl 

electrode with the scan rate of 50 mV s-1. CA test was 

also carried out at the potential of -0.1 V. All 

potential values in this article have been 

reported vs. Ag/AgCl potential. 

 

3. Results and Discussions 

3.1. Morphological Investigation of Synthesized 

GO 
The prepared GO was characterized by the Raman 

spectrum (Fig. 1) and FE-SEM images (Fig. 2). The 

Raman Spectrum of GO is determined by a G band at 

ca. 1605 cm-1  and a D band at 1353 cm-1 which 

correspond to the E2g phonon mode of the sp2 C atoms 

and breathing mode of κ point phonons of A1g 

symmetry, respectively [33]. In other words, the D 

band is an indication of disorder, resulting from 
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certain defects such as vacancies, grain boundaries 

and amorphous carbon species [34]. As shown in Fig. 

1, D and G bands of GO were observed at 1371 cm-1 

and 1597 cm-1, respectively. The ID/IG ratio of the 

Raman spectrum of GO indicates the degree of 

structural defects. This ratio of synthesized GO was 

0.85 indicating that synthesized GO contains little 

defects. The band was observed in the range of 2500 

cm-1 to 3000 cm-1 is known as the 2D band, which is 

an indicator of the number of GO layers [34]. As 

shown in Fig. 1, the 2D band is observed to be 

broadened, attributed to the fact that the prepared GO 

contains few layers.

  

 
Fig. 1. Raman spectrum of GO (Graphene oxide) 

 

Fig. 2 shows FE-SEM images of GO with different scales. These images have well defined three-

dimensional GO sheets, forming a network that resembles a loose sponge-like structure.  

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. FE-SEM images of GO with different scales a (20 μm and b) 500 nm  

 

3.2. Structural Investigation of Synthesized 

Pd-Co/rGO Electrocatalyst 
The XRD pattern of Pd-Co/rGO is shown in Fig. 3. 

The XRD pattern shows the peaks at 2θ of 40o, 

46.86o, 67.73o, 82.36o and 86.4o are associated with 

the (111), (200), (220), (311) and (222) crystal planes 

of Pd, respectively, featuring a cubic phase with a= 

0.39 nm). Compared to the cubic phase of pure Pd 

(JCPDS 01-087-0643), each peak of the XRD pattern 

(Fig. 3) are shifted to higher angles, suggesting the 

alloying of Pd and Co in the bimetallic Pd-Co/rGO 

electrocatalyst, and indicating a lattice contraction, 

which is caused by the incorporation of the small Co 

into the Pd structure [35].  
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Fig. 3. XRD pattern of (a) Pd-CO/rGO, (b) Pd and (c) Co 

 
As shown in Fig. 3, the characteristic peak was 

observed at 2θ of 51.18o, which is related to (200) 

crystal plane of Co cubic phase (JCPDS 01-087-

0641, a=0.34 nm). It is expected that there are the Co 

(111) and Co (220) peaks at the range of 44o-48o and 

79o-83o. According to the XRD pattern, the average 

nanoparticle crystallite size (D) was calculated by the 

Scherrer Eq. (1): 

D =
0.9 λ

β
cos θ                                                                  (1) 

where λ, β and θ are the wavelength of X-ray (λ for 

Cu Kα=0.154 nm), additional broadening and 

diffraction angle, respectively. β can be obtained by 

Eq. (2): 

 β = FWHM ×
3.1416

180
                                                            (2) 

where, FWHM is full width at half maximum 

reflection. By using Eq. (1) and Eq. (2), the average 

size of nano-particles was approximately 30 nm. 

Because of weak intensity belonging to carbon 

diffraction peaks, they were not observable in the 

XRD pattern of Pd-Co/rGO. The chemical 

composition of the synthesized electro-catalyst is 

determined by EDX analysis (Fig.4).  
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Fig. 4. a) EDX analysis, elemental mapping images of b) C, c) O, d) Co, e) Pd and f) all elements 

 

Fig. 4(a) indicates the EDX spectrum of Pd-Co/rGO. 

Results indicate that the synthesized catalyst contains 

Pd, Co, O, and C elements. As shown in the inset of 

Fig. 4(a), C and Co have the most and less weight or 

atomic percentage compared to other elements, 

respectively. According to the weight percentage of 

Pd and Co, it is concluded that the molar ratio of Pd 

to Co is equal to 1.3. Fig. 4(b)-(d) shows the EDX 

mapping images of C, O, Pd, Co, and all these 

elements. The images confirmed the mentioned 

elements and showed their homogenous distribution. 

Fig. 5 shows FE-SEM images of synthesized 

catalysts in different scales. FE-SEM images indicate 

the 3D structure morphology of the electrocatalyst. 

Homogenous dispersion of electrocatalyst on rGO 

occurred without significant agglomeration. The 

average particle size was 30 nm, close to that 

estimated by XRD. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5. FE-SEM images of Pd-CO/rGO electrocatalyst with different scales a) 500 nm and b) 200 nm 
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3.3. Electrochemical Characterization of 

Synthesized Pd-Co/rGO Electrocatalyst 
The EG electro-oxidation reaction on the Pd-Co/rGO 

surface was investigated by the CV experiment. Fig. 

6 shows the cyclic voltammogram of Pd-Co/rGO in 

the solution containing 1M KOH and 1M EG at room 

temperature. The EG oxidation peak can be clearly 

observed in Fig. 6. It can be concluded that EG 

oxidation on the Pd-Co/rGO surface is performed in 

the forward scan at -0.09V and reduction of not-

oxidized carbonaceous species can be obviously 

observed with a peak position at around -0.35V in the 

reverse scan. Table 1 indicates the electrochemical 

parameters such as Es, forward anodic peak potential 

(Ep), jp and specific peak current density (Sap) of the 

EG oxidation reaction on the Pd-Co/rGo 

electrocatalyst compared to Pd-based and Pt-based 

electrocatalysts as reported in the literature, 

previously [12, 14, 20].  

