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ABSTRACT  

Copper is one of the widely used materials in various fields such as automotive, electronics, aviation, etc. 

The inherent property of copper makes it useful in wide variety of applications. The features on different 

components using the copper material can be made using different manufacturing techniques. However, 

post processing is one of the inevitable steps in any manufacturing process. Machining is one of the widely 

used post processing. There are multiple varieties of milling process. Among them, end milling process is 

widely used for making the slots. Three important process parameters in end milling process are depth of 

cut, cutting rate and feed rate. In this experimental approach, the copper is subjected to end milling 

operation by varying the aforementioned input parameters. In this fast-moving world, any manufacturing 

industry aims to produce the features with good dimensional accuracy with minimal amount of tool wear.  

Hence, the output responses selected are surface roughness and the tool wear. This research investigates 

the machining behavior of pure copper (Cu) and additively produced CuCrZr alloys to assess how fabrication 

methods affect processability. Pure copper, recognized for exceptional thermal / electrical conductivity, is 

compared against additively manufactured CuCrZr, which retains copper9s advantages while offering 
improved strength and wear resistance through alloy composition. During the milling process the following 

parameters such surface quality, cutting forces, tool degradation, and removal rates are reviewed through 

proper analysis. Compared to commercial copper, CuCrZr is more difficult to machine because it requires 

precise control over machining parameters to attain superior surface quality during milling. It is found that 

the CS and FR parameters balance material removal rate while controlling surface quality in both materials. 

As3built CuCrZr finds demand in high3performance applications such as heat exchangers, rocket engine 

components, and electrical contacts wherein strength, excellent thermal conductivity and additive 

manufacturability are critical. 

KEYWORDS  

CuCrZr " milling " as built " surface roughness " depth of cut 
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Introduction 

Widespread usage of copper across multiple industrial sectors is due to unique metal 

properties such as electrical conductivity, malleability, and thermal conductivity.  

In manufacturing, copper is employed in the production of industrial machinery [1], 

precision instruments, and heat exchangers. The transportation sector also depends on 

copper for the construction of vehicle radiators [2] and braking systems [3].  

http://dx.doi.org/10.18149/MPM.5342025_1
https://orcid.org/0000-0003-4133-5635
https://orcid.org/0000-0003-0273-7746
https://orcid.org/0000-0001-7236-5090
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Machining copper presents numerous challenges due to thermal and electrical 

properties of the material. Copper is utilized majorly in various applications due to its 

electrical and thermal conductivity, plasticity, and elongation [4,5]. Notable complications 

are observed during the machining process of copper due to its electrical properties and 

the properties of softness and ductility. Optimal choice of tools and machining techniques 

and process parameters is imperative to minimise tool degradation, distortion, burr 

development and retain accurate dimension. Copper's maximum heat transfer capability 

develops complications during the time of machining, resulting in loss of material's 

integrity and tool degradation. Thermal management becomes essential by adopting 

efficient lubricant and coolant systems. Copper is susceptible to built-up edge (BUE) 

formation as it shows tendency to bond with cutting tool surfaces. Necessity for specialized 

tool coatings and optimized cutting velocities arises due to the occurrence of BUE, which 

results in acceleration of tool wear and degradation of surface quality [6]. It is difficult to 

process copper with significant advantages due to the following properties such as softness 

and malleability. Manufacturing techniques such as drilling, milling and turning are used 

for the fabrication of accurate components mostly used in safety critical application in 

aerospace domain. Maintaining a balance is essential during the copper matching due to 

copper's physical complexity for achieving appropriate integrity and accurate dimension 

for usage across various industrial sectors. 

Machining procedures play a vital role in customizing copper (Cu) components for 

versatile applications across various spectrum of industries. Different techniques are 

deployed, each demonstrating its unique pros and cons. Machining processes classified 

under mechanical, facilitates the removal of material through mechanical modes, are 

widely adopted in copper machining. These processes involve drilling, turning, grinding, 

and milling. Milling is a machining technique that uses rotary cutters to remove material 

out of the workpiece. Milling offers several advantages while placing it as a preferred 

choice for Cu machining. It illustrates high precision, allowing for ease of fabrication of 

intricate shapes and profiles [7]. Besides, milling yields exceptional surface finishes, 

thereby eliminating any supplementary finishing procedures [8]. It illustrates high 

efficiency, and is well-suited for large scale production [9]. Advancements in tooling and 

cutting techniques have enhanced the tool life. Additionally, milling demonstrates 

adaptability through end and face milling, that offers distinct advantages. End milling, 

engages the bottom of the cutter, whereas face milling comprises of cutting with the 

sides of the cutter [10,11]. This features places milling as a potential machining process 

to handle a diverse range of tasks, that comprises machining flat surfaces, complex 

profiles and slots [12]. 

End milling presents is a prominent technique for the required ablation from raw 

materials. The variations of the key process parameters, controls the end milling of 

additively manufactured copper [13]. These parameters play a crucial role in the outcome 

of the machining process. Typically, a higher cutting speed (CS) can improve material 

removal efficiency and minimize tool contact time, thereby enhancing the surface finish. 

Optimizing the feed rate (FR) has the potential to influence tool wear and chip evacuation. 

Optimizing these parameters is essential to ensure efficient and precise machining. Tool 

wear and machined product evenness, measured in the form of roughness are important 

in the end milling for additively manufactured copper [14,15]. Lower surface roughness 
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is preferred as it facilitates production of smoother and more precise parts. The tool wear 

impacts the tool longevity and the efficiency of the machining process. Higher tool wear 

forces frequent tool changes, leading to increased downtime and incurs additional costs. 

Henceforth it is imperative to monitor and regulate tool wear and surface roughness to 

attain successful end milling product. 

After detailed literature survey, it may be observed that minimal work is presented 

on optimizing the end milling process parameters for copper-based materials. Hence, in 

this study, the copper is subjected to end milling operation by varying three input 

parameters. The input process parameters are varied in five levels. The impact of input 

parameters on the tool condition and product quality is reported. Further, Cu Cr Zr is 

additively manufactured and milling experiments are performed similar to those 

performed or Cu. The comparative results are presented in the paper. The experiments 

are designed based on the central composite rotable design technique. 

 

Materials and Methods 

The end milling experiments are carried out on the copper plate. During experimentation, 

steel tools with a wide speed range are deployed for the machining or ablation operation. 

FR, CS, and depth of cut (DoC) varied during the experimentations, and the tool wear and 

surface roughness are calculated. A systematic approach that considers the material 

properties and intended process outputs is considered when choosing machining settings 

for milling commercial copper (Cu) and CuCrZr that has been additively produced. The 

foundation for parameter selection also accounts for the milling behaviour of commercial 

copper and Cu Cr Zr alloys, such as the impact of process parameters on the resultant 

microstructures. Additionally, mechanical, thermal, and physical properties of the 

material are carefully examined, as are material-specific factors like porosity, work 

hardening, and anisotropy. The process parameter window is then fine-tuned by 

preliminary trials, and performance is subsequently optimized using structured 

experiments utilizing Taguchi factorial design. The parametric range is selected based on 

the tool catalogue and the initial preliminary trials calculated based on trial and error. 

Subsequently, the parameters are chosen from optimized parametric window based on 

the data obtained from the experiments. Consequently, the trials are carried out based 

on the central composite rotable methodology. Input process parameters are varied in 

five levels during the experimentation. Each experiment with a specific parametric set up 
 

 
 

Fig. 1. Cu sample after milling operations 
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is repeated thrice, and the mean value is reported. The surface roughness is measured 

using a 3D profilometer (Make: Bruker) and the tool wear is estimated using the optical 

microscope (Make: Leica). Figure 1 shows the Cu sample after milling operations are 

performed. 
 

Preliminary experimentation 

The primary objective of the initial/preliminary experimentation is to determine the 

optimal range of the parameters in which the responses are effective. It is observed from 

the literature that FR has the most significant parameter that influences the product 

surface quality followed by CS and DoC. The variation of the FR during experimentation 

is in accordance to the tool makers catalogue. It is desirable to obtain the least surface 

roughness for the applications. It may be concluded that the range in which the FR can 

be varied may lie between 100 to 250 m/min. 

 

Influence of FR on machined surface 

The linear speed at which the cutting tool (represented by FR) moves along the workpiece 

during the process of milling, influences the resulting surface roughness in copper 

machining. Figure 2 provides valuable insights into the dependency of surface roughness 

on the FR with the key objective being the attainment of lower surface roughness, a major 

consideration in precision machining. 

 

 
 

Fig. 2. Effect of FR on the 3D average Sa 

 

From Fig. 2, it can be observed that mean Sa (machine surface quality) is increasing 

with the increase in FR from 100 to 350 m/min and then progressively decreases as the 

FR is increased to 500 m/min. This clearly indicates that higher FRs yield smoother 

surface finishes. It may also be noted that within the data, there is an occurrence of a 

peak in surface roughness at an intermediate FR, specifically at 350 m/min, where Sa 

reaches 3551.55 nm. This suggests that there exists an optimal range of FRs that 

minimizes surface roughness. Increasing the FR beyond this optimal point, may result in 

rougher surfaces due to factors such as increase tool wear or increased cutting forces, 

indicating a subtle balance between FR and surface finish.  
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Influence of CS on machine surface quality 

3D surface roughness is measured and recorded using optical metrology tools by 

capturing the height variation (z-axis) across a defined area (x-y plane) of the sample 

surface. These values of height are processed to calculate area surface roughness 

parameters according to standards. CS (rpm) controls the resulting surface roughness in 

the machining processes of copper. Figure 3 shows the influence of CS on the average 

Sa. It is observed from the figure that the average Sa drops down with rise in CS from 950 

to 2500 rpm and then decreases further as the CS is increased to 3000. Subsequently, a 

declining trend may be observed as the CS increases to 3500 rpm. It is preferred to obtain 

the least surface roughness for the applications. Therefore, the FR range can be varied 

between 500 to 3000 rpm. 

 

 
 

Fig. 3 Effect of CS on 3D average Sa 

 

Analysing Fig. 3, it may further be note that initially, as the CS increases from 500  

to 3000 rpm, there is a decline in surface roughness value. At a constant FR of 300 m/min 

and a DoC of 0.5 mm, Sa decreases progressively from 6197.25 to 1737.88 nm. However, 

it may be noted that a slight deviation is in the data at 3500 rpm, where surface roughness 

increases to 3812.33 nm. This anomaly may be due to the fact that there may be a 

threshold beyond which further increases in CS can have a detrimental effect on surface 

finish. Factors viz., tool wear, vibrations or excessive heat generation could be 

contributing to this deviation. 

 

Influence of DoC on surface quality  

DoC (measured in mm) is a key parameter in the machining processes of copper that 

governs the machined product quality. The impact of DoC on the average Sa is shown in 

Fig. 4. It may be observed that the average unevenness increases with the increase in 

cutting depth from 0.2 to 0.3 mm and on further increasing the depth, Sa decreases and 

then increases as the DoC is increased to 0.8 mm. It is preferred to have the least surface 

roughness for the applications. Therefore, the FR can be varied between 0.3 to 0.8 mm. 

Analysing the data from Fig. 4, it is evident that as the DoC increases from 0.2 to 

0.8 mm while maintaining a constant CS of 2000 rpm and a FR of 300 m/min, Sa exhibits 

a consistent decreasing trend. The reducing surface roughness with increasing DoC may 

be attributed to different factors. The depth of cut being larger allows for more efficient 
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Fig. 4 Influence of DoC on the 3D average Sa 

 

material removal, reducing the number of tools passes that is necessary to complete the 

machining operation. This will eventually minimize the cumulative effects of tool wear 

and cutting forces, leading to improved surface finish. Beyond a threshold point, 

increasing the depth of cut may result in diminishing returns or even deteriorating surface 

finish. This is due to the fact that increasing cutting forces, heat generation, and the 

potential for tool deflection, negatively impacts the surface quality. 
 

CCRD results with discussion 

The experiments are carried out using the central composite rotable design technique. 

Each input parameter is varied in five levels, and the output responses are record. The 

experimental design followed for the experimentation is shown (Table 1). 
 

Table 1 Experimental plan according to central composite rotable design with surface roughness 

Std Run CS, rpm FR, m/min 
Depth of 

cut, mm 

3D-surface roughness 

(Sa), nm 

Cutting forces 

Fx Fy Fz 

8 1 2500 200 0.7 3496.55 -11.64 -40.37 0.9 

2 2 2500 100 0.4 1914.9 -6.54 -19.23 2.81 

17 3 1750 150 0.55 2181.85 -12.05 -47.58 2.35 

19 4 1750 150 0.55 2780.2 -6.87 -20.66 0.34 

14 5 1750 150 0.8 4800.28 -22.16 -64.02 -0.08 

20 6 1750 150 0.55 2495.16 -12.69 -24.4 -2.15 

15 7 1750 150 0.55 2477.7 -17.01 -60.57 -4.82 

6 8 2500 100 0.7 2377.25 -11.13 -29.92 0.59 

18 9 1750 150 0.55 2507.8 -16.29 -70.83 0.59 

12 10 1750 235 0.55 3972.4 -1.58 -8.55 -1.35 

13 11 1750 150 0.3 1952.3 -2.01 -10.42 3.27 

7 12 1000 200 0.7 5982.2 -5.76 -24.25 5.27 

1 13 1000 100 0.4 2860.72 -2.91 -12.98 3.48 

9 14 490 150 0.55 5440.6 -13.61 -41.84 1.63 

4 15 2500 200 0.4 3279.59 -11.57 -31.72 2.35 

10 16 3010 150 0.55 2802 -12.31 -31.1 3.09 

3 17 1000 200 0.4 4501.15 -11.43 -32.08 4.48 

11 18 1750 65 0.55 1530.7 -7 -19.82 1.88 

5 19 1000 100 0.7 3386.05 -8.55 -26.53 -0.43 

16 20 1750 150 0.55 2258.2 -7.42 -25.23 1.76 
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From the above data, an equation is generated. The equation is as follows:  

SA = +6437.66676 3 2.97654÷CS + 7.10099÷FR 3 11785.15146÷DoC 3 0.005842÷%S÷FR 3 

3 1.47452÷CS÷DoC + 11.83883÷FR÷DoC + 0.001051÷CS² + 0.041299÷FR² + 14768.16485÷D0C². 
 

Influence of FR on milled product evenness with varying DoC 

Upon closer observation of the data in Fig. 5 it becomes evident that FR, when coupled 

with varying DoC, yields interesting reports on surface roughness. The dataset comprises 

of runs with FR ranging from 65 to 235 m/min, each carried out at various DoC settings. 
 

 
 

Fig. 5. Effect of FR on average area Sa  at varying DoC 
 

It may be noticed that for a given DoC, as FR increases, surface roughness decreases. 

Higher FR improve the more efficient chip evacuation and reduced tool contact time with 

the workpiece, resulting in reduced surface roughness. However, it is also to be noted 

that this trend is not uniform across all trials, and the influence of FR is also dependent 

upon DoC. The data reveals cases where the effect of DC on SA is prominent. In Run 5 

with DoC of 0.8 mm, an increase in FR from 150 to 235 m/min results in a substantial rise 

in roughness (Sa) from 4800.28 to 5472.4 nm. This nonconformity from trend suggests 

that, for specific scenarios and DoC settings, higher FR yielding a lower surface roughness 

isn9t certain as conditions vary. 
Furthermore, it is recorded that the ideal FR for achieving lower roughness varies 

with the DoC cut. Runs 3 and 10, both executed at a DoC of 0.55 mm. While Run 3, with 

a FR of 150 m/min, yields a Sa value of 2181.85 nm, Run 10, with a higher FR of 

235 m/min, results in a higher Sa value of 3972.4 nm. This discrepancy highlights the 

need for a systematic and cautious approach, that accounts not only FR but also the DoC 

during the process of optimizing the surface finish in copper machining.  

One of the main reasons behind the decrease in Sa with higher FR is the effect on 

chip formation and evacuation. FR, measured in m/min, controls the rate at which the 

cutting tool advances through the workpiece. A higher FR leads to the generation of 

smaller, and more manageable chips. It is easy to evacuate these smaller chips from the 

cutting zone, reducing the likelihood of chip recutting and minimizing surface 

irregularities. Effective chip evacuation is a critical factor in accomplishing a smooth 

surface finish owing to the fact that the recutting chips may introduce unwanted 

imperfections and marks on the workpiece. With the increase in the FR, the rate at which 
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chips are produced bring into line better with the tool's ability to evacuate them, that 

results in reduced recutting and enhanced surface quality. 

Higher FR values reduce the dwell time (the duration of tool-workpiece contact) 

during each pass of the cutting tool. Shorter dwell time is desired. Firstly, it decreases the 

heat build-up at the cutting edge of the tool, that may lead to thermal distortion and 

negatively affect the surface quality. Secondly, by reducing the duration of tool-

workpiece contact it minimizes tool wear. 

 

Influence of FR on surface roughness with varying CS 

From Fig. 6, it becomes evident that the combination of FR and the CS, is significant in 

accomplishing a particular surface quality of machined copper components. The dataset 

comprises of FR varying from 65 to 235 m/min, performed at different CSs. Typically, as 

FR increases, Sa machined product irregularities decrease. This establishes the importance 

of FR in accomplishing smoother surface finishes during copper machining. Higher FR 

facilitate the attainment of efficient chip evacuation and reduces the dwell time of the 

machining tool on the work surface, that contributes to the reduction in surface 

roughness. 
 

 
 

Fig. 6. Effect of FR on average Sa at varying CS 
 

The data recordings also reveal that the impact of CS on Sa is prominent. In the case 

of Run 16 with a CS of 3010 rpm, an increase in FR from 150 to 235 m/min results in a 

significant decrease in surface roughness from 2802 to 3972.4 nm. This clearly 

demonstrates how the effect of FR can be altered by CS, and higher CSs can increase the 

impact of FR on surface roughness. Besides, it's vital to consider the interaction between 

CS and FR in achieving the desired surface finish. In the case of Run 14 with a CS of 

490 rpm, a relatively low FR of 150 m/min leads to a high surface roughness of 

5440.6 nm. Nevertheless, in contrast, Run 15 with a similar CS but a higher FR of 

200 m/min results in a lower surface roughness of 3279.59 nm. 

The key reason for the decrease in surface roughness with increasing FR is its effect 

on chip formation and evacuation. FR (m/min) controls the rate at which the cutting tool 

advances through the workpiece. Generation of smaller, more manageable chips is 

typically observed for a higher FR. It is easier to evacuate these smaller chips from the 
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cutting zone, thereby reducing the chip recutting and minimizing surface irregularities. 

Efficient chip evacuation is a critical factor in accomplishing a smooth surface finish 

owing to the fact that recutting chips introduces unwanted marks and imperfections on 

the workpiece. Additionally, a higher FR led to the reduction in dwell time. It decreases 

the opportunity for heat to build up at the machining tool surface or the edge which can 

lead to thermal distortion and adversely affect surface quality. It also minimizes withering 

of the cutting tool by reducing the duration of tool-workpiece contact. Tool wear alters 

the sharpness of the tool and increases the friction, both of which may negatively impact 

surface finish. 

 

Effect of CS on surface roughness with varying DoC 

A careful examination of the plot (Fig. 7) reveals that the choice of CS, when clubbed with 

variations in DoC, majorly influences the surface roughness of machined copper 

components. The dataset comprises of trials carried out at a wide range of CSs, from 

490 to 3010 rpm, with each run featuring different depth of cut settings. In general, as 

CS increases, Sa is observed to decrease. In the case of Run 16 with a CS of rpm and DoC 

of 0.55 mm, the resulting surface roughness is 2802 nm. This clearly establishes how 

higher CSs lead to smoother surface finishes by ensuring efficient material removal and 

reducing tool contact time with the workpiece. Nevertheless, the data also reveals that 

the effect of DoC on machined product surface evenness cannot be neglected. In case of 

Run 5 with a DoC of 0.8 mm, an increase in CS from 1750 to 2500 rpm results in a 

substantial rise in surface roughness, from 4800.28 to 3496.55 nm. This observation 

infers that the impact of CS on surface quality can be regulated by the DoC. Trials 2 and 

17, carried out at similar CSs but with different DoC settings, illustrate this point. Run 2, 

with a DoC of 0.4 mm and a CS of 2500 rpm, yields a Sa value of 1914.9 nm. In contrast, 

Run 17, with a similar CS but a deeper DoC of cut of 0.4 mm, results in a notably higher 

Sa value of 4501.15 nm. One key factor driving the improvement of surface evenness at 

higher CS is the efficiency of material removal. As CS rises, the tool removes material 

more rapidly, leading to a reduction in the thickness of material left behind in each pass. 

A higher CS accelerates material removal and minimises the negative effects of tool 

wear on surface quality. The reduction in surface roughness with higher CSs is also 
 

 
 

Fig. 7. Effect of feed rate on average Sa roughness at varying DoC 
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governed by the minimization of cutting forces. Cutting forces are the forces that are 

exerted on the tool during machining and those forces may cause tool deflection and 

workpiece deformation. When CS is increased, the duration of tool-workpiece contact is 

reduced, resulting in lower cutting forces. This reduction contributes to a smoother 

surface finish by reducing the instances of workpiece vibrations and deformations. 

However, the impact of CS on the surface should be determined along with the variation 

of DoC. DoC which specifies the thickness of material removed during each pass of the 

cutting tool, plays a vital role in regulating the correlation between them. With the 

increase in DoC, it may counter the benefits of higher CS. 

A deep cut removes more material, even for a moderate CS. This results in a higher 

surface roughness, as observed in Run 5, where a rise in CS from 1750 to 2500 rpm led 

to a rise in surface roughness. The DoC in this case (0.8 mm) significantly influenced 

material removal, overshadowing the effects of increased CS. Furthermore, the 

interaction between CS and DoC governs the machined surface characteristics. Runs 2 

and 17 illustrate this point, as both were carried out at a similar CS but with different DoC 

settings. In Run 2, with a DoC of 0.4 mm and a CS of 2500 rpm, a relatively low surface 

roughness of 1914.9 nm was accomplished. However, in Run 17, with a similar CS but a 

deeper DoC (0.4 mm), the roughness increased significantly to 4501.15 nm. 

 

Effect of CS variation on Sa with varying feed rate 

The dataset provided in Fig. 8 can be utilised to explore the dependencies between CS 

and surface roughness with the variations in the FR. The requirement of the copper 

milling process is lower surface roughness. The obtained data indicates that CS, when 

combined with changes in FR, goenrs the surface roughness of machined copper 

components. The dataset includes the experimental trails conducted with variation of 

CSs, ranging from 490 to 3010 rpm, with each run featuring different FR settings. 
 

 
 

Fig. 8. Effect of CS on average Sa at varying FRs 
 

As CS increases, roughness is observed to decrease. For instance, in Run 16 with a 

CS of 3010 rpm and a FR of 150 m/min, the resulting surface roughness is 2802 nm. This 

highlights the significance of higher CSs to promote smoother surface finishes by 

enhancing material removal efficiency and reducing tool contact time with the workpiece. 

However, the data also reveals that the impact of FR on product roughness should not be 
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underestimated. For instance, in Run 15 with a CS of 2500 rpm, a lower FR of 100 m/min 

leads to a higher surface roughness of 3279.59 nm, whereas increasing the FR to 

200 m/min results in a notably lower Sa value. 

The reduction in Sa with increasing CS can be due to several key factors. Firstly, 

increased CS promotes the chip evacuation, ensuring prompt removal of the metal 

remnants from the cutting zone. Also, higher CSs reduce the dwell time of the cutting 

tool on the workpiece, minimizing the tool wear and heat build-up. The combination of 

these effects results in smoother surface finishes when CS is increased. FR has its own 

significance on the surface roughness, even with varying CS. In the trial 15, a CS of 

2500 rpm is maintained, but the FR is varied. When the FR is set at 100 m/min, the 

resulting surface roughness is 3279.59 nm. However, when the FR is increased to 

200 m/min, a notably lower Sa value is achieved. This observation infers that the effect 

of CS on Sa may be modulated by the chosen FR. In cases like Run 15, where the FR is 

increased, the reduction in Sa is significant, indicating that FR adjustments can 

compensate for variations in CS. 

CS primarily affects material removal efficiency by determining the speed at which 

the cutting tool engages the workpiece. Higher CSs can help achieve smoother surfaces 

by reducing tool contact time and minimizing heat generation. The FR influences the rate 

at which the tool advances through the workpiece. A higher FR can promote chip 

evacuation, reduce tool wear, and mitigate heat-related issues. However, excessively high 

FRs can also lead to issues such as tool breakage or poor chip formation. Runs 2 and 8, 

executed at a similar FR but with different CSs, illustrate this point. Run 2, with a CS of 

2500 rpm and a FR of 100 m/min, yields a Sa value of 1914.9 nm. In contrast, Run 8, with 

a similar FR but a higher CS of 2500 rpm, results in a Sa value of 2377.25 nm. This 

highlights the need to carefully balance both parameters to optimize surface quality in 

copper machining. 

 

Effect of DoC on roughness of product with varying FR 

The variation patterns observed in Fig. 9 illustrate the correlation of DoC and machined 

product roughness (Sa), considering variations in FR. The dataset comprises trials 

executed at varying DoC, ranging from 0.3 to 0.8 mm, each paired with different FR 
 

 
 

Fig. 9. Effect of DoC on average area surface roughness at varying FRs 
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settings. The DoC, in conjunction with changes in FR significantly influences the surface 

roughness of machined copper components.  

As the DoC increases, surface roughness is observed to decrease. For example, in 

Run 5, with a DoC of 0.8 mm and a FR of 150 m/min, the resulting surface roughness is 

4800.28 nm. Larger values of DoC contribute to smoother surface finishes by efficiently 

removing more material per pass and minimizing tool contact time with the workpiece. 

The variations also indicate the impact of FR variations on the machined surface at 

differing DoC. In Run 15, a DoC of 0.4 mm is maintained, but the FR is varied. When the 

FR is set at 100 m/min, the resulting surface roughness is 3279.59 nm. However, when 

the FR is increased to 200 m/min, a notably lower Sa value is achieved. 

This observation suggests that the influence of DoC on Sa can be modulated by the 

chosen FR. In cases like Run 15, where FR is increased, the reduction in Sa is substantial, 

indicating that FR adjustments can compensate for variations in DoC. The correlation and 

combined effect of DoC and FR rate can be analysed by considering the balance between 

material removal and tool-workpiece interaction. 
 

A comparative analysis of milling behaviour in copper and additively manufactured CuCrZr 

Optimisation and selection of the optimal approach for machining for copper and 

additively manufactured CuCrZr requires comparative analysis of their properties. CuCrZr 

demands more precise machining parameters and tools, due to its enhanced 

properties [16,17]. This section describes the experimental analysis of 3D printing of 

Cu Cr Zr using laser powder bed fusion (LPBF) technique. This study involves the 

following procedures: 3D printing a 110 × 110 × 8 mm3 plate; wire-cut EDM (electrical 

discharge machining) to reduce its dimension to 55 × 110 × 8 mm3; milling operations. 
 

Experiment  

The chemical properties of CuCrZr materials and the mechanical properties of the as-built 

sample is presented in Tables 2 and 3. CuCrZr has high strength and good machinability. 

With these characteristics, it is commonly used in applications such as heat exchangers, 

electrical contacts, and aerospace components. 
 

Table 2. Chemical composition of CuCrZr 

Element Min Max 

Cr 0.5 1.2 

Zr 0.03 0.3 

Fe  0.08 

Si  0.1 

Cu Balance 
 

Table 3. Mechanical properties of as-built CuCrZr sample 

Test Unit As-built Remarks 

Tensile strength Rm, MPa 190 ± 20 

Tensile test according to ISO 689231:2009B 
Yield strength RpO, MPa 150 ± 20 

Elongation break A, % 36 ± 4 

Modulus of elasticity E, GPa 125 ± 20 

Vickers hardness HV10 90 ± 2 Hardness testing according to DIN EN ISO 650731 
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LPBF printing technology for CuCrZr 

CuCrZr material is prepared in the form of powder for the printing process. CuCrZr powder 

typically has a specific particle size distribution to ensure good flowability and density 

during printing. The LPBF process involves laser power to heat and fuse layers of CuCrZr 

powder to form the part. The laser moves in a precise pattern, layer by layer, to build up 

the part. The machine used for this study is STLE 400 (Fig. 10) and the parameters used 

for building the part is presented in Table 4. The typical layer thickness for LPBF is in the 

range of 203100 ¿m, depending on the printer9s capabilities and the desired part 
resolution. The initial 3D-printed plate is 110 × 110 × 8 mm3. The LPBF process allows 

for the creation of complex geometries, but in this case, a simple plate structure is being 

produced, which will subsequently be subjected to WEDM. 

 

 
 

Fig. 10. STLR 400 machine deployed for preparing CuCrZr part 

 

Table 4. Parametric Settings for as-built CuCrZr sample 

Parameters Value 

Powder, W 370 

Scan speed, mm/S 500 

Hatch distance, ¿m 80 

Layer thickness, ¿m 30 

Spot size, ¿m 80 

Build plate temperature, ° 180 

 

Wire-cut EDM process 

EDM uses an electrically charged wire (usually copper or brass) to erode material from 

the workpiece. The wire is continuously fed through the part while submerged in a 

dielectric fluid (such as deionized water) to cool the process and flush away debris.  

Wire-cut EDM allows for very fine and intricate cuts with high precision and minimal 

thermal distortion. The wire acts as an electrode that removes material through rapid 

electrical discharges, leaving behind a very clean and accurate cut surface. In this study, 

after printing the 110 × 110 × 8 mm3 CuCrZr plate, the wire-cut EDM is used to trim the 

plate to a final dimension of 55 × 110 × 8 mm3. Figure 11 shows as3built CuCrZr sample 

subjected to milling with the numbers marked indicating the trials and the process 

parametric range used for them. 
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Fig 11. Sample as3built CuCrZr subjected to 

milling 

Fig. 12. A section removed for analysis from  

as-built CuCrZr 

 

The following caution was adopted during the experimentation: 

1. CuCrZr has high thermal conductivity, which can lead to thermal stresses during the printing 

process. These stresses must be carefully managed through optimal printing parameters. 

2. LPBF parts often require post-processing steps like wire-cut EDM or machining to 

achieve the final dimensions and surface finish. This can be time-consuming and costly. 

3. CuCrZr powder can be expensive and handling the powder carefully to avoid 

contamination and ensure consistent quality. 

 

Milling operation of as built-CuCrZr 

Additive manufacturing (AM) of CuCrZr, a high-performance copper alloy with superior 

thermal and electrical conductivity, has become popular for the generation of intricate 

geometries in aerospace, automotive, and fusion technology [18320]. Methods such as 

laser powder bed fusion (LPBF) are widely practiced, albeit with challenges owing to the 

high reflectivity and thermal conductivity of copper, necessitating high-power lasers and 

processing conditions to be optimized. Post-processing operations like heat treatment 

and hot isostatic pressing are commonly utilized to improve mechanical properties and 

remove porosity. CuCrZr milling is employed to obtain high dimensional precision and 

surface quality, particularly following AM, although the greater hardness of the alloy in 

the aged condition can contribute to tool wear [19,21,22]. The combination of AM and 

high-precision milling allows complex, high-performance parts with high tolerances and 

high-quality surfaces to be fabricated [23326]. 

Experimentation involving the milling of as-built CuCrZr focuses on evaluating the 

significance and influence of various machining parameters, such as FR, CS, and cutting 

forces on product quality and DoC. cut. During the process of milling, copper's high 

thermal conductivity paves way for efficient heat dissipation, thereby minimizing the 

thermal loads on the workpiece and tool. Contrary to that, additively manufactured 

CuCrZr illustrates reduced and anisotropic thermal conductivity owing to microstructural 

variations that eventually lead to localized heat accumulation. This may have impact on 

the dimensional stability, tool wear, and surface quality. A thorough understanding of 

these thermal behaviours is essential for optimizing machining strategies. The goal is to 

optimize machining conditions for improved efficiency, precision, and durability of CuCrZr  
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Table 5. Experimental plan according to central composite rotable design with surface roughness for CuCrZr 

Std Run CS, rpm 
FR, 

m/min 

Cutting forces As-built CU 

Fx Fy Fz 
Depth of cut, 

mm 

3D-surface 

roughness (Sa), ¿m 

8 1 2500 200 32.03 -19.43 -3.34 0.7 0.78 

2 2 2500 100 30.15 -14.57 -3.67 0.4 0.73 

17 3 1750 150 -0.64 -27.15 -3.75 0.55 6.97 

19 4 1750 150 -0.42 -15.36 -3.69 0.55 5.96 

14 5 1750 150 -5.26 -54.6 -16.06 0.8 6.38 

20 6 1750 150 -2.64 -24.44 -10.51 0.55 6.3 

15 7 1750 150 -3.19 -26.54 -7.51 0.55 6.67 

6 8 2500 100 -5.81 -30.98 -11.08 0.7 0.54 

18 9 1750 150 -4.86 -58.44 -10.21 0.55 6.99 

12 10 1750 235 -2.11 -21.91 -5.87 0.55 5.72 

13 11 1750 150 -0.49 -12.52 -1.69 0.3 6.5 

7 12 1000 200 -0.45 -19.39 -2.76 0.7 2.16 

1 13 1000 100 -6.8 -10.24 -0.16 0.4 1.74 

9 14 490 150 -9.67 -41.45 -10.55 0.55 2.93 

4 15 2500 200 -5.21 -20.42 -4.32 0.4 1.15 

10 16 3010 150 -7.15 -18.46 -3.54 0.55 0.57 

3 17 1000 200 -13.85 -22.19 -4.55 0.4 2.32 

11 18 1750 65 -11.89 -16.95 -2.06 0.55 6.05 

5 19 1000 100 -14.6 -11.52 0.53 0.7 1.61 

16 20 1750 150 -17.18 -15.67 -0.39 0.55 6.64 

 

components in demanding industrial applications. The following table shows the 

experimental trials for milling of as-built CuCrZr based of design of experiments. 

Figure 12 shows CuCrZr sample where a milled portion is removed for analysing the DoC 

and product quality. Table 5 records the DoC and Sa for various trails of milling conducted 

on as-built CuCrZr. During milling, cutting forces were measured using a dynamometer 

which was mounted beneath the workpiece to record forces along all the directions. The 

dynamometer was connected to data acquisition system to capture real-time force signals 

during machining. Measurements were recorded for varying cutting parameters to 

examine their influence on machining behaviour. 

 

Results and Discussion 

Table 5 is analysed for understanding the parametric correlation between the process 

input parameters and output parameters which are the surface roughness and DoC. 

Correlation statistical algorithms are used to analyse the parametric interdependencies 

while Pearson9s coefficient is used to arrive at a comparative heat map for milling 
parametric correlations and comparisons between Cu and CuCrZr samples. Figure 13 

shows the relation between CS and surface roughness. 

In milling operations of as-built CuCrZr, surface roughness typically decreases as CS 

increases, up to an optimal point. At higher CSs, the material is removed more efficiently, 
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Fig. 13. Cutting speed vs. surface roughness 

 

allowing for smoother cuts and reducing the likelihood of tool marks on the surface. 

However, if the CS is too high, it can cause excessive heat generation, leading to thermal 

damage, work hardening, and increased tool wear, which may worsen machined product 

quality. The relationship between CS and roughness is thus dependent on finding an 

optimal CS that balances material removal efficiency and tool performance while 

minimizing surface imperfections. Figure 14 shows the relation between FR and Sa.  
 

 
 

Fig. 14. Feed rate vs. surface roughness 
 

The dependency of surface roughness on the FR for as-built CuCrZr (copper 

chromium zirconium) can be critical in determining the efficiency and quality of 

manufacturing processes such as milling or turning. Additive manufacturing (e.g., laser 

powder bed fusion) of CuCrZr may exhibit different surface roughness characteristics 

compared to traditional machining due to the material's microstructure and layer 

bonding. When studying the FR vs. surface roughness relationship for as-built CuCrZr, the 

key takeaway is that lower FRs generally result in better surface finishes (i.e., lower 

surface roughness), but at the cost of slower material removal. Understanding the 
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interplay of machining parameters and material characteristics is critical for optimizing 

the process to balance efficiency and surface quality. The bar chart (Fig. 15) shows 

comparison of surface roughness (Ra) for commercial Cu and additively manufactured 

CuCrZr at varying feed rates, with error bars illustrating standard deviation. Highly 

anisotropic or harder materials like as-built CuCrZr result in rougher surfaces and higher 

tool loads as compared to softer materials like commercial Cu. 

 

 
 

Fig. 15. Surface roughness comparison with deviation 

 

Microscopic analysis of milled samples of Cu and as-built CuCrZr 

SEM (scanning electron microscopy) analysis of the milled commercial Cu surface 

(Fig. 16(a)) illustrated smooth, continuous tool marks with negligible surface defects. This 

emphasizes stable chip formation and better heat dissipation owing to high conductivity. 

In contrary, the milled as-built CuCrZr surface demonstrated micro-tearing, smeared 

areas, and some material sticking, owing to its lower and uneven thermal conductivity, 

hardened microstructure and internal porosity. These characteristics reveal more tool-

material contact and localized heat build-up during the process of machining. 

 

 
 

Fig. 16. SEM images of milled sample of Cu (a) and as-built CuCrZr (b) 

 

Comparison between milling operation parametric performance for Cu and as-built CuCrZr 
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A Pearson correlation heat map is a visual representation of the correlation coefficients 

between multiple variables in a dataset. Each cell in the heatmap shows the correlation 

value between a pair of variables, with colour shading indicating the strength and 

direction of the correlation. 

Analysis of the milling performance and parametric differences observed in copper 

(Cu) and as-built CuCrZr (copper chromium zirconium) in terms of dependency between 

CS and surface roughness and FR depicts the following observations:  

1. Dependency of surface roughness on CS for Cu: surface roughness varies inversely with 

respect to CS increases, as higher speeds allow for finer, more continuous and uniform 

cuts. High thermal conductivity of copper causes efficient heat dissipation, thus 

minimizing tool wear resulting in maintaining surface finish at higher speeds [26,27]. 

Optimal CS needs to be maintained to avoid excessive heat generation and resultant 

thermal damage that may increase surface roughness. The less hardness property of 

copper makes this effect less significant. 

2. Dependency of surface roughness on CS for CuCrZr: improvement in surface finish with 

increasing CS is less observed in CuCrZr, due to its nature of being stronger and harder 

than commercially available copper. This results in more heat generation due to its 

alloying elements, and is thus prone to significant thermal damage and tool wear. The 

optimal CS is thus lower compared to copper, to avoid poor surface finish due to work 

hardening and increased tool wear. 

 

 
 

Fig. 17. Pearson correlation heat map  
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3. Dependency of surface roughness on FR for copper (Cu): surface roughness is observed 

to be directly proportional to FR. With higher FR, the tool makes rough excisions, resulting 

in deeper tool marks and a higher surface roughness. Reducing the FR allows for finer in 

deeper tool marks and a higher surface roughness. Reducing the FR allows for finer cuts, 

as the tool has more time for precise shaping of the material. 

4. Dependency of surface roughness on FR for CuCrZr: owing to the high strength and 

hardness of CuCrZr, higher FR results in increased surface roughness due to higher cutting 

forces and less effective material removal, resulting in increased surface roughness. 

Optimum value of FR is needed for the tool to cut through the material, as lower range 

of FR can increase wear or even cause tool breakage at sub optimum rates [28,29]. 

Table 6 shows the parametric correlation of CS and FR vs DoC and surface roughness 

respectively for Cu and as-built CuCrZr. Based on the correlation coefficients, the heat 

map is generated. Figure 17 shows the Pearson9s correlation heat map. 
 
Table 6. Parametric comparison of milling for Cu and as-built CuCrZr 

 DoC, mm 3D-Sa, ¿m 

As-built Copper As-built Copper 

 CS 0 0 -0.2 -0.51 

Feeding rate 0 0 0.03 0.55 

 

Conclusions 

The experimental observations and the comparative study between copper and alloyed 

CuCrZr offer valuable insights into the interdependencies between material properties 

and the process parameters of DoC, CS, and product surface quality in copper machining. 

Additively manufactured CuCrZr differs significantly in properties with respect to 

commercial copper and requires optimal balance of the process parameters. It is observed 

that in both materials, optimal cutting parameters of CS, FR control the surface quality 

while balancing material removal rate and tool wear. However, CuCrZr generally requires 

more precise control of these parameters to ensure better surface quality obtained with the 

milling operations. This makes the machining process more challenging for CuCrZr as 

compared to commercial copper. This analysis has enabled establishment of dependencies 

and correlations between parameters involved in machining processes of Cu and its alloyed 

form CuCrZr, contributing to enhanced precision and efficiency in manufacturing. Future 

investigations can be focussed on the analysis of additional variables like tool material, 

geometry, coolant utilization, and other machining techniques for ensuring quality of the 

final product. As-built CuCrZr is used in high-performance applications like heat 

exchangers, rocket engine parts, and electrical contacts due to its strength, good thermal 

conductivity, and suitability for additive manufacturing. 
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ABSTRACT  

Both geopolymer concrete and 3D printing are innovative trends in construction materials science. This 

study investigates the prediction of 3D printed geopolymer reinforced concrete due to lack of information 

and studies on the prediction of 3D printed geopolymer reinforced concrete. This study investigated for the 

first time the flexural strength of 3D printed reinforced concrete through compressive strength with 

concrete mix design. Rigid, Lasso, elastic net, random forest, gradient boosting, decision tree, support 

vector machine regression and k-nearest neighbor are examined in this study. Considering to this study, 

compressive strength and flexural strength have more than 0.97 relationship. Moreover, the best result was 

for gradient boosting, random forest and k-nearest neighbor with 0.85 and 0.89. 
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Introduction 

Geopolymer concrete is a type of green concrete that reduces the negative effects of using 

concrete and cement, which is why many researchers use geopolymer concrete [1]. Cement 

production and use releases large amounts of carbon dioxide into the atmosphere, while 

geopolymer concrete can reduce this amount by eliminating cement [2]. 

The geopolymer concrete has high potential strength such as high compressive 

strength, low alkaline expansion, low shrinkage and etc. [3,4]. Amin et al. [5] studied the 

geopolymer concrete with fly ash, metakaolin, and slag. They found that compressive 

strength is more than 60 MPa, tensile strength is more than 6.2 MPa and flexural strength 
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is more than 9.2 MPa. Silica fume and micro silica, with a high percentage of silicon, can 

improve mechanical properties such as compressive strength of geopolymer concrete [6]. 