 
Fig. 6. Cyclic voltammogram of Pd-Co/rGO electrocatalyst in the solution containing 1M KOH and 1M EG at room 

temperature with the scan rate of 50 mV s-1. 

 
Results demonstrate that Pd-Co/rGO electrocatalyst 

has higher and lower performance compared to 

alloyed-based Pd and Pt electrocatalysts, respectively. 

High activity of Pd-Co/rGO toward EG oxidation 

reaction results from the strategic co-operation of Pd 

and Co by alloying. Pd is predicted to migrate from 

the core of the particle to the surface layer on Co. In 

other words, Pd and Co were found to occupy shell 

and core positions in a Pd-Co nano-alloy catalyst, 

respectively. The reason of this fact can be generally 

described by two independent factors: i) cohesive 

energy and ii) atomic size (quantified by Wigner-

Seitz radius). A positive cohesive energy value 

(ΔEPd(Co) = 0.75 eV) means that the core-shell 

structure prefers Co in the core and Pd in the shell 

[36]. On the other hand, an element with a small atomic 

radius (1.39 Å of Co vs. 1.52 Å of Pd) tend to occupy 

the core to relieve the compressive strain [37].  

The ratio of the forward peak current density (jf) to 

the reverse peak current density (jr), jf/jr, is employed 

to determine the tolerance of Pd-Co/rGO against 

poisoning intermediate carbonaceous species 

accumulated on the electrode surface. A higher ratio 

than one is related to the efficient oxidation of alcohol 

during the forward scan and less accumulation of 

carbonaceous residues on the electrode surface [31]. 

According to Fig. 6, jf/jr of EG oxidation is 4.5, 

indicating that the tolerance of Pd-Co/rGO toward 

poisoning is high in the EG oxidation reaction. 
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Table 1, Comparative electro-catalytic properties of the Pd-based and Pt-based nano-catalysts toward EG oxidation 

reaction in the alkaline medium 

 

Fig. 7 shows products obtained for electro-oxidation 

of EG in the alkaline medium [38, 39]. Results 

indicate that the oxidation of EG is mechanistically 

complicated and most EG oxidation intermediates 

can be produced and accumulated on the 

electrocatalyst surface, resulting in blocking the 

active sites and reducing the electrocatalyst stability.  

 

 

 

 

 

 

 

 

 

 
Fig. 7. Products obtained by electro-oxidation of EG [38, 39]. 

 
The stability of current density and electro-catalytic 

activity of the Pd-Co/rGO electrocatalyst was also 

investigated by CV experiment during 150 CV 

cycles. Fig. 8 shows consecutive CV patterns for EG 

electro-oxidation on the Pd-Co/rGO.  

 

Ref. Sap  

(mA mg-

1
Pd) 

jP (mA 

cm-2) 

EP 

(V)  

Es (V)  EG 

(M) 

KOH 

(M) 

Catalyst 

loading (mgPd 

cm-2) 

Catalyst 

[14] 247 51.9 0.23 -0.44 0.5 0.5 0.21 Pd-

Sn/MWCNT 

[14] 168 35.3 0.25 -0.39 0.5 0.5 0.21 Pd-

Ni/MWCNT 

[20] 347 104  -0.48 1 1 0.3 Pd-NiO/C 

[20] 327 98  -0.55 1 1 0.3 Pd-Co3O4/C 

[20] 352 88 0.08 -0.45 0.5 0.1 0.25  Pd/C 

[20] 227 68  -0.46 1 1 0.3 Pd-CeO2/C 

[20] 240 72   -0.5 1 1 0.3 Pd-Mn3O4/C 

[12] 1582 134.5 -

0.16 

-0.46 0.5 1 0.085 Pt-Pd/rGO 

[12] 703 59.8 -

0.11 

-0.56 0.5 1 0.085  Pt-Pd/C 

[12] 709 60.3 -

0.01 

-0.54 0.5 1 0.085  Pt/C 

[12] 623 53.2 -

0.16 

-0.48 0.5 1 0.085  Pt/rGO 

[12] 125 10.7 -

0.16 

-0.3 0.5 1 0.085  Pd/rGO 

Current 450 180 -0.1 -0.3 1 1 0.4 Pd-Co/rGO 

HOCH2CH2OH 

Ethylene glycol 

OHCCH2OH 

Glycolaldehyde 

OHCCHO 

Glyoxal 

HOOCCH2OH 

Glycolic acid 

HOOCCHO 

Glyoxylic acid 

HOOCCOOH 

Oxalic acid CO2 

Carbon dioxide 
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Fig. 8. Consecutive CVs of Pd-Co/rGO electrocatalyst in the solution containing 1M KOH and 1M EG at room 

temperature with the scan rate of 50 mV s-1. 

 

It can be seen in Fig. 8 that jP value was increased 

during the time up to 50th CV cycle, exhibiting the 

Pd-Co/rGO activation period. After 50th CV cycle, as 

shown in Fig. 8, jp value was decreased with 

increasing of the CV cycle number because EG was 

consumed and the electrocatalyst surface was 

poisoned by the produced intermediates. The jp value 

of EG oxidation on the Pd-Co/rGO declined 68% 

under 150 CV cycle. However, Pd-Co/rGO catalyst 

still exhibits well-defined peaks for the EG oxidation 

reaction after 150 CV cycle. This result demonstrates 

that Pd-Co/rGO electrocatalyst is still active in EG 

oxidation reaction even after 150 CV cycles. It can be 

concluded that the poisoning toleration and stability 

of Pd-Co/rGO electrocatalyst is high in the EG 

oxidation reaction.  

The long-term electro-catalytic activity of Pd-

Co/rGO in the EG oxidation reaction has also been 

investigated by CA experiment in the solution 

containing 1M KOH and 1M EG, with an applied 

potential of -0.1V. The time period of CA testing was 

set 1000 s. Fig. 9 shows the chronoamperogram of 

Pd-Co/rGO in the EG oxidation reaction. CA curve 

displays the decay of current during the time, which 

would be related to the remaining of the adsorbed 

intermediate products of EG oxidation on the surface 

of the electrocatalyst.  

 

 

 

 

 

 

 

 

 

 

Fig. 9. Chronoamperometric curve for Pd-Co/rGO electrocatalyst in the solution containing 1 M KOH and 1M of EG 

with an applied potential of -0.1V. 
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4. Conclusions 
In this work, Pd-Co/rGO nano-particles were 

synthesized with the simple one-step method. During 

the catalyst synthesis process, GO was reduced to 

rGO.  Pd-Co/rGO electrocatalyst were characterized 

by XRD, EDX and FE-SEM and Raman spectra 

techniques. The electrochemical performance of the 

Pd-Co/rGO was investigated by CV technique. Pd-

Co/rGO exhibited high jp (180 mA cm-2) and low Es 

(-0.3V) in EG oxidation reaction. Results showed an 

excellent catalytic activity of Pd-Co/rGO in terms of 

Sap compared to the reported results in the literature 

for EG electro-oxidation in alkaline media. The jp 

value of EG oxidation on the Pd-Co/rGO declined 

68% under 150 CV cycle, suggesting that synthesized 

Pd-Co/rGO nanoparticles were durable for EG 

electro-oxidation. 
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In the present work, a computer-based method is proposed to 

investigate the relationship between the steady-state grain size (ds) 

and stacking fault energy (SFE) in severely plastic deformed 

(SPDed) materials. The stacking fault energy, γ, plays an important 

role in determining the mechanical properties of face-centered cubic 

(fcc) metals. A number of models have been proposed to show this 

role. These models have several shortcomings, including complex 

computational variables, data constraints and small computational 

range constraints. The present model compatible with experimental 

results does not employ hard calculable variables. Besides, it is 

applicable not only for pure metals but also for alloys. The squared 

regression (R2) and error sum of squares (SSE) for the training and 

testing data of the presented model are 0.93, 0.0006 and 0.98, 

0.00018, respectively, which indicates the high accuracy of the 

proposed model. The slope of the log
Gb


 versus log sd

b
 is about 

0.6453 which is comparable to all the models offered in this field. 
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1. Introduction 
Severe plastic deformation (SPD) is a method to 

produce ultrafine bulk materials for industrial 

applications. In various systems such as Cu-Al, Cu-

Zn, and Pd-Ag, it has been demonstrated that ds or 

dmin (minimum grain size) is dependent on stacking 

fault energy (SFE) [1]. Many models have been 

proposed to confirm this dependence [2-9].This 

dependence is represented by a parameter called q 

(the average parameter q is approximately 0.65.), 

which is essentially the slope of the log
Gb

  versus 

log sd

b
, where b is the Burgers vector and G is the 

shear modulus. The proposed models are based on 

limited data and do not have a high computational 

theory. On the other hand, they cannot be used in 

alloys and are used only for pure metals, which 

confirms the lack of high potential in these models. 

In the present work, Gene Expression Programming 

(GEP) as one of the most important branches of 

artificial intelligence (AI) has been used for 

simulating the SPD process and providing a relation 

between the   and sd . According to the obtained 

results, the presented model overcomes the 

mentioned shortcomings (in other models) and then 

assesses its reliability and accuracy by experimental 

results.  

2. The model 
The exact functionality of this model has been 

explained in our previous work [10]. It is worth 

mentioning that prior to introducing the data to the 

model, they are divided into two groups, namely the 

training and the testing datasets. Testing data are 

randomly selected from all data and entered into the 

model to test the training data (see Table 1 and Table 

2). This guarantees that the model output for the 

training data will not be false. Genetic programming 

(GP), one of the newest paradigms of evolutionary 

computations, can automatically learn the introduced 

problem by mimicking the Darwinian evolution 

process [10]. Gene expression programming (GEP) 

as an extension of GP, is used in this paper to develop 

the model. GEP method includes individuals referred 

to linear strings with fixed-size called genome or 

non-linear entities containing various sizes and 

shapes called expression trees (ETs). Generally, any 

individual contains one chromosome having one or 

more genes, divided into head and tail parts [10]. 

Moreover, there are two languages in GEP: the 

language of the genes and the language of ETs. A 

simple chromosome as a linear string with two genes 

is encoded, as shown in Fig. 1 as an example for ET 

language. Its ET and the corresponding mathematical 

formula are also shown in the same figure.  

 

 
Fig. 1. A simple chromosome as a linear string with two genes 

 

3. Results and discussion 
Seven input parameters comprised of b, D, G, H,  , 

Q and T were inserted to the GEP model as input 

layers, while the output layer was set on ds.  Fig. 2 

shows an expression tree for the steady-state grain 

size values (ds or dmin) of the SPDed materials as 

output layer in this research. It should be noted that 

the variables of d0, d1, d2, d3, d4, d5 and d6 are the 

values for the abovementioned input layers, which 

are b, D, G, H, , Q and T, respectively. 
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Table 1. Modeling database for various metals and alloys in training mode [6] 
 

Materials 

used in 

SPD  
process 

T (K) G (GPa) b (nm) D (m2s-1) Q (kJ/mol)  (mJm-2 ) H(GPa) ds(nm) 

Mg 922 17 0.3197 1.75 138 125 0.34 1000 

Fe 1809 82 0.2482 1.9 240 180 3.02 200 

Co 1768 82 0.2497 0.55 298 31 3.28 100 

Ni 1728 75 0.2492 1.77 285 125 3.02 170 

Pd 1825 46 0.2751 20.5 266 180 2.13 240 

Ag 1234 27 0.2889 27.8 182 16 0.94 220 

Al-Mg 906 26 0.2881 4.4 140 27 1.98 190 

Al-Ag 928 26 0.2864 0.33 125 175 0.59 500 

Al-Ag 920 26 0.2864 1.5 136 190 0.74 500 

Al-Cu 923 26 0.2858 0.18 126 166 2.01 207 

Cu-Al 1350 47 0.2565 0.287 188 37 2.1 65 

Cu-Al 1335 46 0.2578 1.293 191 8 2.51 118 

Cu-Zn 1283 41 0.2593 0.36 170 18 2.4 108 

Cu-Zn 1223 37 0.261 1.7 172 14 2.49 74 

Pd-Ag 1733 42 0.2779 17.6 126 125 2.92 150 

Ni-Fe 1713 78 0.2537 41.5 316 79 3.92 120 

Ni-Co 1733 76 0.2493 0.725 273 120 3.58 197 

Ni-Co 1738 78 0.2497 0.166 258 90 4.06 115 

 
Table 2. Modeling database for various metals and alloys in testing mode [6] 