Wu et al. [7] analyzed geopolymer concrete with silica fume and sodium silicate as 

activator. They found that compressive strength can achieve more than 43.63 MPa. 

Adding microsilica and silica fume as powder form to geopolymer concrete can create 

aluminosilicate (N-A-S-H) geopolymer gel. In addition, sodium silicate solution as an 

activator is a good option for addition to geopolymer concrete [8]. Gel products are 

calcium silicate gel (C-S-H) converted to calcium aluminosilicate gel (C-A-S-H) [9]. 

De Oliveira et al. [10] have proven the high durability of geopolymers. 

Mintsaev et al. [11] studied features of the synthesis of construction geopolymer 

composites. A. Jan et al. [12] found that when 0.25 % polypropylene fibers (PPF) were 

added to geopolymer concrete, the compressive strength improved by more than 3.73 %. 

Some studies show that different types of fiber such as steel, basalt and etc. can improve 

the mechanical properties of concrete such as compressive, tensile and flexural 

strengths [13315]. According to Levkina and Titova [16], the use of innovative products, 

such as geopolymers, can become an impetus for the development of small businesses in 

the regions. 

Despite the above studies, there is a lack of information and research on the 

prediction of 3D printed geopolymer reinforced concrete. This study first investigated the 

flexural strength of 3D printed geopolymer reinforced concrete through compressive 

strength with concrete mix design. This study considers the stiff methods, lasso, elastic 

net, random forest, gradient boosting, decision tree, support vector regression and 

K-nearest neighbors. It is necessary to identify the relationship between compressive 

strength and flexural strength. The aim of the study is to predict the flexural strength of 

3D-printed reinforced concrete using machine learning methods. The tasks were: 

1. Establishing the relationship between the compressive and flexural strengths of 

concrete and identifying the best predictive models. 

2. Identifying the influence of various factors on the mechanical properties of 3D-printed 

reinforced concrete. 

3. Determining the potential for the innovative results obtained. 

 

Materials and Methods 

Materials 

This study was conducted on geopolymer concrete containing microsilica and sodium 

silicate. In this research, in order to investigate the effect of microsilica geopolymer 

concrete and different aggregates, fine and coarse aggregates were mixed in different 

proportions (Fig. 1). Sodium silicate was sprayed on the concrete as an activator during the 

curing period due to the creation of an alkaline environment due to the creation of a 

geopolymer activator. Table 1 shows the mixture design of current study concrete. 

 

Methodology 

The compressive strength is based on the ASTM C109 [17] for cube (5 × 5 × 5 cm3), and 

flexural strength as three-point bending strength as prism (16 × 4 × 4 cm3) [18]. 
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Table 1. Current study mixture design 

Sample 

Micro 

silica, 

kg/m3 

Water, 

kg/m3 

Fine 

aggregate, 

kg/m3 

Coarse 

aggregate, 

kg/m3 

Marble 

powder, 

kg/m3 

Glass 

powder, 

kg/m3 

Super-

plasticizer, 

kg/m3 

CF100 600 370 1180 0 150 200 55.5 

CF80 600 370 944 236 150 200 55.5 

CF60 600 370 708 472 150 200 55.5 

CF40 600 370 472 708 150 200 55.5 

CF20 600 370 236 944 150 200 55.5 

CF0 600 370 0 1180 150 200 55.5 

 

 
 

Fig. 1. Scheme of 3D printed reinforced concrete based on [18,19] 

 

Regressions 

In this study, Rigid, Lasso, elastic net, dissection tree, random forest, GBoost, SVR and KNN 

used (Table 2).  
 

Table 2. Current study mixture design 

Regres 

sion 
Alpha 

max_ 

depth 

min_ 

samples_ 

leaf 

min_ 

samples_ 

split 

_estimators 
learning_ 

rate 
C gamma kernel 

Ridge 0.615 3 3 3 3 3 3 3 3 

Lasso 0.885 3 3 3 3 3 3 3 3 

Random 

forest 
3 20 1 4 50 3 3 3 3 

Gradient 

boosting 
3 9 3 4 50 0.124 3 3 3 

SVR 3 3 3 3 3 3 92.76 10.0 rbf 

 

In this term, ridge regression illustrated in Eq. (1) decreases errors and obtains more 

accuracy [20,21]: 
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ÿ = ÿ0 + ÿ1�1 + ÿ2�2 + ÿ3�3 + ÿ4�4 + � + ÿ3(ÿ12 + ÿ22 + ÿ32 + ÿ42),       (1) 

where ÿ is the dependent variable, w is the independent variable, ô 0 is the y-intercept and 
ô 1 is the regression coefficient representing the change in ÿ concerning the change in w, 
also called the slope, and » is the ridge regression penalty ratio, · is the error term, 3(ÿÿ2) 
represents the sum of the squares of the coefficients. 

Lasso regression means least absolute shrinkage and selection operator (LASSO). 
Lasso regression is a usual regression for solving multicollinearity issues, while unlike 
ridge regression, results in some coefficient predictions are equal to zero. Equation (2) 
shows the Lasso regression equation [21,22]: ÿ = ÿ0 + ÿ1�1 + ÿ2�2 + ÿ3�3 + ÿ4�4 + � + ÿ3|ÿ1| + |ÿ2| + |ÿ3| + |ÿ4|,      (2) 

Support vector machine (SVM) is a classification method for machine learning. In 
fact, support vector regression is solving problem by SVM as a regression. SVR can solve 
nonlinear and problems with high-dimensional [23325]. 

Elastic net is a linear regression that combines two types of penalty functions to 
refine the best predictions. The best prediction is analyzed by the Scikit-learn package 
with a parameter in the range [0,1]. This algorithm is much closed for lasso prediction as 
the minimum contraction and selection operator. This algorithm reduces the complexity 
of the algorithm [26,27]. 

Decision tree is used for classification and prediction as a regression algorithm. In this 
algorithm, direct nodes are considered as root nodes and internal nodes are called leaf 
nodes. Usually, nodes in direct tree algorithm predict data category or direct data [28330]. 

K-nearest neighbor is a supervised machine learning algorithm that solves problems 
with a small amount of data, usually for classification, but other studies also use it as 
regression. KNN solves the problem by finding the distance between the query and all the 
examples in the data by selecting a certain number of examples (k) close to the query, 
then averaging the labels in the case of a regression problem. The k-nearest neighbor 
algorithm is as follows [31]: ÿ� = 1� 3 ÿÿ��=1 ,               (3) 

where yi are actual values of the output characteristic and xi are training examples 
attributes, x is test point, k is the number of nearest instances. 

Random forest is an effective method that gives consistent answers. The reliability 
of the random forest method is related to the nature. Random forest is an advanced 
method related to decision trees with high efficiency [32,33]. All types of regression are 
applied to find the best prediction result to find the optimal and best result. 

 

Validation 

To find the verified prediction, the correlation coefficient (R2) as expressed in Eq. (3), mean 

absolute errors (MAE), and root mean squared errors (RMSE) have been established [34]: ý2 = 1 2 3(ÿ2ÿ�)23 (ÿ2ÿ�)2ÿ  .              (4) 

RMSE calculates the average deviation of each actual data point and the predicted 

results [35]: ýþýý =  :1ÿ 3 (ÿ 2 ÿ�)2ÿ .             (5) 
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Data collection 

To data collection in this study, concrete mixture designs and concrete mechanical 

properties have been selected as the main parameter, in fact, compressive strength 

known as main character and the flexural strength known as the predictive character. 

This study used 3D printing study to collect data to find the concrete mixture and 

mechanical properties [18,19,36339]. Due to lack of information about 3D printed 

reinforced concrete, Gaussian Noise has been selected to increase data more than 2000 

with regard pervious data study. 

 

Results 

Hyperparameter and data 

This heat map visually shows the distribution and intensity of different properties or 

components in a concrete mixture. A colour spectrum is used to highlight differences, 

with warm colours (such as red) representing higher values and cool colours (such as 

blue) representing lower values. This helps to quickly identify patterns, correlations, or 

anomalies in the data. 

Figure 2 heat map visually displays the relationships between the various 

components of concrete and its mechanical properties. Correlation values close to 1 

indicate a strong and direct relationship between the variables, while values close to (-1) 

indicate a strong and inverse relationship. For example, the strong negative correlation 

between water and compressive strength (-0.94) indicates that increasing the amount of 

water significantly reduces the compressive strength of concrete. On the other hand,  
 

 
 

Fig. 2. Heatmap of concrete 
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Fig. 3. Data distribution of current study 

 

the positive correlation between coarse aggregate and compressive strength (0.89) 

indicates a positive effect of this material on increasing strength. Moreover, flexural 

strength and compressive strength have more than 0.97 positive effect. According to heat 

map water and fine aggregates have negative effect on the compressive and flexural 

strength, which means increasing fine aggregates and water can decrease the 

compressive and flexural strengths. 

Figure 3 shows the distribution of the data collected in this study. This graph 

visually shows the dispersion and concentration of data related to concrete mix design 

and its mechanical properties. By examining this graph, it is possible to identify patterns 

in the data and use it for further analysis. 

In the second part, Fig. 3 shows how the data is distributed across different ranges. 

This distribution helps researchers better understand the relationship between different 

variables, such as the compressive and flexural strengths of concrete. It can also reveal 

outliers or unusual data that may affect the results. 

Finally, Fig. 3 serves as an auxiliary tool to verify the quality of the data used in 

machine learning models. By viewing this graph, researchers can ensure that the data has 

been collected in a balanced and representative manner, which increases the accuracy of 

the predictions made by the models. 

Figure 4 in this study shows the scatter plot between flexural strength, compressive 

strength and other related data. These plots are plotted in pairs to clearly show the linear 

or nonlinear relationships between different variables.  In the second part, Fig. 4 shows 
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how other factors such as cement content, water and aggregates affect the strength of 

concrete. For example, increasing the water content reduces the compressive and flexural 

strengths, while cement and coarse aggregates have a positive effect on the strength of 

concrete. These relationships help researchers to understand the factors affecting the 

mechanical properties of concrete and design prediction models more accurately. 
 

 
 

(a) (b) 
  

 
 

(c) (d) 
  

 

Fig. 4. The scatter plot between flexural strength, compressive strength and other data:  

(a) cement, (b) water, (c) coarse aggregates, (d) super plasticizer 

 

Finally, Fig. 4 is used as an aid to validate data and machine learning models. By 

comparing the dispersion of the actual and predicted data, we can evaluate the accuracy 

of different models. These graphs also show that some models, such as Gradient Boosting 

and Random Forest, were able to identify patterns in the data well and provide more 

accurate predictions. 

Figure 5(a) shows a multi-bar diagram of the gradient reinforcement model that ranks 

the factors affecting a system (i.e., concrete strength). In this diagram, cement is identified 

as the most important factor (around 0.35) as the key factor, while fine aggregate and water 

are in the next ranks. Other products such as superplasticizer and coarse aggregate have 

negligible or close to zero effects. These results indicate that the model considers cement 

as the most important variable in its prediction. 
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(a) 

 
(b) 

 
 

Fig. 5. The importance and features: (a) GBoost; (b) random forest 

 

Figure 5(b) shows the importance of variables in the random forest model, indicating 

the influence of each factor on the model predictions. In this plot, cement is identified as 

the most influential variable with an importance of about 0.25. This is followed by fine 

aggregate and water with an importance of about 0.15 and 0.10, respectively. Other 

variables such as super plasticizer, coarse aggregate and unspecified Feature are less 

important, with some of them having a negligible impact on the model. These results 

indicate that cement plays a key role in the predictions of this model. 

 

Regressions 

All regression results are shown in Fig. 6. Considering to regression results the most data 

are divided by to clusters, however in KNN and random forest regressions three clusters 

are existed. In the first cluster, data are complex and close together, while data in the 

middle of data set are scatters. 

Table 3 compares the performance of eight different regression models based on two 

metrics: r² (coefficient of determination) and RMSE (root mean square error). The models 
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(b) 

 
(c) 

 

(d) 

 
(e) 

 

(f) 

 
(g) 

 

(h) 

 
 

Fig. 6. Regression results: (a) Rigid; (b) Lasso; (c) elastic net; (d) dissection tree; 

(e) random forest;(f) GBoost; (g) SVR; (h) KNN 

 
Table 3. Regression results of current studies 

Regression R2 RSME 

Rigid 0.78 10.88 

Lasso 0.77 11.11 

Elastic net 0.12 12.39 

Decision tree 0.71 12.63 

Random forest 0.85 9.06 

GBoost 0.85 8.93 

SVR 0.81 10.04 

KNN 0.89 9.93 
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studied include ridge regression (Rigid), lasso (Lasso), elastic net (elastic net), decision tree 

(decision tree), random forest (random forest), gradient boosting (GBoost), support vector 

regression (SVR), and k-nearest neighbour (KNN). Among these models, GBoost and random 

forest performed best with R2 of 0.85 and RMSE of 8.93 and 9.06, respectively. these results 

indicate that these two models are able to explain the variance of the data and have low 

prediction error. 

In contrast, the elastic net model has the weakest performance with a very low 

r² (0.12) and a high RMSE (12.39), which is probably due to the model not matching the 

data structure or its parameters being incorrectly set. The rigid, lasso and SVR models 

have average performance with r² values between 0.77, 0.81, and RMSE between 10.04 
and 11.11. Although these models are acceptable, they have lower accuracy than GBOOST 

and random forest. Also, the KNN model has a relatively high RMSE (9.93) despite a high 

r² (0.89), which may be overfitting in some data. 

Finally, it can be concluded that GBOOST is recommended as the best model, as it 

has the highest r² and lowest RMSE, which provides a good balance between accuracy 
and generalizability. However, the final model choice also depends on the specific project 

needs and computational costs. For example, if the interpretability of the model is 

important, random forest is a better option, while KNN may be more suitable for low-

dimensional data. Also, tuning the hyperparameters of weaker models such as elastic net 

can help improve their performance. 

The Taylor plot clearly shows that the GBoost and Random Forest models have 

higher accuracy in predicting flexural strength compared to other models. The best 

results of regression were for KNN, Random Forest and GBoost. Other studies are 

investigated on this type of regressions. For example, Zhu et al. [40] studies basalt fiber 

reinforced concrete with PSO-KNN method, they found that this method have more than 

0.96 and 0.98 accuracy with R2. Elastic Net was a powerful regression, however in this 
 

 
 

Fig. 7. Taylor diagram 



Predicting the flexural strength of 3D-printed geopolymer reinforced concrete using machine learning techniques  32 

study result of this regression was 0.12, while other studies show that when concrete 

predicted with Elastic Net regression, result is more than 0.98 [27]. These two models are 

located near the centre of the plot and have high correlation, indicating a good match 

between the actual data and the data predicted by these algorithms. In contrast, models 

such as Elastic Net, which are further away from the reference point, show poorer 

prediction performance. The use of the Taylor plot in this study is an effective visual tool 

for making the final decision in choosing the most appropriate machine learning 

algorithm (Fig. 7). 

The obtained results are in good agreement with the results of independent authors, 

for example [41]. The obtained results are applicable in the design of 3D printed reinforced 

concrete. 

 

Conclusions 

This study investigated the prediction of flexural strength of 3D printed reinforced 

concrete using machine learning techniques.  

1. The results showed that there is a strong relationship between the compressive and 

flexural strengths of concrete with a correlation coefficient of more than 0.97, which 

allows for more accurate prediction of flexural strength. Also, the gradient strengthening, 

random forest, and KNN models were identified as the best predictive models with R² 
values of 0.85, 0.85, and 0.89, respectively. 

2. Among the key findings of this study was the significant effect of cement as the most 

important factor on concrete strength and the negative effect of water and fines on 

mechanical properties. These results not only help to better understand the behavior of 

3D printed reinforced concrete but also provide valuable guidance for optimizing 

concrete mixing designs in the future. Also, the use of machine learning methods in this 

field is a new step towards increasing accuracy and reducing laboratory costs. 

3. Finally, as one of the first comprehensive studies on the prediction of flexural strength 

of 3D printed reinforced concrete, this research paves the way for future research in this 

field. Despite the promising results, there is a need to develop more accurate models with 

more extensive data and to investigate the influence of other parameters such as fiber 

type and printing geometries. 
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ABSTRACT  

This study investigated the reinforced concrete beams9 structural behavior when the sand aggregate is 
partially replaced with coconut peat also known as cocopeat. The concrete mixes were prepared by 

0, 20, 50 and 100 % variation levels of replacement. Flexural loading tests were conducted on the 

reinforced concrete beams by also considering the variations in stirrup spacing and main bar diameters. 

The results indicated that, replacement up to 20 % of sand with hardened cocopeat maintained acceptable 

structural performance with those with 20 % replacement presented a comparable load bearing capacity 

and crack resistance to control specimen. Greater than 20 % replacement level exhibited significant 

reduction in strength and stiffness. The results also revealed that closer stirrup spacing, and larger diameter 

steel bars overcome the limitations of cocopeat content, improving the beam performance. The study 

supports the potential use of cocopeat as partial sand replacement in sustainable concrete construction. 
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Introduction  

The depletion of natural sand resources globally, mainly spearheaded by rapid urbanization 

and infrastructure development, has increased the demand for use of sustainable 

alternatives in concrete production. In Mekong Delta region of Vietnam, this issue has led 

to intrusion of government agencies and research institutions, to bring in policies to 

promote the use of sea sand, crushed sand and recycled aggregates and also revise the 

existing material standards [1,2]. Despite the efforts, there is a long way to reach the goal 

of achieving a fully sustainable and structurally viable alternative to natural sand. 

Recent studies have explored a wide variety of alternative construction materials 

including limestone, fly ash, iron slag, thermal ash, recycled aggregates and composite 

additives such as fiberglass and carbon fibers [339]. These materials have exhibited 

promising outcomes by increasing concrete strength and durability. Addition of steel and 

synthetic fibers have exhibited improved tensile and flexural strength in reinforced 

concrete structures [10], whereas material efficiency is achieved from hollow mortar 

concrete [11]. Natural fibers including coir and jute have been utilised for low strength 

application-based cements [12317].  
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Ongoing studies are investigating the use of local sand (from sand dunes) and sea 

sand as alternatives to traditional sand in concrete production. Some researchers have 

studied these sands as replacements for river sand in concrete for rural traffic works, 

helping to reduce the pressure on sand usage [18321]. 

Research from BLDEA in India focuses on "Recent trends in replacing natural sand 

with different types of sand". The study finds that adding copper slag enhances 

compressive, tensile, and flexural strength in concrete. Concrete density increases with 

copper slag use, and the flexural strength of beams improves significantly by 21 to 51 % 

when replacing sand with copper slag. Additionally, using waste sand from the casting 

industry, bricks, and mining dust as sand substitutes noticeably improves concrete's 

compressive and flexural strength [22]. 

Artificial sand production involves crushing natural rocks such as limestone, laterite, 

granite, and gravel into particles with a modulus similar to natural sand. This material 

shows comparable characteristics to natural sand, making it a viable alternative for 

concrete production. Artificial sand has become popular in Europe and Japan, effectively 

reducing dependence on natural sand and addressing sand scarcity. It enhances concrete 

quality and minimizes the environmental impact of sand mining [23326]. 

Recycled sand production uses various raw materials, including concrete, bricks, 

tiles, and soil and rocks from previous construction projects. Manufacturing industries like 

iron, steel, and glass production also generate waste sand that can be repurposed into 

recycled sand [27]. Studies indicate that recycled sand has potential applications in 

construction, building materials, and transportation infrastructure. It can also produce 

lightweight concrete, offering excellent sound and heat insulation [28331]. 

Numerous studies are currently exploring the use of coconut fiber (Fig. 1) as a 

reinforcing material in concrete and its application in unburnt and pavement bricks [32]. 

Additionally, projects utilize lightweight concrete for benefits such as weight reduction, 

soundproofing, insulation, and decoration. Using coconut peat as a sand substitute in 

concrete offers several advantages, including weight reduction and environmental 

protection. Ben Tre, recognized for its extensive coconut growing area in Vietnam, reports 

a projected coconut area of over 78,000 hectares by the end of 2022. Coconut fiber is a 

significant export product for the province, with exports reaching nearly 49,000 tonnes 

in 2019 and around 45,000 tons in 2020. A coconut shell consists of 30 % coconut fiber 

and 70 % cocopeat. Cocopeat, with a size range of 0.01 to 0.46 mm and a density of  

1.1531.46 g/cm³, is notable for its exceptional water absorption capacity [33,34]. 

 

 
Fig. 1. Coconut fiber and cocopeat. Based on [35] 
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Numerous studies have investigated the use of coconut fiber as an alternative to 

sand in concrete. While research on using cocopeat as a sand replacement is limited, it 

presents a promising area for further exploration. Existing studies have mainly focused 

on the mechanical properties and durability of concrete with coconut fiber as a partial or 

complete substitute for sand. Avinash Singh and his colleagues [36] conducted an 

experimental study showing that incorporating coconut fiber at a rate of 5 % by weight 

of cement significantly improved the compressive and tensile strength of concrete. 