Materials 

used in 

SPD  
process 

T (K) G (GPa) b (nm) D (m2s-1) Q (kJ/mol)  (mJm-2 ) H(GPa) ds(nm) 

Al 933 26 0.2864 17.6 126 166 0.31 1500 

Cu 1357 48 0.2556 35 204 45 1.3 400 

Al-Mg 930 26 0.2867 0.49 124 87 1.25 330 

Al-Mg 916 26 0.2874 0.32 122 54 1.8 230 

Al-Ag 906 26 0.2864 11 155 210 1.11 500 

Cu-Zn 1330 45 0.2575 0.13 170 35 2.23 110 

Pd-Ag 1774 44 0.2758 1.75 138 165 2.61 206 

Pd-Ag 1648 38 0.28 1.9 240 119 3 144 
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Fig. 2. The expression tree with 6 genes for predicting ds 
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Table 1 and Table 2 show the experimental sets 

collected from the literature for the modelling 

process [5]. There are two sets of data in any 

simulating/modelling process, including training and 

testing which used for learning and generalizing 

model, upheaval buckling predictive models (for 

additional details, please refer to our previous work 

[10]). In this research 18 data were randomly chosen 

as the training and remained 8 data were used as 

testing. The model containing the best-predicted 

values of ds in both of the training and testing data 

sets is adopted as the best model for simulating SPD 

process. The formula derived from the ETs presented 

in Fig. 2, with the procedure shown in Fig. 1, is in 

accordance with the following equation: 

   
1/3

1/3

1/2 2/3

7.3
/ 7.3exp Gexp exp( )

8.7G
s

m

Q b b D
d HD H D b

H T





          
                        

                                                   (1) 

Or 

 
1/31/3

3/2 2/3

7.3
3.5 exps

m

G HbQd b D
b

b Gb H T





    
            

                                                                                                         (2) 

Two points are extracted from Eq.2: 

1- The Burgers vector, the frequency factor for pipe 

diffusion and the melting temperature play an 

exponential role, indicating they have a more 

important effect than the other mentioned 

parameters. 

2-  There is a linear relationship between 
Gb


 and 

sd

b
or between log

Gb


 and log sd

b
. 

The latter has been also reported in previous works. 

To illustrate, Qu et al. [1] analyzed the dependency 

of the normalized steady-state grain size on the 

normalized SFE for SPDed materials. They reported 

a simple linear relationship between 
Gb


 and sd

b
 . 

 Moreover, Mohamed et al. [2] presented a model in 

which log
Gb


 and log sd

b
 have a linear connection 

as follows: 

 

1/4 1/2 5/42

exp
4

sd Q DGb G
A

b RT vkT Gb H

       
       

      

         (3) 

where, A is a constant, β= 0.04, Q is the activation 

energy for self-diffusion, R is the gas constant, T is 

the absolute temperature, D is the frequency factor 

for pipe diffusion, v is the initial dislocation velocity, 

k is Boltzmann’s constant,   is the stacking fault 

energy, and H is the steady-state hardness.  

Another model which has been expressed by using 

thermodynamic relations and almost confirms the 

results of our model is Kazeminezhad model [3], 

which is expressed as follows:  
1/3 2/32

exp
3

sd Q DGb
A

b RT vkT Gb

     
     

    

               (4) 

where 0.037  . 

In addition, there are many experimental works 

reporting a power-law relationship for the 

dependency of ds to SFE [2-9]. These models have 

great potential for simulating SFE. However, several 

major flaws are common to all of them: 

a) The initial speed of dislocation to which these 

relations have referred is almost hardly calculable 

and, as a consequence, it reduces the precision of the 

models.  

b) The amounts of α and β can only be measured by 

experimental data and no mathematical theory 

supports them. This also results in obscurity and the 

reduction of the precision of the models. 

c) The number of experimental data for making a 

linear relationship is too small. 

d) They are applicable only for pure metals but not 

for alloys 

Our presented model (Eq.1) covers all the above 

flaws. Firstly, it does not need to calculate ambiguous 

variables (such as α or β); secondly, it covers a wide 

range of alloys and pure metals, and thirdly, it is very 

accurate. 

In order to assess the precision of the presented 

model, we have to compare the slope of the straight 

line in Fig. 3a (which the slope of the log
Gb


 versus 

log sd

b
) with that of the diagram obtained from the 

presented model (Fig. 3b). If we consider Fig.4a 

which has been drawn on the basis of experimental 

data [11-17], it can be observed that the slope of the 

straight line (q) is 0.63 (plotting the logarithm of the 

normalized steady-state grain size against the 

normalized stacking fault energy, gives a straight 

line), which is in agreement with the results obtained 

by previous studies [2-9]. In the latter diagram, which 

has been drawn based on the predicted ds, it can be 

seen that the slope is q=0.6453. Mohammed et al. [2], 

and Kazeminejard et al. [3] reported a value of 0.65 

and 0.66 for q, respectively. Other studies in this field 

have reported almost the same results for the value of 

q as 0.65 [7], 0.69 [8], 0.63 [9], 0.64 [19]. 
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(a)                                                              (b) 

Fig. 3. Normalized steady-state grain size (ds / b) vs. the normalized stacking fault energy (  /Gb ) for a: 

experimental and b) modelling results 

 
One of the significant advantages of this model over 

the other mentioned models is its rich database (Table 

1 and Table 2). As can be seen in these Tables, the 

materials selected for modelling process are not only 

pure metals but also a variety of different alloys. This 

makes the model applicable for both pure metals and 

alloys.  

To assess the ability of the GEP-based formulation 

(Eq. 1), the developed regression-based formulation 

R-square (R2) was used as the measurements index 

between the experimental and predicted ds values 

according to the following equation ]18]: 

   

      

2

2

2 22 2

i i i i

i i i i

n t o t o
R

n t t n o o




 

  

   

          (5)  

where ‘‘t’’ is the experimental value, ‘‘o’’ is the 

predicted value, and ‘‘n’’ is total number of data.  

Figure 4 shows the comparison between the 

experimental values of ds and the predicted ones 

obtained from the training and testing results of the 

GEP model. As can be seen, the R2 and error sum of 

squares (SSE) values are shown in this figure for the 

training (Fig. 4a) and testing (Fig. 4b) datasets. There 

is no need to explain that the high amount of R2 

ensures that the values obtained for the training and 

testing datasets in the GEP model are very close to 

the experimental results. The R2 values in the training 

and testing sets show that the proposed GEP is 

suitable and can predict ds very close to the 

experimental values. 

 

 
(a)                                          (b) 

Fig. 4. The correlation of the measured and predicted ds in (a) the training and (b) the testing phase 
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     f(x) = p1*x + p2

Coefficients (with 95% confidence

bounds):

       p1 =      0.6399  (0.1951, 1.085)

       p2 =       4.312  (3.357, 5.267)

GEP model :

     f(x) = p1*x + p2

Coefficients (with 95% confidence
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Linear model for testing dataeset :

     f(x) = p1*x + p2

Coefficients (with 95% confidence bounds):

       p1 =       1.089  (0.9741, 1.203)

       p2 =       -72.5  (-141.5, -3.516)

Goodness of fit:

  SSE: 1.89e+04

  R-square: 0.989

Linear model for training dateset:

     f(x) = p1*x + p2

Coefficients (with 95% confidence

bounds):

       p1 =      0.9802  (0.8403, 1.12)

       p2 =       3.771  (-41.51, 49.05)

Goodness of fit:

  SSE: 6.078e+04

  R-square: 0.9324
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4. Conclusion 
In this study, a computer-based model was 

introduced for dependent of the steady-state grain 

size to stacking fault energy. The evaluation of model 

using experimental data showed that there is a perfect 

match between the current and previous models. 

However, there are several advantages to this model. 

First, it is applicable not only for pure metals but also 

for alloys, second, it does not employ hardly 

calculable variables and third, it is more accurate and 

more diverse. The slope of the log
Gb


 versus 

log sd

b
 is about 0.6453 which is comparable to all 

the models offered in this field. In this research, 18 

sets were randomly chosen as the training and 

remained 8 sets were used as testing. R2
 values for 

training and testing datasets of the proposed model 

are 0.93 and 0.98, respectively, which confirms the 

high accuracy of the model. 
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In this study, aluminum chips were milled in a planetary ball mill at 

different times and ball-to-powder weight ratios (BPRs). The 

resulting optimum powder was reinforced with 1 wt% and 2 wt% of 

multi-walled carbon nanotubes (MWCNTs). The effects of alloying 

time, BPR, and MWCNTs percentage on the morphology, 

distribution, and composition of the Al7075-MWCNT powder were 

investigated. The results showed that smaller particles with a limited 

size distribution can be obtainable by increasing BPR and decreasing 

mechanical milling time. A uniform dispersion of reinforcement (2 

wt%) was achieved at lower alloying times (15 and 30 min) and a 

higher BPR (20:1). Using XRD analysis, it was revealed that the 

carbon peaks are more clearly in 2%-MWCNT powders than 1%-

MWCNT ones. The addition of MWCNTs led to reducing the 

particle size; this is confirmed by the data obtained from the XRD 

patterns and their analysis with the Williamson-Hall model. 

Machining chips were converted into composite powder by cost-

effective mechanical milling and alloying method with a uniform 

distribution of MWCNTs, which is unique. 
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1. Introduction 
Composite materials have been at the center of 

interest for many researchers because they are high-

performance and low-cost materials. Over the last 

few decades, Metal Matrix Composites (MMCs) 

have been replaced by conventional materials in 

various industries [1]. The presence of several 

reinforcements like alumina (Al2O3), silicon carbide 

(SiC), boron carbide (B4C), graphite (Gr), silica 

(SiO2), tungsten carbide (WC), and multi wall carbon 

nanotubes (MWCNTs) leads to producing 

nanocomposites with superior mechanical properties 

[2-6]. Due to their unique physical, chemical, 

electrical and mechanical properties, MWCNTs are 

usually used in various scientific fields. The 

extraordinary strength, lightweight, and nanoscale 

dimensions of the MWCNTs have made them a good 

candidate to reinforce composites [7]. Successful 

preparation of ferrous [8], aluminum [9] and copper-

based [10] composites with carbon-based 

reinforcements have been reported in recent years in 

terms of their preparation and application methods. 

However, their agglomeration and poor dispersion 

ability in the metal matrix make using them 

problematic [11]. The uniform dispersion of the 

MWCNTs and the MWCNT-metal interface is the 

most critical research topic because of dealing with 

the strong Van der Waals forces [12]. The production 

method, matrix, and type of the reinforcements 

determine the defectless microstructure of the MMCs 

and uniform distribution of particles [13]. For 

powder-based production methods, mechanical 

alloying has been widely used to decompose 

MWCNTs' clusters, disperse them homogeneously in 

the metal field, and achieve a uniform distribution 

[14]. 

The mechanical alloying properties obtained strongly 

depend on the mixing parameters [15]. Alloying time 

is one of the most influential parameters that play an 

essential role in the composite morphology and its 

mechanical properties [16]. Several studies have 

indicated the role of milling time to achieve a 

homogeneous distribution of components, which is 

an advantage of the mechanical milling method 

compared to the other conventional synthesis routes 

[9, 14]. In recent studies, the effect of parameters, 

including ball size, BPR, milling time, and speed, 

were studied to determine the optimal conditions of 

better structural, mechanical, electrical, and magnetic 

properties [14, 16]. Although some studies reported 

the improvement of mechanical properties, numerous 

challenges concerning the MWCNT-reinforced 

composites should be resolved, of which MWCNTs 

uniform dispersion is a significant concern. In this 

research, mechanical milling and alloying were used 

as an effective tool to disperse MWCNTs better. A 

high-energy planetary ball mill was employed to 

make Al7075-MWCNT powder. An appropriate 

range of the process parameters which results in a 

uniform dispersion should be determined. After 

mechanical alloying, the effect of milling time, BPR, 

and weight percentage of MWCNTs on the 

morphology of the Al7075-MWCNT powder were 

investigated. 