Another study examined how coconut fiber affects concrete's mechanical properties and 

its ability to enhance the bond between concrete and steel reinforcement. This research 

found that the optimal amount of coconut fiber to add ranged from 0.6 to 1.2 % of the 

total mass, depending on the desired properties of the final product [37]. 

Researchers have also explored using the water absorption properties of cocopeat, 

along with other by-products such as shells and rice husk ash, to develop eco-friendly 

permeable concrete and produce large-sized unburnt bricks. These products combine 

cement, stone powder, coal slag, and coconut fiber [38,39]. 

One study aimed to evaluate the mechanical strength of concrete grade M25, 

according to Indian standards, by substituting 10 % of sand with cocopeat. The results 

revealed a notable increase in compressive strength for concrete made with cocopeat 

treated with a 2 % NaOH solution for 1 h, compared to conventional concrete. On the 

28th day, the compressive strength improved by approximately 15.39 % compared to 

concrete without NaOH treatment [40,41]. 

Another study assessed the effects of replacing sand with cocopeat in reinforced 

concrete beams. Researchers tested nine samples of reinforced concrete beams, labeled 

D1 to D9, with dimensions of 15 × 20 × 120 cm3. Each beam was reinforced with four  

D10-CB400-V steel bars and had D6-CB240-T steel stirrups. The researchers used the 

"hardening method" to incorporate cocopeat as a sand aggregate replacement in the concrete. 

Irrespective of numerous studies examining the coconut fiber in concrete, very 

limited studies have been performed on analyzing the structural performance of 

reinforced concrete beams when cocopeat is used as sand replacement. The main 

objective of this study is to evaluate the flexural behavior of the RC beams by varying the 

cocopeat contents and reinforcement configurations. 

The objectives include: 

1. Preparation and testing of concrete beams with different cocopeat replacements ratios. 

2. Analysis of the influence of stirrups spacing and steel bar diameter on structural 

performance.  

3. Determination of optimal replacement level of sand with cocopeat for maintaining the 

structural integrity. 

 

Materials and Methods 

Materials 

Cocopeat, a by-product derived from the husks of coconuts, was used in this study as a 

partial or full replacement for fine aggregate in the concrete mixtures. Cocopeat has 

unique properties, including a bulk density of 703100 kg/m³, high water retention 
capacity of 6003800 % due to its porous structure, and an organic content of 20330 % 
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lignin and cellulose, making it lightweight. The cocopeat particles were sieved to pass 

through a 2.5 mm sieve and retained by a 0.63 mm sieve. For comparison, natural river 

sand served as the control fine aggregate. The sand used in the study had a bulk density 

of 160031700 kg/m³, a fineness modulus of 2.333.1, and particles that passed through a 

4.75 mm sieve, with low water absorption, typically around 132 %. 

Ordinary portland cement (OPC) was the binding material in the concrete mix, with 

key properties such as a grade of OPC 42.5, a specific gravity of 3.15, and fineness passing 

through a 90 µm sieve. The cement had an initial setting time of 30 min, a final setting 

time of about 600 min, and a compressive strength of around 42.5 MPa after 28 days. 

Crushed stone was used as the coarse aggregate in the concrete, with properties including 

a maximum size of 20 mm, a bulk density of 145031550 kg/m³, and a specific gravity of 

2.6532.75. Its water absorption was low, at 0.531.0 %, and it had a crushing value of less 

than 30 %, indicating its suitability for structural applications. 

The water used in the concrete mix was potable, free from impurities, and 

appropriate for mixing and curing. Its pH level ranged from 6.5 to 8.5, ensuring neither 

excessive acidity nor alkalinity. The water-to-cement ratio for all beam samples was 

maintained at approximately 0.57, ensuring adequate hydration of the cement while 

providing the necessary workability for the concrete. 

Steel reinforcement for the concrete beams was provided according to the specified 

stirrup spacing for each beam, which ranged between s100, s150, and s1503s200. This 

reinforcement was essential for ensuring the structural integrity of the beams and 

improving their load-bearing capacity. High-yield strength deformed steel bars of Grade 

60 were used for the reinforcement, which offered high resistance to tensile forces. The 

diameter of the steel bars varied based on the specific design of each beam, typically 

ranging from 10 to 16 mm. The yield strength of the steel was approximately 420 MPa, 

contributing to the overall durability and performance of the reinforced concrete beams 

under loading conditions. 

 

Hardening process of cocopeat 

A total of 120 kg of cocopeat particles hardened with cement was obtained by repeatedly 

performing the hardening process. The particles were meticulously selected to ensure 

they remained on the 0.63 mm sieve and passed through the 2.5 mm sieve. Table 1 

indicates the optimal water quantity used for hardening the cocopeat with cement. 
 

Table 1. Optimal water content for hardening cocopeat with cement 

Cocopeat, g Cement, g Optimal amount of water, ml Finished product, g 

100 500 400 7603800 

 

The process of hardening cocopeat with cement involved the following steps: 

Step 1: the coconut shells were dried in the sun for one day. A 2.5 mm sieve was used to 

separate the cocopeat (see Fig. 2). 

Step 2: 100 g of cocopeat was measured and wet with 100 ml of water (Fig. 3). 

Step 3: 100 g of cement was weighed and mixed thoroughly with the wet cocopeat 

obtained in Step 2 (Fig. 4).  
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(a) 

 

(b) 

 
 

Fig. 2. Cocopeat after step 1 processing: (a) determine the weight of cocopeat, (b) 2.5 mm sieves 

 

   
   

Fig. 3. Cocopeat after wetting 

with 100 ml of water 
Fig. 4. Cocopeat after mixing 

with 100 g of cement 
Fig. 5. Combine the cocopeat  

and cement mixture 

 

Step 4: after 15 min, the mixture is combined. The resulting particles passed through the 

2.5 mm sieve and were retained by the 0.63 mm sieve (Fig. 5): (a) cocopeat after wetting 

(Fig. 3), (b) cocopeat and cement mixture after combining (Fig. 4), (c) final cocopeat and 

cement mixture after sieving (Fig. 5). 

Step 5: the particles that passed through the 1.5 mm sieve were wetted by spraying water 

evenly over their surface. These particles were mixed with 60 g of cement, repeating the 

process as in Step 4, until they passed through the 2.5 mm sieve but were retained by the 

0.63 mm sieve. 

Step 6: the mixture is allowed to solidify for 24 h. Then, the hardened particles are sieved. 

The final product consisted of particles that pass through the 2.5 mm sieve and retained 

by the 0.63 mm sieve (Fig. 6). 

 
(a) 

 

(b)  

 
 

Fig. 6. Cocopeat hardened with cement: (a) finished product remaining on 0.63 mm sieve,  

(b) finished cocopeat granules have been hardened with cement 

 

Design of reinforced concrete beams 

The study involved nine reinforced concrete beams, with variations in stirrup spacing and 

proportions of cocopeat replacing sand as a fine aggregate and is denoted from D1 to D9 

(group 1: D1, D2, D3, D4; group 2: D5, D6, D7, D8; group 3: D9 (Fig. 7)). Table 2 summarizes 
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the beam compositions, detailing the amounts of sand, cocopeat, cement, stone, and 

water used. The mix design for all specimens was kept constant across each group, with 

only the fine aggregate (sand/cocopeat ratio) and stirrup spacing varied. Details of each 

experimental reinforced concrete beam are summarized in Table 2 below. 
 

 

 

 
 

 
 

 
 

 

 
 

Fig. 7. Design of reinforced concrete beams: (a) group 1 beams, (b) group 2 beams, (c) group 3 beam 

 
Table 2. Details of reinforced concrete beams 

Sample 

groups 
Label 

Stirrup 

spacing 

µcocopeat,  

% 

Sand,  

kg 

Cocopeat, 

kg 

Cement, 

kg 

Stone, 

kg 

Water, 

l 

Group 1 

Fig. 7(a) 

D1 s150-s200 0 22.00 0.00 12.96 43.99 7.38 

D2 s150-s200 20 17.60 4.40 12.96 43.99 7.38 

D3 s150-s200 50 11.00 11.00 12.96 43.99 7.38 

D4 s150-s200 100 0.00 22.00 12.96 43.99 7.38 

Group 2 

Fig. 7(b) 

D5 s150 0 22.00 0.00 12.96 43.99 7.38 

D6 s150 20 17.60 4.40 12.96 43.99 7.38 

D7 s150 50 11.00 11.00 12.96 43.99 7.38 

D8 s150 100 0.00 22.00 12.96 43.99 7.38 

Group 3 

Fig. 7(c) 
D9 s100 50 11.00 11.00 12.96 43.99 7.38 

(a) 

(b) 

(c) 
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Fig. 8. Formwork and reinforcement processing Fig. 9. Reinforced concrete beams 

 

The steel reinforcement for the beams was processed according to the 

specifications outlined in Table 2 and depicted in Fig. 8. After the reinforcement was 

properly placed and secured, formwork was installed to shape the beams. Once the 

reinforcement and formwork were ready, concrete was poured into the forms to create 

the reinforced concrete beams, as shown in Fig. 9. 

 

Testing procedure of reinforced concrete beams 

The analysis of concrete samples with varying percentages of cocopeat as a sand 

replacement was conducted using a JEOL JSM-IT500HR Scanning Electron Microscope. 

This advanced equipment allows for high-resolution imaging, enabling detailed 

examination of the microstructural features of the samples. The samples were prepared 

for optimal imaging, allowing for insights into transition zones, voids, and crack patterns 

within the concrete matrix. 

The experiment assessed various parameters, including the force applied to the 

beam, the deflection at the midpoint, and the deformation on both sides of the beam. The 

experiments aimed to evaluate and compare the bearing capacity of each beam. Beams 

D1 through D9, made of 283day3old concrete, were subjected to loading using hydraulic 

jacks applied at two concentrated points until the beams were completely destroyed. 

Before testing, the reinforced concrete beams were coated with a layer of white lime to 

facilitate the observation of crack formation and development on the surface, as well as 

to enable accurate measurement of crack length and width. 

Once the setup and equipment were in place, pressure was applied to the structure 

using a 50-ton hydraulic jack. This jack, operated by an electric pump, was equipped with 

an oil pressure gauge ranging from 0 to 10,000 Psi (700 Bar or 500 kN). The bearing 

capacity of the reinforced concrete beams was calculated based on loading levels of 300, 

500, 700, 1000, 1400, 2000, and 2500 Psi. At each loading level, the gauge data were 

recorded, including displacement (V-1), compression zone deformation (PDT-1 and 

PDT- 2), and tension zone deformation (PDT-3 and PDT-4). It was crucial to carefully 

observe crack formation and accurately measure their length and width. 

 

Results and Discussion 

SEM analysis 

The analysis of concrete samples with varying percentages of cocopeat as a sand 

replacement was conducted using scanning electron microscopy (SEM). 



42 T.Q.K. Lam, M.T. Nguyen, H.K. Lam, K.S. Sreekeshava 

0 % cocopeat sample: SEM images (Fig. 10) show a dense and smooth matrix with 

well-defined boundaries. The concrete exhibits minimal porosity and few voids, resulting 

in strong and cohesive bonding within the matrix. The cracks that appear are predictable 

and minimal. The interfacial transition zones (ITZ) are smooth and well-integrated, and 

there are few to no micro spheroids, with shapes being well-defined and uniform. 

20 % cocopeat sample: SEM analysis reveals a slightly rougher texture with minor 

irregularities due to the incorporation of cocopeat (Fig. 11). There is a slight increase in 

porosity and voids compared to the 0 % cocopeat sample, leading to a slight reduction in 

bonding strength. Crack patterns show minor irregularities. The ITZ displays minor 

roughness but remains largely cohesive. Few micro spheroids are present, mostly 

irregular in shape, and the overall shapes are less uniform. 

 

  
  

Fig. 10. SEM Image for 0% cocopeat sample Fig. 11. SEM Image for 20% cocopeat sample 

 

  
  

Fig. 12. SEM Image for 50% cocopeat sample Fig. 13. SEM Image for 100% cocopeat sample 

 

50 % cocopeat sample: SEM images (Fig. 12) indicate a noticeably rougher texture 

with increased irregularities and surface roughness. Significant voids and higher porosity 

are evident due to the equal ratio of cocopeat. Bonding quality is reduced with more 

noticeable disruptions in the matrix. Pronounced and branched cracks develop, and the ITZ 

shows increased voids and rough bonding. There is an increase in micro spheroids, 

predominantly irregular, and the shapes are largely irregular throughout the matrix. 
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100 % cocopeat sample: SEM results show a highly irregular and porous texture due 

to the complete substitution of sand with cocopeat (Fig. 13). Large voids and very high 

porosity are observed, resulting in poor bonding quality. Extensive and highly irregular 

cracks develop. The ITZ is poorly integrated with significant voids. Many micro spheroids 

are present, mostly irregular in shape, and the shapes within the matrix are predominantly 

irregular. 

 

Load and vertical displacement relationship between normal concrete beams and beams 

using cocopeat 

In Group 1, observations from Figs. 14316 revealed key insights into the performance of 

the reinforced concrete beams. The beams incorporating cocopeat (D2, D3, and D4) 

displayed reduced displacement compared to the control beam (D1) at equivalent load 

levels, indicating improved resistance to deformation. Figure 14 shows the setup of the 

measuring equipment used to capture displacement and deformation. Figures 15 and 16 

further illustrate the differences in crack formation and propagation between beams with 

varying percentages of cocopeat replacement. Notably, the beams with higher cocopeat 

content showed a delay in crack initiation and slower crack propagation, demonstrating 

better crack control and overall structural performance compared to the control sample. 
 

  
  

Fig. 14. Vertical displacement of beam D1 and 

beam D2 
Fig. 15. Vertical displacement of beam D1 and 

beam D3 

  

 
 

Fig. 16. Vertical displacement of beam D1 and beam D4  
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In Group 2, observations from Figs. 17319 highlight that using cocopeat as a 

replacement for sand in reinforced concrete beams led to reduced displacement compared 

to conventional concrete beams under the same load conditions. At a load of 100 kN, 

Beam D6 exhibited 45 % less displacement than Beam D5, while Beam D7 showed a 44 % 

reduction, and Beam D8 demonstrated a 31 % decrease in displacement. Initial cracking was 

observed in all beams (D5, D6, D7, and D8) at a load of 35 kN. Significant damage to all 

beams occurred when the load surpassed 125 kN, marking the onset of structural failure. 

 

  
  

Fig. 17. Vertical displacement of beam D5  

and beam D6 
Fig. 18. Vertical displacement of beam D5  

and beam D7 

 

 
 

Fig. 19. Vertical displacement of beam D5 and beam D8 

 

This study shows that the <cocopeat particle hardening method= using cement 
(Fig. 6), following the cocopeat production process described in the one of the previous 

sections, and the sand / cocopeat ratio (Table 2) have improved the performance of these 

reinforced concrete beams. 

 

Effect of cocopeat content on vertical displacement in beams 

Observations from Figs. 20 and 21 reveal that beams D3 (which incorporates 50 % 

cocopeat in place of sand) and D4 (which utilizes 100 % cocopeat) exhibit identical vertical 

displacements. Similarly, the vertical displacement of Beams D6, D7, and D8 is also the 
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same. In Group 1, Beam D2 (with 20 % cocopeat replacing sand) displays the smallest 

vertical displacement when compared to Beams D1, D3, and D4. In Group 2, Beam D6 (also 

with 20 % cocopeat replacing sand) shows the least vertical displacement among Beams 

D5, D6, D7, and D8. The data from Group 1 (Fig. 20) indicate that a 20 % substitution of 

sand with cocopeat in reinforced concrete beams results in the lowest displacement 

compared to other configurations. Likewise, the data from Group 2 (Fig. 21) confirm that 

replacing 20 % of sand with cocopeat in the reinforced concrete beam achieves the 

smallest displacement, highlighting its highly effective performance. 
 

  
  

Fig. 20. Vertical displacement of beams  

D1, D2, D3, D4 

Fig. 21. Vertical displacement of beams  

D5, D6, D7, D8 

 

Effect of stirrup spacing on vertical displacement of beams 

In normal concrete, the beam with a stirrup spacing of 150 mm demonstrates less 

displacement compared to the beam with a stirrup spacing of 1503200 mm (Fig. 22). When 

50 % cocopeat is used as a substitute for sand, the vertical displacements of the beams are 

similar. However, the reinforced concrete (RC) beam with a stirrup spacing of 100 mm 

exhibits lower displacement than the RC beam with a spacing of 150 mm. Similarly, the RC 

beam with a spacing of 150 mm shows less displacement compared to the beam with a 

spacing of 1503200 mm (Fig. 23). Furthermore, cracks in Beam D9 were first observed at an 

applied force of 50 kN, while Beams D3 and D7 experienced initial cracking at 35 kN. 

 

  
  

Fig. 22. Vertical displacement of beam D1 and 

beam D5 

Fig. 23. Vertical displacement of beam D3, 

D7 and beam D9  
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The displacement observed in the reinforced concrete beam with stirrup spacings of 

1503200 mm (Beam D3) is greater than that of the other beams (Beams D7 and D9), 

despite all beams having the same concrete aggregate composition. Nonetheless, the 

displacements of Beams D3, D7, and D9 are in agreement with one another. Additionally, a 

stirrup spacing of 100 mm leads to delayed crack formation and enhances the load-bearing 

capacity of the beam prior to failure, in comparison to the other beam configurations. 

 

Load and deformation relationships in beams 

Compression zone deformation is shown in Figs. 24 and 25. Based on the diagrams in 

Figs. 24 and 25, several key observations emerge. The deformation in the compression 

zone of reinforced concrete beams with varying percentages of cocopeat replacing sand 

demonstrates similar results across the board. Notably, using cocopeat as a replacement 

for sand results in reduced deformation in the compression zone compared to normal 

concrete. When the applied force is below 25 kN, the deformation in the compression zones 

of all reinforced concrete beams remains nearly identical. However, the most significant 

differences in deformation occur at a load level of 125 kN. At this load level, the 

deformation value shows an 85 % difference between Beam D1 (normal concrete) and 

Beam D2 (20 % cocopeat), and an 89 % difference between Beam D5 and Beam D6. 
 

  
  

Fig. 24. Compression zone deformation of beams D1, 

D2, D3 and D4 

Fig. 25. Compression zone deformation of 

beams D5, D6, D7 and D8 
 

  
  

Fig. 26. Tensile deformation of beams  

D1, D2, D3 and D4 

Fig. 27. Tensile deformation of beams  

D5, D6, D7 and D8 
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The diagrams in Figs. 26 and 27 reveal several important insights regarding the 

tensile zone deformation of reinforced concrete beams. The tensile deformation remains 

consistent across different percentages of cocopeat used as a replacement for sand. 

Notably, substituting sand with cocopeat leads to reduced tensile zone deformation 

compared to conventional concrete. For forces applied below 25 kN, the tensile 

deformation values are similar across all reinforced concrete beams. However, the most 

significant differences in tensile deformation are observed at a load level of 125 kN, where 

there is a 59 % difference between Beam D1 (normal concrete) and Beam D4 (100 % 

cocopeat), and a 65 % difference between Beam D5 and Beam D8. Tensile deformation is 

shown in Figs. 26 and 27. 
 

Development and propagation of cracks in beams 

The test results indicate that all reinforced concrete beams, from Beam D1 to Beam D8, 

initiated their first cracks under a load of P = 700 Psi (equivalent to 35 kN). In contrast, 

Beam D9 exhibited its initial crack at a higher load of P = 1000 Psi (equivalent to 50 kN), 

as demonstrated in Figs. 28 and 29. These observations are consistent with prior research 

on crack formation and propagation in reinforced concrete beams subjected to short-term 

loads [42], as well as studies on deflection and cracking in flexural concrete beams [43]. 

The cracks predominantly appear at the center of the beam and near the points of force 

application, with vertical cracks developing in the middle of the beam and diagonal cracks 

forming at 45 degrees in the support areas. As the load intensifies, both the length and 

width of these cracks increase, as depicted in Fig. 30. Specifically, at a load of 35 kN, the 

crack width measures 0.02 mm, which expands to 0.70 mm at a load level of 125 kN, as 

illustrated in Figs. 30 and 31. 

 

General comments 

The SEM results demonstrate that as the percentage of cocopeat increases in the concrete 

mix, the texture becomes progressively rougher and more porous. The addition of cocopeat 

leads to a noticeable increase in voids and irregularities within the matrix, which adversely 

affects the bonding strength and structural integrity. Concrete with 50 and 100 % cocopeat 

shows significant reductions in cohesiveness and an increase in irregularities and micro 

spheroids, leading to less predictable crack patterns and reduced overall performance 

compared to the 0 and 20 % cocopeat samples: 

1. The deformation in both tensile and compressive zones of reinforced concrete beams, 

whether using varying percentages of cocopeat as a replacement for sand or using normal 

concrete, shows comparable values. 

2. Replacing sand with cocopeat in reinforced concrete beams leads to reduced 

deformation in both tensile and compressive zones compared to beams made with normal 

concrete. 

3. All tested reinforced concrete beams exhibit greater tensile strain compared to 

compressive strain. 

4. The maximum deformation in the compression zone for beams using cocopeat instead 

of sand is 1.37 %, significantly lower than the deformation in beams made with normal 

concrete, which is 3.27 % (equivalent to ·cu = 3.5 % for normal concrete).  



48 T.Q.K. Lam, M.T. Nguyen, H.K. Lam, K.S. Sreekeshava 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

Fig. 28. Formation and propagation of cracks in reinforced concrete beams  
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Fig. 29. Cracks of D9 reinforced concrete beams 

 

 
 

Fig. 30. Cracks of D8 reinforced concrete beam  

 

 
 

Fig. 31. Measure the crack width of D8 reinforced concrete beam 

 

These findings align closely with the results from the study [43]. For instance, cracks 

appeared in all normal concrete B15 beams under compression when a load of 35 kN was 

applied, and damage occurred in the beams subjected to loads exceeding 110 kN. 

 

Conclusions 

This study demonstrates that cocopeat particles, hardened with cement, can effectively 

substitute sand in concrete production: 

1. The SEM results reveal that increasing the proportion of cocopeat in the concrete mix 

results in a rougher and more porous texture. Higher cocopeat content introduces more 

voids and surface irregularities, which negatively impacts the bond strength and 

structural stability. Concrete samples with 50 and 100 % cocopeat exhibit significant 

increases in irregularities and micro spheroids, leading to unpredictable crack patterns 

and reduced performance compared to those with 0 and 20 % cocopeat. 

2. Specifically, replacing 20 % of the sand with hardened cocopeat in reinforced concrete 

beams yields load-bearing capacities comparable to those of normal concrete beams. 

3. The study found that the characteristics of deflection, deformation, and crack formation 

and propagation in reinforced concrete beams with a stirrup spacing of 200 mm were 

similar to those with stirrup spacings of 100 and 150 mm. This similarity underscores the 

practical implications for the design and arrangement of stirrups in reinforced concrete 

beam construction. 
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4. Replacing sand with cocopeat at varying levels 20, 50, and 100 % led to an increase in 

vertical displacement between spans of the reinforced concrete beams. However, this 

increase was less pronounced compared to beams made without cocopeat. 

5. Cracking was observed when the load reached 35 kN, and all beams from D1 to D8 

failed under loads exceeding 125 kN. 

The encouraging results of using cocopeat as a sand substitute in concrete highlight 

its potential for sustainable construction. A focused roadmap for future research can 

include several key areas: optimizing cocopeat proportions by experimenting with varying 

ratios (e.g., 10, 30, 50 %) to determine the best mix for strength and durability; assessing 

long-term performance under different environmental conditions and evaluating how the 

material ages over time; and conducting a life-cycle cost analysis to compare cocopeat-

enhanced concrete with traditional methods, focusing on material and labor costs. 

Additionally, researchers should measure the environmental impact by analyzing 

reductions in carbon footprint and resource usage and exploring waste reduction 

opportunities. 
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ABSTRACT  

Sustainable development goal is the development of such as materials, which might not drop the negative 

impact over the environment, ecology and society and has long resiliency or life if bring into use. In today9s 
era, the world is concentrating on alternative materials that are naturally recyclable and friendly to the 

environment. In place of synthetic fibres, renewable natural fibres now offer an alternative polymer 

composite material. Pollution of the environment has become unavoidable due to the toxic gas emissions 

from burning large quantities of residual rice straw fibres. As we know that natural fiber and epoxy resin is 

ascertained as momentous composite material amongst other composite materials due to its multipurpose 

usage in engineering, versatility cum unique mechanical properties, low-cost fabrication, renewable, 

biodegradable, and recyclable. In the presented research work, analysis of mechanical Behavior, of rice 

straw and bamboo fiber hybrid composite. To analysis same, in this research work a hybrid composite was 

created by first treating rice straw fibre with sodium hydroxide in an alkali process and then combining the 

treated rice straw sheet in stacking sequences with bamboo fiber. The testing results show that the specific 

tensile strength and flexural strength of rice straw fiber combined with bamboo fiber is greater than 

another hybrid composite. In addition to that, the hardness of rice straw fiber combined with bamboo fiber 

is also found greater than the other hybrid composite. The discussed hybrid composite fabrication scheme, 

testing, analysis and results represented graphically throughout the presented research work. 
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Introduction 

The sustainable material development (SMD) stated to develop the materials, which have 

sustainability if usage to fabricate goods/products such as making the ply, bed, doors of 

houses etc under least cost along with promoting the minimum pollution [1]. It is seen 

that the construction sectors are a major contributor to socio-economic development is 

interdependent pillar of sustainability. The materials provide the best reliable 

construction if material is good in nature [2]. It is seen that the composite materials are 

available in broad range for different civil engineering work, products9 fabrications. The 
reinforcing matrix material is identified as a prominent sustainable material within the 

contemporary context. Composite materials derived from natural fibers are typically 

selected in various industrial applications [3]. This phenomenon transpires due to 

reduced expenses and density, environmental sustainability, recyclability, and low mass. 

The predominant cereal crop is Oryza sativa, and the external layer of rice straw is 

classified as a byproduct of agricultural practices [4]. Most waste is burned, which pollutes 
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the air then this wastage is utilised commercially to avoid this. Additionally, it can be 

used to produce biofuel, paper, fertiliser, and animal feed [5]. The reinforcement materials 

have the strength as well as stiffness and matrix material have capability to transfer the 

stresses [6]. Natural fibers are readily available and easily sourced. Collaborative efforts 

between industries and researchers aim to replace synthetic fibers with natural 

alternatives in response to environmental concerns and increasing global demand [7]. 

S. Kirubai et al. [8] analysis of mechanical behavior on natural fiber-based silica filled 

hybrid composite material. This study the effect of filler material on silica with jute and 

Rice straw hybrid composites. The outcome demonstrates that the fibre matrix interface 

was enhanced by combining natural fibre with synthetic filler. Preeti Beniwal et al. [9] 

advancement in the tensile characteristics of composites made of polylactic acid and 

reinforced by rice straw fibres. When the modified fibres were added to polylactic acid 

(PLA), composite films were produced that demonstrated improved thermal stability and 

crystallinity. The mechanical tests showed that the film of tensile strength had improved 

by 95 % and that its toughness had improved by roughly 600 %, thus improving 

compatibility among the matrix material and reinforcement. Singh et al.9 [10] analysis the 

performance of rice straw reinforced fiber composite material. As a result, shows, that the 

improper usage of rice straw directly affects both material costs and environmental 

protection. Rice straw has been identified as a potential energy source and a useful waste 

product with a number of specific advantages as research is shifting towards reducing 

carbon footprints. Bowen Feng et al. [11] analysis the behavoir of alkali treatment rice 

straw reinforcement cement composites. The right amount of rice straw fibres additive 

greatly enhanced the modified cement specimens, while an excessive amount of the 

reserve impact was seen. These findings support theoretical research on the utilisation of 

rice straw fibres in cemented composites and reduce the environmental pollution 

generated by those fibres. Santosh Kumar et al. [12] analysis the wear behaviour of 

polylactic acid (PLA) composites supplemented with rice straw fibres. The experimental 

results show that applied stress and fibre loading significantly affect composite wear loss. 

Wear loss increases with a rise in applied normal load, Still, when fibre loading increases, 

the composites' abrasive wear loss decreases. M.H.M. Hamdan et al. [13] investigated the 

mechanical parameters of a PLA polymer composite reinforced with rice husk filler and 

treated with maleic anhydride, polypropylene, and polyethylene, they found that tensile 

and flexural strength of the composite decreased with increasing rice husk concentration. 

Eduardo Cesar Pachla et al. [14] studied that the rice husk and rice straw are used 

sustainably in cellular composites. Straw was added, which decreased the compressive 

strength by 15 % while increasing the flexural strengths. When rice straw was added, 

sound absorption increased, and the sound lining values were statistically comparable. 

Yashas et al. [15] studied the polymers matrix composite and stated that the matrix 

material is non-bio deformable and might attain the biodegradable by moderately 

changing fibers with natural fibers. Newly, Wang et al. [16] examined the tensile strength 

characteristics of natural fibre reinforced polymer composites and noted that while 

natural fibre tensile strength attributes are good, they can be changed when using 

synthetic fibres, such as carbon or glass, to reinforce plastic materials. Rong et al. [17] 

studied the effects of chemical behaviours of fiber epoxy composite and stated that the 

bond among the fibers and matrix scan be improved by emphasizing the chemical 
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behavior. Arpitha et al. [18] moderately changed the glass fiber with bamboo fiber and 

considered the effects of hybridization, and indicated that the fillers added natural fiber 

epoxy composites gives major progress in mechanical property. Rajesh et al. [19] 

explained that the surface treatment by NaOH and the hybridization increase the 

mechanical behavior of polymer composites matrerial. Megahed et al. [20] studied the 

mechanical behavior of rice straw and glass fiber reinforced epoxy composite. The alkali 

treatment method was used for making rice straw sheet. Ranjan et al. [21] investigated 

the mechanical properties of rice straw fiber hybrid epoxy reinforced biodegradable 

composite. The presence of lignin in rice straw causes poor bonding among the fiber and 

matrix material. Zhang et al. [22] studied about the fabrication and treatment process of 

lignocellulosic reinforced particleboard composite (made from rice straw and coir fiber). 

The treating composite material is increasing the wet ability of the rice straw surfaces on 

surface smaller contact angle. Xie et al. [23] studied the rice straw fiber and bamboo fiber, 

which are used as reinforcement cement-based composite. The mechanical property of 

the composite can be enhanced using fiber, the authors stated. Vijaya et al. [24] 

investigated that, the mechanical property of bamboo glass fibers hybrid composite 

material increases the ecological. Ismail et al. [25] investigate the mechanical behavior 

of rice straw fiber-based hybrid composite. The authors tested the three-point bending 

strength of rice straw reinforced composites material and concluded that flexural 

strength increases with the enhancement of a polyvinyl alcohol percentage in a 

composite material. Nguyen and Mangat [26] studied that, the analysis the property of 

rice straw fiber based reinforced with alkali-active cementitious composites. sodium 

hydroxide (NaOH) was used to treat the rice straw fibre. The rice straw fiber has a very 

optimistic effect on the alkali treatment process in the composite. Lokesh et al. [27] 

analysed the mechanical property of bamboo fiber-based reinforced polymer hybrid 

composite material. The author found that the flexural strength of bamboo fiber epoxy 

resin is increasing with increasing fiber loading. The impact property of a composite 

material is increasing with the rise of fiber, contained in composite. Tensile property, 

flexural property, and impact property are highly affected by the sodium hydroxide-

treated fibers used [28]. 

The objective of this study is to develop a sustainable hybrid composite using rice 

straw and bamboo fibers reinforced with epoxy resin. It aims to reduce agricultural waste 

and environmental pollution by utilizing renewable natural fibers. The research focuses 

on enhancing mechanical properties such as tensile strength, flexural strength, and 

hardness through hybridization. Overall, the goal is to promote eco-friendly, cost-

effective, and high-performance bio-based composite materials. 

 

Materials and Method 

Materials 

Rice straw. The rice crop residue is light in weight as well as biodegradable and the most 

appropriate for the filler in the composite material. The rice straw (Table 1) is using in 

the place of plastic fiber in composite material. Nowadays almost everyone uses 

harvesters for harvesting crops, and after that, they leave the crop residue there. Then burn 

it to sow the next crop. The burning of the rice straw causes the emission of toxic fumes, 
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and two to three months later the clouds are black. Due to which the environment is 

gated populated. Hence, the rice straw is easily collected, and it is available for free [28]. 

Bamboo. Bamboo fiber (Table 1) is widely used as reinforcement material in the 

composite because it is a predominant behavioral property, such as strong, flexible, 

antibacterial, and biodegradable. The sweat is very quickly absorbed and evaporated by 

the bamboo fiber. Bamboo fiber is luxurious, shiny, and breathable. The micro-hole is 

present in the cross-segment of the bamboo fiber which is loading to as moisture 

absorption and ventilation [29].  
 

Table 1. Chemical property of rice straw and bamboo fiber [30,31] 

Property 
Density, 

g/cm3 

Young 

modulus, GPa 

Poisson 

ratio 

Cellulose, 

wt. % 

Hemicellulose, 

wt. % 

Lignin, 

wt. % 

Rice straw 

fiber 
1.6 2.427 1.0 38.94 20.95 6.922 

Bamboo 

fiber 
0.9 35346 0.35 42.3349.1 24.1327.7 23.8326.1 

 

Epoxy resin and hardener. Epoxy is a polymer type of matrix material. The basic 

function of epoxy resin is to hold the fibers together and transfer the load between the 

fibers. Epoxy resin (Table 2) is widely used in manufacturing applications because of its 

property like toughness, strong adhesion. In this, epoxy resin LY556 and curing agent 

hardener HY951 are used for making the composite. The resin and hardener were mixing 

with a ratio of 10:1 [32]. 
 

Table 2. Property of epoxy resin [33,34] 

Sr.no. Property Epoxy resin 

1 Density, g/cm3 1.1031.41 

2 Young modulus, GPa 3 

3 Poisson ratio 0.4 

 

Making sheets from rice straw fibers 

The rice straw was collected from or on the farm. Impurity ware was removed, and the 

alkali treatment process was conducted at home. In the alkali treatment process, the 

adhesion property of fiber is improved. After removing impurities, the straw was cut into 

5 mm length as in Fig. 1(a). Then the rice straw was washed by running water and removed 

from the waste material in the straw. Then the rice straws are soaked in 2 wt. % of sodium 

NaOH for 36 h. Sodium hydroxides are buying 250 g near the store. Rice straw is treated 

with sodium hydroxide and breakdown of a bundle of smaller fiber. This developed the 

rough surface structure that causes enhanced fiber-matrix adhesion between fiber and 

matrix. Then the rice straw was boiled for 2 h until the rice straw becomes soft, as shown 

in Fig. 1(b). Then the rice straw fiber was washed with thoroughly running water. Then the 

rice straws are crushed with a pestle as shown in Fig. 1(c). After crush, the rice straws are 

put into the mould. The mesh passed through the roller to remove the excess quantity of 

water shown in Fig. 1(d). Then the water come-out through the screen. Then the rice straw 

is uniformly distributed into the mould shown in Fig. 1(e). Then rice straw fiber dried into 

the sunray. The alkali treatment process was completed [32,35].   
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(a) (b) (c) 

   
(d) (e) (f) 

 

Fig. 1. Development of sheets from rice straw fiber 

 

Fabrication process 

In this research, the hand-lay-up method was using to fabricate the composite plate 

(Table 3). The most popular and affordable open moulding method is hand-lay-up 

technique because it required fewer amounts of apparatus. It is suitable for making an 

extensive variety of composite product from small to large. In this method, two mild steel 

plates are used, and the dimension of the plate is 200 × 150 mm2. Resin and hardener 

mixed with the proportion is 10:1. Then the mixtures is stirred until the mixture attains a 

notable amount of heat. This mixture is prepared with the help of a weighing machine. 

Then a small amount of wax is applied to the plate. Then the fiber is placed between the 

plates. Both the plate is fastened with screw and tight with nut for curing in 30 h [36]. 

 
Table 3. Composition of wt. % of fiber and epoxy resin 

Sr. 

No. 

Sample 

code 
Stacking sequence 

Fiber, wt. % 
Resin, wt. % 

Rice Straw Bamboo 

1 RBR143 Rice straw / bamboo / rice straw 26.7 13.3 60 

2 RB110 Rice straw / bamboo 20 20 60 

3 RR100 Rice straw / rice straw 40 0 60 

4 BRB214 Bamboo / rice straw / bamboo 13.3 26.7 60 

 

Characterization 

Tensile test. The tensile test measured the ultimate strength, maximum breaking 

strength, maximum extension, and decrease in area. The purpose of tensile testing is to 

select the material for an application, new product development, and proof of concept. 

The universal testing machine conducts the tensile test. Flat samples are typically used 

for the tensile test [37]. The normally used sample shapes are the straight side kind by 
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end tab. The sample is using for testing is shown in Fig 2. Tensile tests were performed 

using a 10-ton capacity universal testing machine of model UTB9103 in accordance with 

ASTM D638 at standard. The sample dimensions 165 × 12 × 4 mm3 as per the standard 

recommendation. The gauge length of the specimen is 60 mm and crosshead speed of 

1 mm/min. All the testing is conducted on CIPET Raipur [38,39].  
 

 
 

Fig. 2. Composite plate 

 

Flexural test. The stress a material immediately before it yields in a flexure test is 

known as its flexural strength. It represents maximum stress experiences inside the 

material on its instant of yield. The material can resist deformation under the load [40]. 

A three-point bending test is used for determining flexural strength. This test is 

performed using a universal testing apparatus in accordance with ASTM D790. The 

sample dimensions 127 × 12 × 4 mm3 as per the standard recommendation. The span 

length of the specimen is 50 mm and crosshead speed of 1 mm/min [41].  

Hardness test. Hardness is the resistance of a material to localized plastic 

deformation. The hardness testing evaluates material properties, like strength, and wear 

resistances [42]. It determines whether a materials or materials behaviour is suitable for 

purpose you required. The performance of the hardness test is pressing the indenter into 

surface of the material. It determines by measuring the depth of indenter penetration. 

Shore hardness test is used to measure the hardness in this research [43,44]. 

 

Results and Discussion 

Tensile strength 

Table 4 shows the various properties of RR100, RB110, RBR143 and BRB214, such as 

tensile stress, and strain. Table 4 demonstrates that the tensile properties of reinforced 

composite material decreased with increasing fiber volume percentage due to improper 

bonding among the rice straw fiber and epoxy. It is found that the ultimate tensile stress 

of sample RR100 is 12.7 MPa and RB110 is 11.8 MPa. It can be seen that the increasing 

fiber wt. % of the composite reduced the tensile properties of the composite. It has been 

observed that the ultimate stress of RR100 is greater than RB110. It is found that the 

ultimate tensile stress sample RBR143 is 1.21 MPa and BRB214 is 13.5 MPa. It has been 

observed that the ultimate stress and strain of RBR143 is lesser than BRB214. In this 
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study the maximum tensile strength was obtained increasing the wt. % of the resin. 

BRB214 sample has highest tensile property. Alkali treatment of rice straw fiber is also 

increasing the tensile properties of the composite. The comparative study of sample 

RR100 and RB110 are illustrated in Fig. 3. It is found that the ultimate tensile stress of 

sample RR100 is 12.7 MPa and RB110 is 11.8 MPa. It has been observed that the ultimate 

stress of RR100 is greater than RB110. Whereas the elongation of RB110 is better than 

RR100. It has also been observed that two layers of rice straw shows the excellent tensile 

properties and RB110 is more ductile than the RR100.  

 

 
 

Fig. 3. Tensile strength comparison of sample RR100 and RB110 composite 

 
Table 4. Tensile properties of tested hybrid composite 

Sample RR100 (S1) RB110 (S2) RBR143 (S3) BRB214 (S4) 

Ultimate 

stress, MPa 
12.7 11.8 1.21 13.5 

Ultimate 

strain, % 
3.38 13.9 1.09 8.11 

 

 
Fig. 4. Tensile strength comparison of sample RBR100 and BRB110 composite 
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The comparative study of sample RBR143 and BRB214 are illustrated in Fig. 4. In 

this graph, it is found that the ultimate tensile stress sample RBR143 is 1.21 MPa and 

BRB214 is 13.5 MPa. It has been observed that found that BRB214 has excellent tensile 

properties. Sample RBR214 has resin wt. % is more than the other sample than adhesion 

quality of this composite is more. The stress strain curve found from tensile test of hybrid 

composite is shown in a single graph for comparison. The tensile strength found to be 

highest for sample BRB214 and lowest for RBR143. The tensile strain found to be highest 

for sample RB110 and lowest for RBR143. Figure 5 shows all composition and 

demonstrated that the following sequences are as under:  

Tensile stress=> BRB214>RR100>RB110>RBR143. 

Tensile strain=> RB110>BRB214>RR100>RBR143. 
 

 
Fig. 5. Tensile strength comparison for all hybrid composite 

 

Flexural property 

Table 5 shows the various properties of RR100, RB110, RBR143 and BRB214, such as 

flexural stress, and strain. It is found that the ultimate stress of the sample RR100 is 

8.35 MPa and RB110 is 6.49 MPa. Table 5 shows that the flexural properties of reinforced 

composite material decreased with increasing fiber volume percentage due to improper 

bonding among the rice straw fiber and epoxy. It has been observed that the ultimate 

stress and strain of RR100 is greater than RB110. It is found that the ultimate stress of 

the sample RBR143 is 5.49 MPa and BRB214 is 8.3 MPa. It has been observed that the 

ultimate stress and strain of RBR143 is lesser than BRB214. The comparative study of 

sample RR100 and RB110 are illustrated in Fig. 6. It is found that the ultimate stress of 

the sample RR100 is 8.35 MPa and RB110 is 6.49 MPa. From the graph in Fig. 6 it can 

also be seen that the value of flexural strength reduced from 36 to 52 %. This is because 

of improved in fiber volume and reduces the epoxy resin presence among the composite 

material. The value of flexural strength reduced with increasing fiber wt. % in the 

composite. It has been observed that the ultimate stress and strain of RR100 is greater 

than RB110. It has also been observed that two layers of rice straw shows the excellent 

flexural properties and RB110 is more ductile than the RR100.  
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Table 5. Flexural properties of tested hybrid composite 

Sample id RR100 (S1) RB110 (S2) RBR143 (S3) BRB214 (S4) 

Ultimate stress, MPa 8.35 6.49 5.49 8.3 

Ultimate strain, % 3.262 1.056 1.87 3.734 

 

 
 

Fig. 6. Flexural strength comparison of sample RR100 and RB110 composite 

 

The comparative study of sample RBR143 and BRB214 are illustrated in Fig. 7. The 

introduction of the alkali treatment of rice straw fiber increases the bonding of fiber and 

resin hence it increases flexural strength of the composite. It is found that the ultimate 

stress of the sample RBR143 is 5.49 MPa and BRB214 is 8.3 MPa. It has been observed 

that the ultimate stress and strain of RBR143 is lesser than BRB214. It has also been 

observed that BRB214 has the excellent flexural properties. The stress-strain curve found 

from flexural test of hybrid composite is shown in a single graph for comparison. The 

flexural strength found to be highest for sample RR100 and lowest for RBR143. The 

tensile strain found to be highest for sample BRB214 and lowest for RB110. From Fig. 8 

shows all the composition and demonstrated that the following sequences are as under:  

Ultimate stress=> RR100>BRB214>RB110>RBR143. 