2. Materials and methods 
The sample in the form of machining chips with the 

size of 1×3 mm was utilized. The chemical 

composition of the chips was determined by 

spectrometric analysis. It includes 5.89% Zn, 2.19% 

Mg, 1.53% Cu, and less than a half percent of silicon, 

iron, manganese, titanium, chromium, and other 

metals. A high-energy planetary ball mill (250 rpm) 

was used for mechanical milling (see Figure 1). The 

vial and ball materials were hardened steel and 

chrome steel, respectively. Argon was used to 

prevent the chips from oxidizing during milling; in 

addition, 1 wt% of stearic acid was used as a process 

control agent (PCA) to prevent agglomeration of the 

particles. The chips were milled at three milling times 

(1, 3, and 5 h) with three different BPRs (10:1, 15:1, 

and 20:1). 

 

 

Fig. 1. The high-energy planetary ball mill. 
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Mechanical alloying was utilized to better disperse 

the MWCNTs in the aluminum alloy. MWCNTs 

agglomeration changes the composite properties. 

Therefore, there must be an optimization process to 

prepare an appropriate composite powder for the 

alloying process. The powder chips and MWCNTs 

(NANOSANY CORPORATION) with an inner 

diameter of 5-10 nm, an outer diameter of 20-30 nm, 

and a length of 1-5 μm were mixed in a high-energy 

planetary ball mill under an argon atmosphere. The 

mechanical alloying conditions are as follows: 1 and 

2 wt% MWCNT, three BPRs of 10:1, 15:1, and 20:1, 

and three alloying times of 15, 30, and 60 min. Field 

Emission Scanning Electron Microscopy (FESEM) 

model MIRA3-FEG-SEM made by TESCAN Co. 

(Czech Republic) was used to analyze the 

morphology of the powders. The size distributions of 

the powders were quantified using a laser particle size 

analyzer (FRITSCH Co., model ‘ANALYSETTE 22 

Nano Tec’). X-ray diffraction spectroscope (XRD) 

model D5000 made by Siemens was used to study 

intermetallic compounds. The high density of crystal 

defects produced by mechanical milling increases the 

work hardening of the powder particles. Due to 

severe plastic deformation and continuous fracture, 

the crystal dimensions are reduced to be recognizable 

by the X-ray diffraction peaks [17]. Williamson and 

Hall identified the grain size and in-lattice strain as 

the reason for X-ray diffraction peaks. Hence, 

according to Eq. (1), the grain size was determined 

by Williamson and Hall’s method. 

(1) β cos θ = 4ε sin θ +
k λ

D
 

where D is the grain size, β is the peak width (in 

radians), θ is the angle at which the radiant beam 

strikes the atomic plane (in radians), ε is the relative 

change in distance between the crystal plates or the 

lattice strain, k is the Scherr constant (usually 

between 0.9-1), and λ is the radiated X-ray 

wavelength (in angstroms). 

3. Results and discussion 
Figure 2 shows the morphological changes of the 

chip after milling for 3 h with a BPR of 10:1 and 20:1. 

As the BPR increases, the chip morphology turns into 

a plate-like morphology. The sharp edges become 

smoother, and more welded particles became to 

appear. The higher the BPR, the higher the number of 

collisions between the balls, the powders, and the 

container. It leads to breaking, cold-welding, 

agglomerating, and again breaking the particles. 

These collisions speed up the milling process. In 

conclusion, increasing the BPR causes more chips to 

be broken. Figure 2 also shows the curves of the 

particle size distribution. D50 represents the minimum 

diameter equivalent to 50% of the particles, and D90-

D10 indicates the particle size distribution range. By 

increasing the BPR, D50 decreases from 36 µm to 6 

µm, and the range of D90-D10 encloses from 25 µm to 

17 µm. Therefore, a powder with smaller particle size 

and a more limited distribution range is achieved. 

 

 
Fig. 2. The chips morphological changes and related distribution curves after milling for 3 h and a BPR of (a) 10:1 and 

(b) 20:1. 

 

Figure 3 shows the morphological changes of the 

chip with a BPR of 15:1 after milling for 1 and 5 h. 

Changing the morphology of the chips in addition to 

agglomerating them is predicted by increasing 

milling time, both of which are mainly due to cold 

welding. At a short milling time, the particle 

agglomeration is not very noticeable, indicating the 

predominant role of the fracture and deformation 

process in the milling mechanism. According to the 

particle size distribution curves, the D50 increases 
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from 32 μm to 40 μm by increasing the milling time. 

It indicates that cold welding is predominant during 

mechanical milling. The lower D50 indicates the 

breakage of the particles. At the same time, the D90-

D10 increases from 21 to 30 µm. Therefore, at a short 

milling time, the finer particles with a limited size 

distribution are achieved because of the priority of 

the fracture process compared to the cold welding.

 

 
Fig. 3. The morphological changes of the chips and related distribution curves and a BPR of 15:1 after milling for (a) 1 

h and (b) 5 h. 

 

Figures 4a and b show the FESEM images of 5h-

milled chips with a BPR of 10:1 and 1h-milled with 

a BPR of 20:1, respectively. A lower milling time 

with a higher BPR results in more broken chips. As 

the BPR increases and the milling time decreases, the 

D50-value decreases from 7 µm to 5.3 µm, and the 

particle size distribution encloses from 13.4 µm to 

11.5 µm. Powders with a limited size distribution are 

less prone to segregation. The optimal particle size 

distribution can vary depending on the process 

conditions and the method used. There is a preference 

for powders with a limited size distribution over 

single-size or widely distributed ones due to their 

higher sintering potential and microstructural control 

[18]. These results have a good agreement with the 

research results conducted by Fogagnolo et al. [17]. 