Ultimate strain=> BRB214>RR100>RBR143>RB110. 

 

 
 

 

Fig. 7. Flexural strength comparison of sample RBR100 and BRB110 composite 
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Fig. 8. Flexural strength comparison for all hybrid composite 

 

Hardness test result 

Shore hardness test is used to measure the hardness in this research. It analyses a 

material's resistance to an indenter-like spring-loaded needle penetrating it. An 

equipment known as a durometer is used to perform the shore hardness test. It loads an 

indenter using a calibrated spring. Then the hardness is then determined by the indenter's 

penetration depth under load. The specimen BRB214 is a maximum value of hardness 

(Fig. 9). Table 6 had given the hardness test result value of all hybrid composite fabricated 

material. 

 
 

Fig. 9. Hardness test result in bar graph 

 

Table 6. Hardness test result of fabricated material 

Sample id RBR143 BRB214 RR100 RB110 

Hardness 56.8 62.8 57.2 59 

 

Conclusion 

SMD is found as one of the important fields in today9s era. Concern about SMD, the 
researchers are focusing on developing the materials into two aspects such as materials 

must have the composition of natural polymers and have the low manufacturing cost and 
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high resiliency for long period of time targeted the SDG. Natural composites/ polymers 

reduce by environmental effect and provide healthy life to society as well as ecosystem 

(promote to social ecology), where on other hand high resiliency means materials have 

sustainability. Therefore, as results, the authors attempted to fabricate the materials by 

using natural polymers and tested the mechanical properties of same. In this work, 

sustainability of said material is measured in the terms of tensile, flexural, hardness of 

rice straw fiber/bamboo fiber mat/epoxy resin hybrid composites.  Random rice straw 

fibers were changed to mat form with the better distribution to improve the mechanical 

behavior of the composite. 

Based on the testing results, the following conclusions can be a drawn: 

1. The successful fabrications of a rice straw sheet and bamboo fiber hybrid epoxy 

composite. 

2. The tensile strength of RR100 composite is 7.6 % more than RB110 and BRB214 

composite is 82 % of RBR143. 

3. The flexural strength of RR100 composite is 22 % more than RB110 and BRB214 

composite is 33 % of RBR143.  

4. The hardness value is maximum for BRB214 (62.8) and minimum for RBR143 (56.8).  

After comparison, it is summarized that RR100 composite has good tensile as well 

as flexural strength however in case of hardness BRB214 can be referred for civil 

engineering field.  
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ABSTRACT  

The main aim of this paper is to experimentally and numerically determine the mechanical properties of 

thermoplastics that exhibit porosity due to 3D-printing. The mechanical properties of thermoplastics 

(polyacrylonitrile-co-butadiene-co-styrene, polycarbonate, polyetherimide) were investigated using both 

tensile testing machine and finite element method. The object of the study is the standard 3D-printed 

specimen for tensile testing. According to the result of the experimental determination of the stress3strain 

curves of specimens under partial loading, full unloading and repeated loading, a gradual accumulation of 

plastic strain was revealed for all considered thermoplastics. A finite element model for testing standard 

tensile specimens has been developed and validated. As a result of validation, multilinear isotropic hardening 

material law was identified for all investigated thermoplastics. Measured mechanical properties of porous 

thermoplastics were compared with properties declared by the manufacturer for the original raw material. 
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Introduction 

In modern mechanical engineering, competitiveness is increasingly driven by the 

development of advanced materials and their corresponding manufacturing processes. 

The integration of polymer materials with 3D-printing technology enables the tailoring 

of unique mechanical properties to meet stringent design limitations on chemistry, 

weight, volume, and stiffness, which are paramount in aerospace and medical 

applications [1]. While specific material grades and chemical additives expand the 

applicability of polymers, they also necessitate detailed performance validation under 

operational conditions 3 a requirement effectively addressed through digital engineering 

technology [2]. 

3D-printing makes it possible to effectively use the provided volume, ensuring the 

requirements for strength and rigidity. At the same time, it changes the microstructure of 

the material and thus transforms the original isotropic material into anisotropic, due to 

the formation of porosity or orientation of polymer chain fragments [3]. 3D-printing of 
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thermoplastics changes their physical and mechanical properties, which complicates the 

prediction of macroscopic reactions of constructures manufactured in such way [4]. 

It is necessary to note the advantage of thermosetting polymers in terms of the 

absence of such preconditions for the formation of anisotropy at the micro level due to 

another manufacturing technology 3 chemical polymerization. 

While the physical, mechanical, and thermal properties of various thermoplastics 

are well-documented in general reviews [5,6], data for specific material 

grades 3 particularly those processed via additive manufacturing remain incomplete. 

Expanding the database of mechanical properties for various materials is valuable for the 

scientific and engineering community. 3D-printing significantly alters the properties of 

the original polymer feedstock. For example, in the article [7], it is shown that the building 

orientation of a part leads to a change in mechanical properties. Article [8] shows the 

effect of the layer stacking pattern during 3D-printing on the strength properties.  

The change in mechanical properties is explained by a different way of forming cavities 

at the micro level. In addition, for some high-molecular-weight polymers, manufacturing 

by 3D-printing is accompanied by orientation of polymer chain fragments, leading to the 

appearance of orthotropic mechanical properties at the macro level. However, the 

mechanical properties of a part are determined not only by its building orientation during 

manufacturing by 3D-printing. For example, article [9] shows the effect of various  

3D-printing parameters on mechanical properties. In particular, the effect of the following 

parameters has been studied: layer thickness, thread width, filling density, layer 

orientation, printing speed and filling structure. The effect of 3D-printing parameters on 

mechanical properties has been studied not only for homogeneous specimens but also 

for heterogeneous specimens. Article [10] shows the effect of the infill percentage density 

and the different printing speed on the tensile properties. Special attention is paid to the 

effect of non-uniform temperature distribution during 3D-printing on mechanical 

properties. Article [11] shows the effect of the layer thickness, printing speed and the 

nozzle temperature on the mechanical properties. Article [12] is devoted to the study of 

the effect of non-uniform temperature distribution in the workpiece on the mechanical 

properties of specimens 3 individual parts of the workpiece. It has been determined that 

an important factor affecting the mechanical properties of thermoplastics is the time-

dependent spatial temperature distribution during 3D-printing. Conversely, heating 

above the glass transition temperature can anneal these stresses, highlighting the 

complex relationship between thermal conditions and final mechanical properties. 

The methodology of experimental and numerical determination of mechanical 

properties of standard specimens is well presented in the literature. Article [13] presents 

the results of experiments which are required for determination of the rheological 

material model and mechanical properties of standard specimens. Studied material 

represents a mixture of two types of thermoplastics in different proportions. Article [14] 

is devoted to the study of the effect of the building orientation of the part during 

manufacturing by laser stereolithography technology. The possibilities for achieving the 

best mechanical properties were investigated. In article [15], the mechanical properties 

of standard specimens of titanium alloy were studied experimentally and numerically 

using a finite element analysis software system. 
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This paper is devoted to the experimental and numerical study of the mechanical 

properties of standard (ISO 527-2:2025) specimens [16], which were manufactured by 3D-

printing for specific thermoplastics certified in accordance with ISO 1099334:2017 [17], 

namely: ABS3M30i [18,19], PC3ISO [20,21], Ultem 1010 resin [22324]. Today, one of the 

methods for identifying the porosity of specimens is scanning electron microscopy of the 

cross-section of the surface [25,26]. This article studies mechanical properties of 

thermoplastics with voids and pores formed due to 3D-printing. These defects have been 

identified by cross-sectional scanning electron microscopy for all considered 

thermoplastics [27]. The ratio of voids (voids and pores) for ABS-M30i, PC3ISO and 

Ultem 1010 resin constitute 0.7 (~ 14), 0.4 (~ 20) and 3 (~ 20) % respectively. 

 

Materials and Methods 

The object of study is standard (ISO 527-2:2025) specimens, which were manufactured 

by 3D-printing from thermoplastics certified by standard ISO 1099334:2017. In particular, 

the following thermoplastics were considered: polyacrylonitrile-co-butadiene-co-styrene 

(ABS3M30i, Stratasys Ltd.), polycarbonate (PC3ISO, Stratasys Ltd.) and polyetherimide 

(Ultem 1010 Resin, Stratasys Ltd.). Detailed information about the manufacturing of the 

considered thermoplastics, as well as their physical, chemical and surface properties have 

been presented in [27]. 

The tensile specimen was designed based on a standard geometry, the key 

dimensions of which are illustrated in Fig. 1(a). In accordance with this sketch, a full-scale 

geometric model of the specimen was developed (Fig. 2(b)) using a computer-aided 

design system SolidWorks (Dassault Systèmes SE). Based on this geometric model, 
12 specimens of each considered thermoplastics were 3D-printed (Fig. 1(c)) using  

a 3D-printer Stratasys Fortus 450 mc (Stratasys Ltd.). Tensile tests were performed on 
thermoplastic specimens with a working area of 60 mm length, 5.9 mm width, and 3 mm 
thickness, in accordance with ISO 527-2:2025. Testing was conducted under standard 
ambient conditions using two Shimadzu universal testing machines (UTMs): a 5 kN AG3
Xplus HS equipped with a pantograph and a 50 kN AG350kNXD with a screw-type clamps. 
A constant crosshead speed of 1 mm/min was applied, and strain was measured by GL38 
extensometer. The cyclic loading tests for mechanical hysteresis analysis (load-unload 
cycles down to 0.5 MPa) were exclusively performed on the 50 kN screw-type clamp 
machine, as this test configuration was not feasible with the pantograph clamp system. 

 

 
 

Fig. 1. Specimens: (a) sketch with relevant dimensions in mm; (b) geometric model; 

(c) 3D-printed specimens  

a) 

 

b) 

 

c) 

 

 

(c) (b) 

(a) 
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Results and Discussion 

Experimental part 

An experimental study of the mechanical properties was conducted for standard 

(ISO 527-2:2025) thermoplastic specimens in the presence of porosity caused by  

3D-printing. The following grades of thermoplastics certified in accordance with 

ISO 10993-4:2017 were considered: ABS3M30i (polyacrylonitrile-co-butadiene-co-

styrene), PC3ISO (polycarbonate), Ultem 1010 resin (polyetherimide). Thermoplastics  

ABS-M30i and PC-ISO could be considered as isotropic materials [18,20], while thermoplastic 

Ultem 1010 resin is characterized by orthotropy of mechanical properties [22]. Tests for 

thermoplastic Ultem 1010 resin were conducted in XZ print orientation [22]. Tensile tests 

were conducted for determination of the mechanical properties in accordance with 

standard for tensile testing methods of plastics using the machine shown in Fig. 2. 
 

 
 

Fig. 2. Photographs of the: (a) tensile testing machine; (b) ABS3M30i specimens; (c) PC3ISO specimens;  

(d) Ultem 1010 resin specimens 

 

As a result of experiments, stress3strain curves were determined, as well as the 

elastic modulus, tensile strength and elongation at break, which are given in Table 1. 

Mechanical properties of all considered thermoplastics are presented in comparison with 

VESTAKEEP i4 3DF [28] (polyetheretherketone), which is used today in endoprosthetics. 

 
Table 1. Mechanical properties of thermoplastics 

Thermoplastic ABS-M30i PC-ISO Ultem 1010 resin VESTAKEEP i4 3DF 

Elastic modulus, MPa 2 400 [18] 2 000 [20] 3 040 [22] 3 500 [28] 

Elastic modulus 

(experiment), MPa 

2 203 (-8.2 %) 

Sd 38 

2 094 (+4.7 %) 

Sd 165 

3 257 (+7.1 %) 

Sd 92 
3 

Tensile strength, MPa 36 [18] 57 [20] 79.2 [22] 94 [28] 

Tensile strength 

(experiment), MPa 

28.4 (-21.1 %) 

Sd 0.3 

49 (-14 %) 

Sd 0.3 

88.6 (+11.9 %) 

Sd 4 
3 

Elongation at break, % 4 [18] 4 [20] 4 [22] 5 [28] 

Elongation at break 

(experiment), % 

7.7 (+92.5 %) 

Sd 1.1 

5.3 (+32.5 %) 

Sd 0.2 

4.35 (+8.8 %) 

Sd 0.4 
3 

 

As shown in Table 1, the experimentally determined elastic modulus for all studied 

3D-printed thermoplastics correlates well with manufacturer datasheet values. The 

(a) a) b

c

d

(c) 

(d) 

(b) 
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values of the experimentally determined elastic modulus for all considered 

thermoplastics correlate with the data sheet, in contrast to the other properties of these 

materials. A mechanical hysteresis was constructed for the identification of an adequate 

rheological model for all considered thermoplastics (Fig. 3). 
 

 

 

Fig. 3. Experimental stress3strain curves of investigated thermoplastics: (4) ABS-M30i; (b) PC3ISO; 

(c) Ultem 1010 resin 

 

The experimentally determined tensile strength values for ABS3M30i and PC3ISO 

are lower than the values presented in data sheets. It is well explained by the presence 

of the porosity at micro level, which appears due to manufacturing by 3D-prining. This 

physical phenomenon has been confirmed by scanning electron microscopy of the cross 

section [27]. In contrast, Ultem 1010 Resin exhibited a less pronounced but opposite 

trend, which may be partly explained by the orthotropic nature of its feedstock [22]. 

Coupled with the technological parameters of 3D-printing, it led to a slight strengthening 

of the material. 

The experimentally determined tensile strength values for ABS3M30i and PC3ISO 

are lower than the values presented in data sheets. It is well explained by the presence 

of the porosity at micro level, which appears due to manufacturing by 3D-prining. This 

physical phenomenon has been confirmed by scanning electron microscopy of the cross 

section [27]. In contrast, Ultem 1010 Resin exhibited a less pronounced but opposite 

trend, which may be partly explained by the orthotropic nature of its feedstock [22]. 

Coupled with the technological parameters of 3D-printing, it led to a slight strengthening 

of the material. 

a) 

 

b) 

 

c) 

 

 

(b) (a) 

(c) 
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For all considered thermoplastics, an increase in the elongation at break is observed 

by comparison with data sheets. It is illustrated by the yield plateau on the stress3strain 

curves. As a result of the analysis of the stress3strain curves in combination with the loops 

of mechanical hysteresis, all investigated thermoplastics are prone to gradual accumulation 

of plastic strain under increasing load (Fig. 3). 

 

Numerical part 

Also, a numerical study of the mechanical properties of the considered thermoplastics 

was conducted using the SIMULIA Abaqus/Standard (Dassault Systèmes SE) finite 

element analysis software system [29331]. Figure 4(a) shows a finite element model of a 

standard (ISO 527-2:2025) thermoplastic specimen, which contains about 104 linear finite 

elements (finite element type C3D8R). Figure 4(b) shows a boundary conditions imposed 

on the model. One edge of the specimen is assumed to be rigidly fixed in clamps, while 

displacements in the longitudinal direction were applied to the second edge of the 

specimen. 

 

 
 

Fig. 4. Computational model of a specimen: (a) finite element model; 

(b) boundary conditions imposed on the model 

 

An elastic-plastic material model (plastic material model) was chosen to describe 

the rheological behavior of the considered thermoplastics. The numerical values of the 

parameters for the multilinear isotropic hardening material law (Table 2) were iteratively 

identified in accordance with the experimentally determined stress-strain curves. 

 
Table 2. Numerical values of the multilinear isotropic hardening material law 

ABS-M30i PC-ISO Ultem 1010 resin 

Plastic strain Stress, Pa Plastic strain Stress, Pa Plastic strain Stress, Pa 

0 1.3;107 0 1;107 0 2;107 

0.0005 2.1;107 0.001 2;107 0.001 3;107 

0.0015 2.5;107 0.002 2.5;107 0.002 4;107 

0.002 2.6;107 0.004 3.2;107 0.0035 5;107 

0.0025 2.7;107 0.0055 3.6;107 0.0055 6;107 

0.003 2.75;107 0.0085 4.05;107 0.0085 7;107 

0.004 2.8;107 0.0135 4.55;107 0.013 8;107 

0.008 2.85;107 0.022 4.9;107 0.019 8.8;107 

 

a) 

 

b) 

 

 

(a) (b) 
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As a result of the numerical simulation of stretching a standard specimen, the stress-

strain state was determined. The following characteristics were determined by finite 

element method: displacement (Fig. 5(a)), von Mises stress intensity (Fig. 5(b)) and plastic 

strain (Fig. 5(c)). 

 

(a) 

 

(b) 

 

(c) 

 

 

Fig. 5. Stress-strain state of specimen (in case of the Ultem 1010 resin): (4) displacement; 

(b) von Mises stress intensity; (c) Plastic strain 

 

Modeling was conducted on 6 core desktop computer with Intel i7 CPU and 16 Gb 

RAM. As a result of the multivariant solution for all considered thermoplastics, numerical 

values of the multilinear isotropic hardening material law (Table 2) were identified. Thus, 

the developed digital model for tensile testing of specimens was validated (Fig. 6).  

The data in the first row of Table 2 delineate the transition from the conditionally safe 

(elastic) region to the plastic flow zone. In other words, it is safety to say that stress values 

below 13, 10 and 20 MPa for ABS3M30i, PC3ISO and Ultem 1010 resin thermoplastics 

respectively do not lead to the formation of plastic strain. Stresses above these values 

result in the accumulation of plastic strain, which is confirmed by the presence of a 

mechanical hysteresis loop (Fig. 3).  
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Comparison of results 

As a result of the experimental and numerical study of mechanical properties, stress-

strain curves were determined for all considered thermoplastics (Fig. 6). The numerical 

values of the multilinear isotropic hardening material law for all considered 

thermoplastics were determined in such a way that the numerical stress-strain curves lie 

in the middle between the experimental curves whole over the entire deformation. 

 

 
 

Fig. 6. Experimental and numerically calculated stress-strain curves of investigated thermoplastics: 

ABS3 30i, PC3ISO, Ultem 1010 resin 

 

From all considered thermoplastics ABS3M30i has the lowest tensile strength. All 

things being equal, this circumstance does not allow ABS3M30i to be recommended for 

critical and loaded components of mechanical systems in terms of ensuring strength 

requirements. It should also be noted that ABS3M30i exhibits explicit yield plateau after 

exceeding a relative deformation of 1.8 % up to a relative deformation of 7.7 %, which 

corresponds to failure. 

In turn, PC3ISO has the most nonlinear stress3strain curve compared to other 

considered thermoplastics. PC3ISO has a significantly higher tensile strength compared 

to ABS3M30i, but it enters the plastic flow zone earlier than considered thermoplastics. 

As a result of which, it contributes to the formation and accumulation of irreversible 

deformations and defects during operation under cyclic loads. All things being equal, this 

circumstance does not allow PC3ISO to be recommended for parts and structures with 

durability requirements. 

From all considered thermoplastics Ultem 1010 resin has the most tensile strength 

and rigidity. Mechanical properties of Ultem 1010 resin are close to cortical bone tissue 

and VESTAKEEP i4 3DF (polyetheretherketone), which is used today in endoprosthetics. 

The difference in the rheological behavior of the studied thermoplastics is directly related 

to their chemical composition and structure, which is implicit indicated by the value of 

the glass transition [27]. The lower the glass transition of polymer material, the more 

explicit the plastic behavior is. These features make it possible to consider Ultem 1010 

resin as a promising material for usage in mechanical systems with requirements for 

strength and durability. 
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Conclusions 

In the presented research paper, the mechanical properties of certified 

(ISO 109933 4:2017) thermoplastics ABS3M30i (polyacrylonitrile-co-butadiene-co-

styrene), PC3ISO (polycarbonate) and Ultem 1010 Resin (polyetherimide) were 

investigated using standard (ISO 527-2:2025) specimens, which were manufactured by 

3D-printing. The mechanical properties of thermoplastics with voids and pores formed 

due to 3D-printing have been studied. For all considered thermoplastics stress3strain 

curves were experimentally constructed, as well as a mechanical hysteresis. Based on the 

results of the experimental study, an elastic-plastic material model was chosen to 

adequately describe the rheological behavior of polymer materials. As a result of the 

numerical study of mechanical properties, a validated digital model for tensile testing of a 

specimen was developed. Based on the results of the numerical study, the numerical values 

of the multilinear isotropic hardening material law were identified for all considered 

thermoplastics. Also, measured mechanical properties of porous thermoplastics after  

3D-printing were compared with the properties for the original raw material. 

An important scientific result of this article consists in the identification of a 

rheological model and its numerical parameters for all considered thermoplastics: 

ABS3 M30i, PC3ISO and Ultem 1010 resin. The suggested validated multilinear isotropic 

hardening material law can be used as part of a digital twin of mechanical systems in 

various industries. For example, to develop a digital twin of the skeleton-endoprosthesis 

system for large human joints. As part of further research of mechanical properties of the 

investigated thermoplastics, several areas of scientific and practical importance can be 

denoted, for example: durability research; determination of the mechanical properties of 

wet thermoplastics (for example in saline solution); investigation of the effect of 

temperature on mechanical properties. 
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ABSTRACT  

The onset of double-diffusive convection in a non-Newtonian nanofluid-saturated porous layer is 

investigated under the effect of internal heating and various boundary conditions. A non-Newtonian 

nanofluid is modeled using the Buongiorno framework for nanoparticles combined with the Jeffrey model 

for viscoelastic fluid behavior. The governing coupled differential equations are reduced to ordinary linear 

differential equations via the normal mode method, the Boussinesq approximation, and linear stability 

analysis. Eigenvalue problems are solved using realistic boundary conditions to determine the stationary 

Rayleigh numbers, which describe the initiation of non-oscillatory convection in terms of non-dimensional 

controlling parameters. This work is motivated by practical applications in geophysics, energy engineering, 

and materials science, where non-Newtonian nanofluids in porous layers are subjected to internal heating, 

such as in geothermal reservoirs, enhanced oil recovery, and thermal management systems. The analysis 

demonstrates that reduced particle density and internal heating promote convection, whereas porosity, 

solutal Rayleigh number, concentration Rayleigh number, and modified diffusivity ratio stabilize the 

system. Furthermore, reduced particle density enhances instability, while the Jeffrey parameter introduces 

viscoelastic effects that weaken stability without altering convection cell size. These findings provide new 

insights into the stabilization and destabilization mechanisms of nanofluid systems, with implications for 

designing advanced energy and material processing technologies. 
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Introduction 

A type of convection called double diffusive convection is driven by two slopes that have 

different diffusion rates. Several industrial areas are very interested in this phenomenon, 

such as putting nuclear waste underground, making binary mixtures solid, 

electrochemistry, magma chambers, the earth's oceans, and oil drilling. This convection 

also helps us understand how convection works in the sun, where warmth and helium 

move around at different speeds. A lot of study has been done on the phenomenon of 

double diffusive convection, especially in relation to salt fingers in oceanic settings. 

Stern [1] wrote about the conditions that allow rhythmic motion to be seen, meaning that 

warmer, saltier water is below colder, less dense water. Huppert and Turner [2], on the 

other hand, found that binary convection (double diffusive convection) can happen with 

http://dx.doi.org/10.18149/MPM.5342025_6


77 V. Sharma, J. Devi, R. Kumar, V. Sharma 

two parts in the fluid layer and cause motion to stop in the shape of salt-fingers. 

Dougall [3] did a thorough study on binary convection in a solute-solute pair caused by 

molecular diffusion. Kafoussias and Williams [4] did a study to look at how the Soret and 

Dufour factors affected boundary layer flow in laminar mixed convection and mass 

transport with viscosity that changes with temperature. Kuznetsov and Sheremet [5] also 

did a numerical study on binary convection in holes with Soret and Dufour effects, taking 

into account heat transfer through solid walls. Lotfy et al. [6] analyzed Hall current and 

microtemperature effects on rods, and ramp-type microtemperature heating in rotator 

semiconductors, highlighting coupled elastic, magnetic, plasma, and thermal 

interactions. Lotfy et al. [7] applied hyperbolic two-temperature theory in 1D, showing 

strong effects on displacement, stress, and carrier density. Lotfy and El-Bary [8] extended 

this to 2D microstretch models under photothermal transport, while Ismail et al. [9] 

examined variable thermal conductivity impacts on thermal-plasma-elastic waves. These 

studies underscore the critical role of coupled mechanical, thermal, and electromagnetic 

effects in optimizing semiconductor behavior. 

Researchers are very interested in using nanofluids because they have unique 

properties that make them better at conducting heat. These properties come from mixing 

nanoscale particles (such as oxide ceramics, metal carbides, nitrides, and metals or carbon 

nanotubes) with a base fluid (such as ethylene or triethylene glycols, water, alcohol, and 

polymer solutions), with Choi [10] being the first person to suggest this idea. These fluids 

are used for many different things, such as making nano-composites,  

bio-pharmaceuticals, oil digging, building nanostructures for transportation, and cooling 

electronics. Nanoparticles come in different types, each with its own unique optical, 

magnetic, mechanical, and thermal qualities. These include metal oxide ceramics like 

Al2O3 or CuO, ZnO, and TiO2, nitrides ceramics like AlN or SiN, and metals. A lot of experts 

have made a lot of models to show how well nanofluids conduct heat. Maxwell [11] was 

the first person to study the thermal conductivity of colloidal solutions. This is a comparison 

of the thermal conductivity of fluids and particles. The Lattice Boltzmann model was used 

by Xuan et al. [12] to look into how heat moves through nanofluids. Buongiorno [13] 

studied nanofluid transport to find out how the relative speeds of nanoparticles in a normal 

fluid and a fluid with nanoparticles could be compared. A lot of researchers have used the 

modified conservation equations of motion to look into how thermal instability starts in 

nanofluids and nanoparticles, taking into account the effects of Brownian diffusion and 

thermophoresis. The main goal of the studies was to look into various mixtures of 

parameters and boundary conditions, either by themselves or with others. 

Unlike the Oldroyd-B or Maxwell models, the Jeffrey model employs a single 

relaxation parameter that efficiently captures the viscoelastic behavior of the fluid 

without overcomplicating the governing equations. Jeffrey Nanofluid is a type of 

nanofluid that contains tiny particles mixed into a Jeffrey fluid. A Jeffrey fluid is a non-

Newtonian fluid that shows shear thinning behavior, which means that as shear rate 

increases, viscosity decreases. Adding nanoparticles can improve the fluid's thermal and 

rheological qualities, which means it can be used in more situations. Some of these uses 

are making polymers, coatings, and composites better and more durable, controlling 

spacecraft, satellites, and other aerospace systems, and improving the performance and 

thermal efficiency of solar collectors and other energy systems. Additionally, Jeffrey 
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Nanofluid can be used in heat sinks, drug delivery, tissue engineering, and other 

biological tasks. It can also be used as a drilling fluid or a hydraulic fracturing fluid. 

A lot of people are interested in studying double diffusive convection in Jeffrey 

nanofluid flooded porous layers because it has many uses in energy systems, 

environmental engineering, and industrial processes. A lot of research has been done to 

look into what happens when two types of convection mix in a layer that is both fluid 

and porous and full of nanoparticles. Umavathi and Sasso [14] looked into convection in 

a binary porous layer that was filled with an Oldroyd nanofluid. Yadav et al. [15] looked 

into the phenomenon of binary convective motion in a porous layer filled with Kuvshiniski 

fluid. They found that raising the Kuvshiniski parameter lowers convective heat transfer 

while raising the thermal Rayleigh number and the solute Rayleigh number increases 

both heat and mass transfers. Shoaib et al. [16] looked into the two-way flow of nanofluid 

on a flat, sloped surface that was saturated and porous. To do a full analysis, their study 

used an AI-based system with a balanced back propagated network. According to the 

results, as Gr goes up, so does velocity. The magnetic field parameter and angle of 

inclination, on the other hand, show the reverse trend. 

More and more people are interested in studying free convection in fluids that 

contain internal energy. This is mostly because nuclear power engineering needs to get 

better all the time. The study of convection caused by internal heat sources has many 

uses in many fields, such as astrophysics, geophysics, thermal ignition, downsizing 

electrical parts, fire dynamics, combustion processes, and more. Researchers are looking 

into how an internal heat source affects the start of thermal convection in different types 

of fluids because the heat source makes the fluids float more, which changes the way 

heat and mass move through them. Experiments and computer simulations have both 

been used to look into how internal warmth affects natural convection in classical fluids. 

Sparrow et al. [17] looked at how internal warmth affects free convection and found that 

it makes the fluid layer more likely to become unstable. Watson [18] looked at how both 

internal heat sources and sinks affected the system and found that both of them made  

it less stable. Israel-Cookey et al. [19] looked into how thermally unstable a porous  

fluid layer is when internal warmth is added. The Darcy-Brinkman model was used  

by Yadav et al. [20] to look at how an internal temperature affects the start of nanofluid 

convection in a porous medium. The researchers found that the porosity has a calming 

effect on the system and the nanofluid Lewis number has an unstable effect. Sharma and 

Sharma [21] examined influence of heat sources and relaxation time on temperature 

distribution in tissues. Altawallbeh [22] did research on binary convection in a viscoelastic 

fluid porous layer with an internal heating. They found that when the thermal Rayleigh 

number is below the critical value, an increase in internal heat causes the Sherwood 

number to drop. Combined effects of Brownian motion and viscous dissipation on heat 

transfer and temperature distribution of Al2O3 /water nanofluid flow through a porous 

medium have been explored by Bouazizi and Turki [23]. Sharma and Khator [24,25] 

explored some problems of renewable sources with regard to power generation planning. 

A study by Ali et al. [26] used numbers to look into convection in a binary anisotropic 

porous layer that was rotated and heated from the inside. They found that warmth from 

the inside speeds up heat transfer, which makes it easier for thermal convection to start 

inside the system. The nanofluids' viscosity prediction through interaction layer of 
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particle-media have been investigated by Syzrantsev et al. [27] and draw fundamental 

understanding of the rheology of nanofluids (dispersions based on SiO2 and Al2O3 

nanoparticles). Abo-Dahab et al. [28] studied numerical estimation of the Double diffusive 

peristaltic flow of non- Newtonian Sisko nanofluid through a porous medium inside a 

horizontal symmetrical flexible channel under the various impacts due to specific 

boundary restrictions. Paandurangan et al. [29] investigated the heat and mass transfer 

in mixed convection peristaltic flow of Casson nanofluid through an asymmetric 

permeable channel filled with a porous medium in the presence of electro osmosis. 

Recent advancements in porous media modeling have highlighted the importance 

of fractional and nonlocal approaches to capture anomalous diffusion and long-range 

interactions [30332]. Such models allow accurate representation of spatio-temporal heat 

transfer and microstructural effects in complex media. Simultaneously, thermoelastic and 

viscoelastic nanofluids have gained prominence in energy systems, including solar 

collectors and thermal management devices, where enhanced heat transfer and stability 

are crucial [33,34]. Incorporating viscoelastic fluid behavior with advanced nanofluid 

formulations enables better prediction and control of convective processes, bridging the 

gap between theoretical modeling and practical energy applications. Raza et al. [35] 

investigated that nanofluids offer superior thermal conductivity compared to 

conventional fluids, with hybrid types like Al2O33MWCNT enhancing heat transfer by up 

to 79 %. Their complex behavior challenges standard numerical methods, making 

multiscale modeling and AI-based techniques such as ANN, CNN, and RNN essential for 

predicting thermophysical stability and optimizing performance. Integrating 

experimental results with computational and AI-driven models is key for developing 

efficient, scalable nanofluid-based thermal systems. 

Although the present study uses classical integer-order derivatives, the framework 

can be extended to include fractional-order or non-local effects, enabling the modeling 

of memory-dependent transport and long-range interactions in porous media. Such 

extensions would allow a more accurate representation of anomalous diffusion and 

complex thermal responses in nanofluid systems.  

Because internal heat sources can be used in many different ways, we looked into 

how internal heat sources affect the start of binary convection in nanofluids with changed 

boundary conditions. Using the Jeffrey model with no nanoparticle volumetric flow helps 

to explain the rheology of the fluids. Unlike earlier works that studied Newtonian 

nanofluids or simplified viscosity models, our approach captures the influence of 

viscoelastic effects (through the Jeffrey parameter) together with nanoparticle migration 

and internal heating. This provides a more realistic framework for non-Newtonian 

nanofluid convection extending traditional models and offering improved predictive 

capability for thermoelastic behavior in porous structures.  

 

Mathematical formulation 

Two parallel �� lines hold in place a horizontal layer of a binary Jeffrey nanofluid that 

can't be squished. The temperatures in the lower and upper planes are shown as ÿ0 and ÿ1 at � = 0 and � = þ respectively with (ÿ0 > ÿ1). The system is given a small 
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temperature difference, |���ÿ| and the nanofluid has a constant heat source inside it, �0. 

The system is also affected by a gravity field, ý(0,0, 2ý) which can be seen in Fig. 1. 
 

 
 

Fig. 1. Geometrical configuration of the system 

 

The model is built under the following assumptions: 

1. The nanofluid is incompressible and satisfies the Boussinesq approximation. 

2. The porous medium obeys Darcy9s law. 
3. Fluid rheology follows the Jeffrey viscoelastic model. 

4. Nanoparticle transport is governed by the Buongiorno model, including Brownian 

diffusion and thermophoresis. 

5. Heat generation within the porous layer is uniform. 

6. All thermophysical properties are constant except density in the buoyancy term. 

7. Boundary conditions are taken as realistic experimental configurations. These 

assumptions simplify the coupled governing equations into an eigenvalue problem, 

solved by the Galerkin approach. 

The equations that describe the flow, concentration, momentum, and thermal 

energy of Jeffrey nanofluid under the Boussinesq approach are [13,20,36340]: ÿ ç þ = 0,                                                                                                                                (1) �ý [ýþý� + 1ý (þ ç ÿ)þ] = [ý�ý + (1 2 ý)��{1 2 �(ÿ 2 ÿ0) + �2(ÿ 2 ÿ0)}]ý 2 ÿý 2 �(1+ÿ) þý1, (2) ýýý� + 1ý (þ ç ÿ)ý = ÿ. [�þÿý + �ÿ�0 ÿÿ],                                                                                 (3) (�ý)ÿ ý�ý� + (��)�ý (þ ç ÿ)ÿ = ÿ. (ý� . ÿÿ) + (�ý)ýÿÿ. [�þÿý� + �ÿ�0 ÿÿ] + �0,                       (4) (�ý)ÿ ýÿý� + (��)�ý (þ ç ÿ)ÿ = ÿ. (ý�. ÿÿ).                                                                                  (5)

 Different symbols in the above equations stand for different amounts of matter. 

Here, ÿ, ý, ÿ, ÿ, ý , ý, ÿ, �ý, �� , ý, �, �2, ý1 and ¿ stand for the Darcy speed, the 

acceleration due to gravity, the temperature, the concentration, the pressure, the porosity, 

the Jeffrey parameter, the density of the nanoparticles, the density of the base fluid, the 

volume fraction of the nanoparticles, the thermal expansion coefficient, the solute 

expansion coefficient, the permeability of the porous medium, and the viscosity. Also, (�ý)�,(�ý)ý,(�ý)ÿ, �þ, ÿ� , ý� and �� stand for the heat capacity of the fluid, the heat 

capacity of nanoparticles, the heat capacity of the fluid in a porous medium, the Brownian 

diffusion coefficient, the thermal conductivity, the solute diffusivity, and the 

Jeffrey nanofluid layer 

with internal heating 
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thermophoretic diffusion coefficient. Dufour type and Soret type diffusion are not taken 

into account. Adding a term called "�0" to the heat equation is a typical way to deal with 

an internal heat source. 

It is thought that both limits are stress-free and keep their temperatures the same. 

There is also a small amount of volume fraction flow of nanoparticles. As a result, the 

following border conditions must be met: � = 0, ÿ = ÿ0, ÿ = ÿ0, �þ ýýýÿ + �ÿ�1 ý�ýÿ = 0  at � = 0,   � = 0, ÿ = ÿ1, ÿ = ÿ1, �þ ýýýÿ + �ÿ�1 ý�ýÿ = 0  at � = þ.  
(6) 

This reflects the physical reality that nanoparticles cannot penetrate solid 

boundaries, making the setup experimentally realizable. The base concentration and 

solute profiles are assumed linear, representing an initially uniform preparation of the 

nanofluid. These boundary conditions allow accurate modeling of the coupled transport 

of heat, solute, and nanoparticles, capturing the essential physics of double-diffusive 

convection in a confined porous medium while maintaining consistency with laboratory 

conditions.  

Introducing the variables with no dimensions such as: (�7, �7, �7) = (ý,þ,ÿ)� , þ7 = ��ÿ þ, þ7 = �ÿÿ�2 þ, ý�7 = (ý�2ý0)(ý12ý0),  þ�7 = ��ÿ þ�, ÿ7 = (ÿ2ÿ0)ýÿ , ( )0*
,

T T
T

T

2
=

ô
ý7 = ýý1��ÿ,   (7) 

we can write Eq. (1) through Eq. (5) in a form that doesn't involve dimensions by changing �ÿto ýÿ(��)�, ÿ to (��)ÿ(��)�  and ýÿ to ÿ0 2 ÿ1: ÿ ç þ = 0,  (8) 1ýÿ {1ÿ ýý� + 1ý þ. ÿ} þ �ÿýÿÿ = 2 þ1+ ÿ 2 ÿý 2 ��ý 2 �ÿ + �ÿÿ 2 ��ÿÿÿ ,  (9) ý�ý� + 1ý (þ ç ÿ)ÿ = ÿ2ÿ + ýþÿ� (ÿý�. ÿÿ) + ýýýþÿÿ (ÿÿ. ÿÿ) + ÿ�,  (10) 1ÿ ýýý� + 1ý (þ ç ÿ)ý = 1ÿ� ÿ2ý + ýýÿ� ÿ2ÿ,  (11) ýÿý� + 1ý (þ ç ÿ)ÿ = 1ÿÿ ÿ2ÿ.  (12) 

Here  �ÿ = [ý0�ÿ+(12ý0)� ]��ý1��ÿ  is the basic density Rayleigh number,  �� = � ���ý1( ÿ02ÿ1)�7�ÿ  is the thermal Rayleigh number ýý = �ÿ ( �02�1)�þ �0 (ý12ý0) is the modified 

diffusivity ratio, ýþ = ý(��)ÿ(ý12ý0)(��)�  is the modified particle density increment. We have �ÿ = ý1�2, the Darcy number, ÿÿ = �� �ÿ, the Prandtl number,  ýÿ = ýÿÿ�ÿ ,  the Vadasz number, �� = �ÿ�þ , the Lewis number, �� = �ÿý� , the Lewis number due to salinity,  �ÿ = � ���ý1( �02�1)�7�ÿ , the thermal Rayleigh number and �� = (�ÿ2�� )(ý12ý0)��ý1��ÿ , the 

concentration Rayleigh number. The dimensionless internal heat parameter is shown by 

The dimensionless internal heat parameter is shown by ÿ� = �0�2 ýÿ ( �12�0).  
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Basic flow and perturbation equations 

We look at a nanofluid that doesn't move or settle over time and doesn't have any floating 

nanoparticles. It is thought that changes in temperature, pressure, and the bulk fraction 

of nanoparticles only happen in the z-direction. In this case, the answers to Eq. (8) through 

Eq. (12) lead to this state: þ� = (0,0,0), ý = ý�(�), ÿ = ÿ�(�), ý = ý�(�), ÿ = ÿ�(�).                                                (13) 

Using Eq. (13), Eqs. (8)3(12) give: ý2��ýÿ2 + ý��ýÿ (ýþÿ� �ý��ÿ + ýýýþÿÿ ý�ýÿ) + ÿ� = 0,                                                                            (14) ýý ý2��ýÿ2 + ý2ý�ýÿ2 = 0,                                                                                                            (15) 1ÿÿ ý2ÿ�ýÿ2 = 0.                                                                                                                        (16) 

When you do a single integration of Eq. (15) with respect to variable z and include 

the boundary surfaces (6), you get: ýý ý��ýÿ + ýý�ýÿ = 0.                                                                                                                 (17) 

When you plug in Eq. (17) into Eq. (14), you get: ý2��ýÿ2 + ÿ� = 0.                                                                                                                  (18) 

When we do a double integration of Eq. (18) with respect to the variable z and keep 

the border conditions (6) in mind, we get the following result: ÿ� = (ÿ�2 2 1) � 2 ÿ�2 �2 + 1.                                                                                                  (19) 

Putting Eq. (19) into Eq. (17) and integrating gives us: ý� = 2 ýý2 (22 2 2ÿ�� + ÿ�),                                                                                          (20) ÿ� = 2� + 1.                                                                                                                    (21) 

To check the stability of the physical system under study, tiny changes are made to 

the starting flow. This lets us look more closely at: þ = þ� + þ2, ÿ = ÿ� + ÿ2, ý = ý� + ý2, ÿ = ÿ� + ÿ2,                                                        (22) 

where þ2 = (ÿ2, �2, �2), ÿ2, ÿ2and ý2 are the changes in physical quantities. 