Homogeneous distribution of the reinforcing phase in 

the metallic matrix is required to demonstrate the 

superior performance of the composite material so 

that the more uniform the dispersion, the better the 

composite properties. In this study, the alloying 

process and its duration determine the effective 

dispersion of the MWCNTs in the Al7075 alloy 

powder. The powder obtained from the mechanical 

milling for 1 h and with a BPR of 20:1 was used as 

an optimal combination for mechanical alloying. 
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Fig. 4. The FESEM images and related distribution curves of the chips milled for (a) 5 h and a BPR of 10:1 and (b) 1 h 

and a BPR of 20:1. 

 

Figure 5 shows the FESEM images of the Al7075-

MWCNTs composite powders with 0, 1, and 2 wt% 

of reinforcing particles mechanically alloyed for 30 

min with a BPR of 15:1. As we know, a mechanical 

mill affects particle size via two different 

mechanisms of cold welding and particle fracture. 

Figures 5a and b show that the particle size of the 

Al7075 containing 1wt% MWCNT composite 

powder is smaller than that of the Al7075 alloy 

powder simultaneously, i.e., the addition of the 

reinforcing particles reduces particle size. 

Furthermore, the size reduction rate is more 

distinguished in 2wt% MWCNT compared to 1wt% 

MWCNT. Therefore, it can be concluded that 

reinforcements have a significant impact on the 

morphology of the powders. The increase of the 

MWCNTs concentration accelerates the alloying 

process, causes fracture of more particles, and acts as 

a process control agent. The PCAs are ordinary 

organic compounds that act as surfactant agents. 

They are adsorbed onto the surface of the powder 

particles and minimize contact between particles, 

thereby inhibiting agglomeration. Here, the 

MWCNTs avoid cold welding and bonding between 

the powder particles and the balls and the 

agglomeration of powders during milling. So, they 

act as a process control agent. It also reduces cold 

welding during the alloying process, and smaller 

particles are obtained for the same alloying time. 

According to the results presented, adding 

reinforcements has a positive effect on the alloying 

process. The schematic of how the reinforcing 

particles of MWCNTs and the aluminum matrix 

combine in the mechanical alloying process is shown 

in Figure 6. Given the research results conducted by 

Wu et al., the particle size of the MWCNT-reinforced 

composite powder is smaller than the reference 

powder [18]. Uriza et al. [11] stated that increasing 

the reinforcing content is a way to reduce excessive 

particle welding during the milling process, which 

produces smaller particles at the same milling time. 

Increasing the MWCNT content and the collision of 

particles inside the mill leads to the formation of a 

hard surface on the particles, which increases their 

fragility and decreases the particle size. Therefore, in 

addition to the fracture-welding-fracture cycle in the 

mechanical milling process, this hard surface 

interferes with the cycle and becomes harder each 

time during combination with the aluminum 

particles. As the MWCNT content increases, this 

effect reaches a maximum value, and the fracture of 

the harder and smaller particles prevails. Figure 6 

illustrates the mechanical alloying mechanism of the 

Al7075-MWCNT composite.
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Fig. 5. The FESEM images of the Al7075-MWCNTs composite powders with (a) 0, (b) 1, and (c) 2 wt% reinforcement 

mechanically alloyed for 30 min and a BPR of 15:1. 

 

 
Fig. 6. Schematic of mechanical alloying mechanism of Al7075-MWCNT composite. 

 

Figure 7 presents the FESEM images of Al7075-

MWCNTs composite powder after alloying for 60 

min and a BPR of 10:1. Figure 7a shows the 

morphology of a composite powder with 1 wt%-

MWCNTs. A plate-to-globular change in the 

morphology of the particles and more fracture of 

particles are observable after mechanical alloying. 

MWCNTs were distributed in the matrix so that some 

of them are deeply embedded inside the alloy, and 

partial clusters are seen. By increasing the 

reinforcements up to 2 wt% (see Figure 7b), the 

MWCNTs observed on the composite surface 

gradually decrease and embed inside the aluminum 

alloy particles. The morphology of clusters of the 

MWCNTs is not changed. 
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Fig. 7. The FESEM images of the Al7075-MWCNT composite powder mechanically alloyed for 60 min, a BPR of 

10:1, and a reinforcement content of (a) 1% and (b) 2%. 
 

Figure 8 shows the FESEM images of the Al7075-

MWCNTs composite powder after an alloying time 

of 15 min and a BPR of 20:1. Based on Figure 8a, the 

MWCNTs are rarely found on the surface; this is 

attributable to the lower percentage of reinforcements 

or the higher BPR at a short alloying time. This 

condition leads to uniformly dispersing and deeply 

embedding the MWCNTs inside the alloy. Of course, 

by increasing the BPR during the mechanical alloying 

process, some breakage is observed in the MWCNTs 

due to the higher energy of the planetary ball mill. 

Figure 8b shows the uniform distribution of the 

MWCNTs on the surface of the composite powder in 

which their clusters are crushed and bonded to the 

surface of the aluminum particles. It is evident that 

uniform dispersion of reinforcements is achieved by 

increasing their content in a short alloying time. 

 

 
Fig. 8. The FESEM images of the Al7075-MWCNT composite powder mechanically alloyed for 15 min, a BPR of 

20:1, and a reinforcement content of (a) 1% and (b) 2%. 
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Figure 9 presents the FESEM images of the Al7075-

2%-MWCNTs composite powder with a BPR of 10:1 

and an alloying time of 15 min. It can be seen that in 

MWCNTs-rich composite powder made with a low 

BPR and alloying time, the accumulation of 

nanotubes on the particle surface prevents the metal 

particles from bonding to each other. In this case, two 

types of bonds (1) Al7075 alloy with MWCNTs and 

(2) MWCNTs with MWCNTs are formed. The bond 

between the nanotubes is fragile and breakable under 

the load applied [19]. Further accumulation of the 

MWCNTs in a short alloying time leads to 

agglomerating the particles and adversely affects the 

homogeneity of the composite powders [20, 21]. In 

other investigations, the mechanical alloying process 

has successfully dispersed MWCNTs [19, 20]. In the 

research conducted by Al-Aqeeli [20], Yarahmadii et 

al. [19], increasing the content of reinforcements 

results in agglomeration when the milling time is 

short. In order to study the formation of the 

composite and the distribution of the reinforcement 

phase, EDS-map was prepared from Al7075-2% 

MWCNT powder with a BPR of 10:1 and alloying 

time of 15 minutes which is shown in Figure 9. To 

better understand the distribution of the 

reinforcements, a carbon element map was prepared 

as a representative of the MWCNT phase. It is 

observed that the carbon element is dispersed in the 

aluminum background, and a composite powder is 

formed. 
 

 
Fig. 9. The FESEM images of the Al7075-2% MWCNTs composite powder with a BPR of 10:1 and an alloying time of 

15 min along with the EDS-map 

 

Figure 10 shows the X-ray diffraction (XRD) 

spectroscopy analysis results for Al7075 alloy with 0, 

1, and 2 wt% reinforcement. According to Figure 

10b, the carbon-related peaks are tiny due to the low 

content of MWCNTs (1%), but these peaks can be 

seen by increasing the percentage of the MWCNTs, 

as shown in Figure 10c. Due to the large amount of 

Mg and Zn elements in the Al7075 alloy and the 

strong tendency of the alloy to combine with these 

elements, MgZn created during the alloying process 

is observed among all phases. In a study conducted 

by Zhang et al. [22], MgZn2 was also observed during 

a tempering process in the hot pressing process of the 

Al7075 alloy. The difference in the thermal 

expansion coefficients between the MWCNTs and 

the background Al7075 alloy increases the deposition 

of MgZn2 and the bonds between the MWCNTs and 

aluminum. The MgZn2 phase has a good relationship 

with the aluminum matrix and helps to increase the 

surface bond. It should be noted that in Figs. 10b and 

c, the purpose is to show the appearance of the carbon 

peaks, and the peaks corresponding to the Al and 

MgZn phases are not shown for better comparison. 
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Fig. 10. The XRD analysis of the Al7075-MWCNT powder containing (a) 0, (b) 1, and (c) 2 wt% reinforcement 

(alloying time: 60 min, BPR: 10:1). 

 

The morphological changes influence the intensity 

and width of the X-ray diffraction peaks. For 

example, when the grain size decreases, the width of 

the peak increases while its intensity decreases. 

Moreover, the intensity of some peaks increases and 

some others decreases by the preferential orientation 

of the grains. Using the data extracted from the XRD 

pattern and Xpert High Score software, the 𝛽𝑐𝑜𝑠𝜃 

diagram was plotted in terms of 𝑠𝑖𝑛𝜃 as shown in 

Figure 11a. According to the Williamson-Hall model, 

the grain size is calculated by the width obtained from 

the line's origin. The grain size is extracted from the 

intersection of the graph with the Y-axis shown in 

Figure 11a. Based on the results shown in Figure 11b, 

the grain size is reduced by adding the reinforcements 

to the Al7075 alloy. After alloying for 60 min, the 

grain size of the Al7075 alloy with 0, 1, and 2 wt% 

MWCNTs are equal to 37.4, 32.2, and 29.4 nm, 

respectively. By comparing the X-ray diffraction 

pattern of these samples, it is clear that by increasing 

MWCNTs, the peaks of the reinforcements become 

wider and have a larger peak width, indicating a 

decrease in the grain size. Compared to the Al7075 

alloy powder without the reinforcements, the grain 

size of the Al7075 containing 2wt% MWCNTs 

powders at the same alloying time and BPR are 

reduced by about 22%. Therefore, based on the 

results obtained from the FESEM images, the 

reinforcements as a process agent accelerate the 

alloying process and reduce the grain size. 
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Fig. 11.  (a) The Williamson-Hall diagram and (b) the obtained grain size (alloying time: 60 min, BPR: 10:1). 

 
4. Conclusions 
In this research, the Al7075-MWCNT composite 

powder was prepared by the mechanical alloying 

process in a high-energy planetary ball mill with 

different weight percentages of reinforcements, 

milling time, and BPR. The composites morphology 

was studied, and the following results were obtained: 

 In mechanical milling, by decreasing the milling 

time in a constant BPR, the finer particles with a 

limited size distribution are achieved because of the 

priority of the fracture process compared to the cold 

welding one. As the BPR increases and the milling 

time decreases simultaneously, the powders with a 

limited size distribution are achieved. 

 In the mechanical alloying process, the 

reinforcements had a significant impact on the 

morphology of the powders. By increasing the 

MWCNTs, the formation of harder surfaces on the 

particles accelerates; it should be mentioned that their 

fragility increases, the cold welding decreases, and 

smaller particles are obtained. 

 A uniform dispersion of the reinforcement (2 wt%) 

inside the metallic background of the Al7075 alloy is 

achieved after alloying for 15 and 30 min and a BPR 

of 20:1. In addition, adding a large amount of the 

MWCNTs (2 wt%) at a short alloying time (15 min) 

and a lower BPR (10:1) adversely affect the 

homogeneity of the alloy and leads to agglomeration. 

 There is no new peak in the XRD diffraction 

pattern for the Al7075 aluminum alloy powder. In the 

X-ray diffraction pattern of the Al7075 containing 1 

wt% MWCNT, the carbon peaks are specified in 

small quantities. For Al7075 containing 2 wt% 

MWCNT, the carbon peak is more visible compared 
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to the 1 wt% MWCNT. The MgZn phase peaks are 

also evident in the X-ray diffraction patterns; this is 

due to the combination of the Mg and Zn elements 

present in the Al7075 alloy during the alloying 

process. 

 The result concerning the reduced particle size, 

which is due to the addition of the MWCNTs, is 

confirmed based on the data obtained from the XRD 

pattern and their analysis with the Williamson-Hall 

model. 
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