By using Eqs. (19)3(21), along with perturbations from Eq. (22) in Eq. (8)3(12), we 

get the non-dimensional linear perturbed equations that look like this: { 1ÿýÿ ýþý�} = 2 þ1+ ÿ 2 ÿý 2 ��ý + �ÿÿ 2 ��ÿÿÿ ,                                                                             (23)

 ý�ý� + þ2ý (ÿ� 2 2 2 2ÿ��) = ÿ2ÿ + ýþ2ÿ� (ÿ� 2 2 2 2ÿ��) ýýýÿ + ýýýþ2ÿ� (ÿ� 2 2 2 2ÿ��) ý�ýÿ,   (24) 1ÿ ýýý� + þ2ý (1 2 ÿ� + 2ÿ��)ýý = 1ÿ� ÿ2ý + ýýÿ� ÿ2ÿ,                                                            (25) ýÿý� 2 þý = 1ÿÿ ÿ2ÿ.                                                                                                                  (26) 

We get the following expression when we take variable p out of Eq. (23): { 1ÿýÿ ýý� + 11+ ÿ} ÿ2� = (2��ÿ12ý + �ÿÿ12ÿ 2 ��ÿ12ÿÿÿ ).                                                             (27)

 To get exact answers for Eqs. (23)3(26), we use a normal mode analysis to look into 

the changed physical values. In this method, the variables are given horizontal wave 

numbers and a growth rate as: 

[[�2, ÿ2, ÿ2, ý2] = [þ, ý, ý, ÿ](�) ÿ�ý{ýþ + ÿ(ýý� + ýþ�)},                                                 (28) 

where ýý, ýþand ý all mean what they're supposed to. 
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Using Eq. (28) along with Eqs. (23)3(27) and making sure that conditions (19), (20), 

and (21) are met, we can get the following set of stability equations: ( 1ÿýÿ ý + 11+ ÿ) (�2 2 ÿ2)þ = [{��ÿ2ý + �ÿÿ2ÿ 2 ��ÿ2ÿÿÿ }],                                                (29) ýý + þ2ý (ÿ� 2 2 2 2ÿ��) = [(�2 2 ÿ2)ý + ýþ2ÿ� (ÿ� 2 2 2 2ÿ��)�ÿ + ýýýþ2ÿ� (ÿ� 222 2 2ÿ��)�ý],   (30) ýý 2 þý = 1ÿÿ (�2 2 ÿ2)ý,                                                                                                  (31) 1ÿ ýÿ + þ2ý (1 + 2ÿ�� 2 ÿ�)ýý = 1ÿ� (�2 2 ÿ2)ÿ + ýýÿ� (�2 2 ÿ2)ý.                                     (32) 

The boundary conditions (6) change to: þ = �2þ = 0, �ÿ + ýý�ý = 0, ý = 0, ý = 0, �ý = 0, at � = 0 and � = 1.              (33) 

There is a linear eigenvalue problem for the temperature Rayleigh number that is 

made up of Eqs. (29)3(32) and boundary conditions (33). We use the Galerkin method to 

find exact solutions to Eqs. (29)3(32) that don't are easy and meet the boundary 

conditions (33). For example: þ = ý1 ýÿÿ ÿ �, ý = þ1 ýÿÿ ÿ �, ÿ = 2ÿ1ýý ýÿÿ ÿ �, ý = �1 ýÿÿ ÿ �,                                  (34) 

where ý1, þ1, ÿ1 and �1are unknown coefficients.  

We can find the thermal Rayleigh number for stationary convection by putting s = 0 

in Eqs. (29)3(32) and integrating each equation separately over the range of 0 < z < 1 

while applying the boundary conditions (33). There, we have it: �ÿ� = (ÿ2+ÿ2){ÿ2+ÿ2}ý{(ÿ2+ÿ2)ÿ�+ÿ�ýýýþ(1+ýý)}ÿ2(1+ÿ){(ÿ2+ÿ2)+ÿ�ýý2ýþ} + ýý2{2(ÿ2+ÿ2){12ÿ�}+ÿ�ýýýþ}��{(ÿ2+ÿ2)+ÿ�ýý2ýþ} +   + (ÿ2+ÿ2){(ÿ2+ÿ2)ÿ�+ÿ�ýýýþ(1+ýý)}��ÿ2ÿ�{(ÿ2+ÿ2)+ÿ�ýý2ýþ} .   
(35) 

Now special cases arise: 

Case (I): for case (I), if the fluid base is very thick and doesn't have any heat sources 

inside it (ÿ = 0,ÿ� = 0,) Eq. (35) reduces to: �ÿ� = (ÿ2+ÿ2)2ÿ2 2 (ÿÿ+ý)ýý��ý + ��ý ,                                                                                            (36) 

the results found are very similar to those of the previous study by Yadav et al. [20]. 

Case (II): If there are no nanoparticles or salt, i.e.,�� = 0, �� = 0, ýý = 0, Eq. (36) 

gets even smaller, to: �ÿ� = (ÿ2+ÿ2)2ÿ2 ,                                                                                                                   (37) 

the result that was seen is in line with what Lapwood [41] found. 

We use a mathematical expression (��ÿ��ÿ2)ÿ2=ÿ�2 = 0 to find the critical wave number 

and its corresponding critical stationary thermal Rayleigh number �ÿ� . This gives us a 

polynomial equation with the variable ÿ�2as: ý��2 (ÿ�2)4 + 2��2 (ÿ�2)3ý(ÿ2 + ÿ�ýý2ýþ) + (ÿ�2)2ÿ���ýý2ýþ[{ýÿ�ýý(1 + ýý)ýþ ++��(ÿ2(3)ý + (1 + ÿ)ýý2��)} 2 (1 + ÿ){ÿ2�� + ÿ�ýý(1 + ýý)ýþ}�� 22ÿ�ýýýþ��{(1 + ýý)(ÿ2ý) + (1 + ÿ)ýý2�� 2 (1 + ÿ)ýý��}] 2 2ÿ�2ÿ2{��ÿ2 ++ÿ�ýýýþ(1 + ýý)}{ÿ2ý�� + (1 + ÿ)} 2 ÿ2{ÿ2 + ÿ�ýý2ýþ}{(��ÿ2 ++ÿ�ýýýþ(1 + ýý))(ÿ2ý�� + (1 + ÿ)��)} = 0.  

(38) 
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If the fluid is regular and there is no salt in it or any internal heating, i.e., ýý = �� = 0, �� = 0 and ÿ� = 0, then Eq. (38) gives us the critical wave number (ÿ� = ÿ) and the critical 

thermal Rayleigh number (�ÿ� = 4ÿ2), which is very close to what Lapwood [41] suggested.  

The effect of the dimensionless parameters ÿ�, ÿ, ��, �� and �� on the stationary 

convection for Jeffrey nanofluid is studied by figuring out 
ý�ÿ�ýÿ�,ý�ÿ�ýÿ , ý�ÿ�ý��  ,

ý�ÿ�ý�� and 
ý�ÿ�ýÿ�. If you 

plug in Eq. (35), you get: ý�ÿ�ýÿ� = (ÿ2+ÿ2)[{1+(12ÿ�)ýý}]ýýýþ[(ÿ2+ÿ2)ý+ÿ2(1+ÿ)ý2ý��]ÿ2(1+ÿ){(ÿ2+ÿ2)+ÿ�ýý2ýþ}2 .                                                       (39) 

From Eq. (39) we can see that 
ý�ÿ�ýÿ� > 0 or < 0 for 1 > �� or 1< ��. But 1> �� is not 

possible with the parameter numbers that were chosen. Because of this, an internal heat 

source makes a machine less stable. 

Equation (35), which gives: ý�ÿ�ýÿ = (ÿ2+ÿ2)[(ÿ2)]ý[(ÿ2+ÿ2)ÿ�+ÿ�ýýýþ(1+ýý)]ÿ2(1+ÿ)2{(ÿ2+ÿ2)+ÿ�ýý2ýþ} ,                                                                      (40) 

where Eq. (40) demonstrates that 
ý�ÿ�ýÿ > 0. As a result, the Jeffrey constant makes the 

system under consideration more stable: ý�ÿ�ý�� = (ÿ2+ÿ2)(1+�)[(ÿ2+ÿ2)ÿ�+ÿ�ýýýþ(1+ýý)]ÿ2ÿ�{(1+�)(ÿ2+ÿ2)+ÿ�ýý2ýþ} ,                                                                          (41)

 where Eq. (41) shows that 
ý�ÿ�ý�� is positive for all wave numbers. Thus, the Rayleigh number 

due to salinity enhances the stability of system. ý�ÿ�ý�� = ýý2[(ÿ2+ÿ2)(ÿ�21)+ÿ�ýþýý]{(ÿ2+ÿ2)+ÿ�ýþýý2} .                                                                                          (42)

 That means 
ý�ÿ�ý��is positive for �� greater than 1. In this way, the concentration 

Rayleigh number makes a system more stable: ý�ÿ�ýÿ� = ÿ�{(ÿ2+ÿ2)2{ÿ2+ÿ2}ý+ÿ2(1+ÿ)(ÿ2+ÿ2)ýý2��}ÿ2(1+ÿ)ÿ�{(ÿ2+ÿ2)+ýþÿ�ýý2} + (ÿ2+ÿ2)2(1+ÿ)��ÿ2(1+ÿ)ÿ�{(ÿ2+ÿ2)+ýþÿ�ýý2} 22 (ÿ2+ÿ2)[(ÿ2+ÿ2)ÿ�+ÿ�ýýýþ(1+ýý)]��ÿ2ÿ2�{(ÿ2+ÿ2)+ýþÿ�ýý2} , 

(43) 

where Eq. (43) shows that 
ý�ÿ�ýÿ�is positive for all wave numbers, which implies that �� has 

stabilizing influence.  

The novelty of this study lies in combining the Jeffrey viscoelastic fluid model with 

the Buongiorno nanofluid framework to investigate double-diffusive convection under 

internal heat generation. Internal heating supplies energy directly within the porous 

nanofluid layer, creating additional buoyancy forces that drive fluid motion even in the 

absence of external temperature gradients. This reduces the critical thermal Rayleigh 

number, causing convection to onset earlier and convective cells to grow larger. The Jeffrey 

viscoelastic fluid, with its elastic (memory) and viscous (damping) characteristics, interacts 

with buoyancy forces in a manner that amplifies disturbances rather than suppressing 

them. Interestingly, while previous studies often report that the Jeffrey parameter stabilizes 

the system and internal heating alone acts as a destabilizing factor, in this study both the 

Jeffrey viscoelasticity and internal heating contribute to destabilization under the chosen 

parameters. Consistent with literature, the salinity Rayleigh number continues to act as a 

stabilizing influence. Together, internal heating and viscoelasticity enhance system 
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instabilities, initiating convection at lower thermal forcing, while the critical wave 

number4and hence the characteristic cell size4remains largely unchanged. This 

combined effect has practical significance for energy and thermal management systems, 

including solar collectors, geothermal reservoirs, and chemical reactors, where enhanced 

convection is beneficial, but flow stability must be carefully controlled. 

The findings of this study are relevant for engineering systems where heat and mass 

transfer in nanofluids within porous structures is critical. Potential applications include 

enhanced oil recovery, geothermal energy extraction, solar thermal collectors, 

microelectronic cooling, and biomedical devices. The results may guide the design of 

more stable and efficient thermal systems by identifying conditions that suppress or 

trigger convection. 

 

Results and Discussion 

The thermal instability of binary Jeffrey nanofluid layer in porous medium is conducted by 

investigating the stationary thermal Rayleigh number, given by Eq. (35) and examining the 

effects of relevant non-dimensional parameters. The numerical computation of thermal 

Rayleigh numbers is performed using MATHEMATICA software (version-12), where one 

non-dimensional parameter is varied while keeping others constant. The parameter values 

are considered within certain limits. Graphical representations of the calculated results are 

shown in Figs. 238 with a specific focus on a top-heavy distribution of nanoparticles.  

The current analysis focuses on stationary convection to establish fundamental stability 

characteristics. The methodology can be adapted to investigate oscillatory and transient 

modes, offering insights into time-dependent convection, wave propagation, and the 

evolution of instabilities under varying thermal and solutal conditions. 

The impact of Rayleigh number due to salinity, �� on stationary thermal Rayleigh 

number �ÿ� , in relation to the wave number ÿ in the stationary mode, is depicted in Fig. 2. 

It is observed from the curves that a rise in the solutal Rayleigh number leads to a notable 

effect, resulting in an escalation of the thermal Rayleigh number. Therefore, �� stabilizes 
 

  
  

Fig. 2. Comparison ofstationary thermal Rayleigh 

number �ÿ�  against wave number ÿ for multiple 

values of Rayleigh number due to salinity �� 

Fig. 3. Comparison ofstationary thermal Rayleigh 

number �ÿ�  against wave number ÿ for multiple 

values of internal heat source ÿ� 
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the system. A large solutal Rayleigh number leads to convective instability, where buoyancy 

forces dominate over diffusive forces. Conversely, a small solutal Rayleigh number 

enhances the significance of diffusive forces, resulting in a more stable system. Physically, 

as salinity-induced buoyancy grows, the system resists purely thermal disturbances more 

effectively, thereby raising the threshold of thermal instability. 

Figure 3 depicts the correlation between the internal heating parameter ÿ� and the 

thermal Rayleigh number �ÿ�  in the study. The results indicate that a decrease in the 

internal heating leads to an increase in �ÿ� . As a result, the convective cell size increases, 

exerting a destabilizing influence on the Jeffrey nanofluid. Furthermore, the internal heat 

source causes a decrease in the critical wave number, thereby enhancing the convective 

heat transfer within the system. In physical terms, greater internal heating injects extra 

energy into the fluid layer, which reduces the critical condition for instability and 

promotes more vigorous convection in the Jeffrey nanofluid. 

A visualization of the relationship between the stationary thermal Rayleigh number, �ÿ�  and the Jeffrey fluid parameter, ÿ is presented in Fig. 4. As the Jeffrey parameter 

increases, it is noted that the stability range for the stationary mode decreases, resulting 

in a decline in �ÿ� . However, despite this increase, the critical wave number remains 

unchanged. Thus, stronger Jeffrey-type elasticity promotes earlier onset of convection by 

reducing the required thermal driving, even though it does not change the characteristic 

size of convective cells. 
 

  
Fig. 4. Comparison ofstationary thermal Rayleigh 

number�ÿ�  against wave number ÿ for multiple 

values of Jeffrey parameter ÿ 

Fig. 5. Comparison ofstationary thermal Rayleigh 

number�ÿ�  against wave number ÿ for multiple 

values of modified particle density increment ýþ 

 

Figure 5 and 6 present the relationship between the modified particle density 

increment ýþ and the concentration Rayleigh number ��, respectively, with �ÿ� . It is 

observed from Fig. 5 that when the modified particle density experiences a slight 

decrease, the thermal Rayleigh number increases due to the low value of the term NB-1 

in the energy equation. This decrease leads to the expansion of convectional cells, thereby 

destabilizing the system. Conversely, Fig. 6 illustrates that as the concentration Rayleigh 

number rises, there is a corresponding increase in �ÿ� , thus advancing the onset of 
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stationary convection. While changes in the concentration Rayleigh number affect the 

critical wave number, the increment in modified particle density does not have any 

influence on it. Physically, this means that a reduction in modified particle density 

weakens the stabilizing role of nanoparticles, allowing convection to occur more easily 

with larger cells. In contrast, an increase in the concentration Rayleigh number enhances 

solutal buoyancy, which accelerates the onset of convection and also alters the size of 

convection cells.  
 

  
Fig. 6. Comparison of stationary thermal Rayleigh 

number �ÿ�  against wave number ÿ for multiple 

values of concentration Rayleigh number �� 

Fig. 7. Comparison of stationary thermal  

Rayleigh number �ÿ�  against wave number ÿ  

for multiple values of porosity ý 

 

In Fig. 7, the impact of medium porosity, ý on the system stability framework is 

depicted. As the medium porosity increases, the stationary thermal Rayleigh number �ÿ�  

also increases, expanding the region of stability under stationary modes. Consequently, 

the size of convection cells decreases. Porosity represents the fraction of open space 

available for fluid flow within the medium. As porosity increases, the medium behaves  
 

 
 

Fig. 8. Comparison of stationary thermal Rayleigh number �ÿ�  against wave number ÿ for multiple 

values of modifieddiffusivity ratio ýý 
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more like a free-fluid layer with reduced resistance from the solid matrix. This facilitates 

fluid motion, but the enhanced heat transfer stabilizes the system, thereby raising the 

critical Rayleigh number. Consequently, convection is delayed to higher thermal forcing, 

and when it sets in, smaller convection cells are formed, allowing more efficient heat 

transport in the porous environment. 

Figure 8 illustrates the impact of modified diffusivity ratio, ýý on �ÿ� . An elevation 

in the modified diffusivity ratio leads to a rise in thermal Rayleigh number, which in turn 

amplifies the stability region and enlarges the convection cells. Consequently, the system 

is stabilized by modified diffusivity ratio. Nevertheless, the critical wave number remains 

unaltered. This implies that the system demands stronger thermal forcing to initiate 

convection. Although the convection cells grow in size, the fundamental spacing between 

them, represented by the critical wave number, does not change. In other words, stability 

is enhanced without altering the basic pattern of convection onset. 

The observed trends in our study generally align with prior research, while showing 

some notable deviations. Previous investigations on viscoelastic nanofluid convection 

[14,23,42345] indicate that results depend strongly on the chosen model and parameters. 

For example, the Jeffrey model in earlier studies (Rana [44]) typically promotes 

convection,porosity tends to destabilize the system, and the nanofluid parameter modified 

diffusivity ratio often has negligible influence. In contrast, in our study, the Jeffrey model 

consistently shows a destabilizing effect, porosity acts oppositely by stabilizing, and 

modified diffusivity ratio surprisingly produces a pronounced stabilizing effect.  

The Rayleigh number due to salinity, meanwhile, promotes stability, in agreement with 

Umavathi et al. [45]. Regarding internal heating, prior studies, including Khalid et al. [42], 

indicate that internal heat sources generally destabilize the system. Our results 

corroborate this observation, confirming that internal heating has a destabilizing 

influence in our configuration as well. These findings highlight the sensitivity of system 

stability to parameter interactions and emphasize the importance of considering mixed 

parameter effects when analyzing convection in viscoelastic nanofluids. 

 

Conclusions 

This paper investigates the influence of viscoelastic behavior and internal heating on 

double-diffusive convection in a Jeffrey nanofluid saturated porous medium. By applying 

linear stability theory and a one-term Galerkin approach, an analytical expression for the 

stationary thermal Rayleigh number was derived. Key findings reveal that higher 

concentration and solutal Rayleigh numbers expand the convection domain, internal 

heating strengthens heat transfer, while increased porosity and diffusivity ratio improve 

system stability. In contrast, reduced particle density and higher salinity Rayleigh 

numbers trigger destabilization. The Jeffrey parameter reduces stability without altering 

the critical wave number, underlining the distinct role of viscoelasticity. 

Overall, the results provide new insights into the thermo-diffusion behavior of 

Jeffrey nanofluids, with potential applications in thermal energy storage, enhanced oil 

recovery, and polymeric material design. The analytical framework can guide the design 

of advanced nanofluid systems for engineering applications. Future research may extend 
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this work to nonlinear regimes, oscillatory instabilities, fractional-order models, and AI-

assisted prediction techniques, alongside experimental validation for practical systems. 
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ABSTRACT  

A numerical method for solving the Landau3Lifshitz3Gilbert equation for an ensemble of 

superparamagnetic nanoparticles within the mean-field approximation is presented. The classical fourth-

order Runge3Kutta method is employed for the time integration of the equation. The model simulates an 

ensemble of uniaxial nanoparticles subjected to a constant external magnetic field. It is shown that the 

proposed approach accurately reproduces the magnetization dynamics: the components perpendicular to 

the field decay, while the longitudinal component relaxes toward a steady-state value. The results are 

qualitatively consistent with previously published data obtained using the Vinamax simulation software. 
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Introduction 

Within the framework of micromagnetic theory, a magnet is treated as a mesoscopic 

medium, in which atomic-scale structural features can be neglected [1]. The magnetic 

properties of magnetically ordered materials (magnets) are governed by the presence of 

intrinsic or induced internal magnetic ordering. In the context of the continuum model, 

this ordering can be represented as a spatial distribution of the macroscopic 

magnetization per unit volume M(r,t). The dynamics of the magnetization vector is 

described by the Landau3Lifshitz3Gilbert (LLG) equation, which accounts for both 

gyromagnetic effects and dissipative processes. The objective of this study is to perform 

numerical simulations of magnetization dynamics in systems containing a large number 

of superparamagnetic particles, within the mean-field approximation of dipole3dipole 

interactions between them [235].  

 

Method for solving the LLG equation 

For small single-domain particles, where the magnetization can be considered spatially 

uniform, the macrospin approximation is applied. The magnetization dynamics of the  

i-th particle is described by an equation that, taking into account the normalization of the 
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magnetization vector, reads as follows m = M/Is (Is is the spontaneous magnetization) 

takes the form [6]: ýÿ(ÿ)ý� = 2³ÿ(ÿ) × ÿþÿÿ(ÿ) + ³ÿ(ÿ) × ýÿ(ÿ)ý� ,           (1) 

where ³ is the gyromagnetic ratio, ³ is the dimensionless Gilbert damping parameter; 

Heff is the effective field acting on the magnetization of the i-th particle. The effective 

field is defined as: ÿþÿÿ(ÿ) = 2 1ýý ý�(ÿ)ýÿ(ÿ),              (2) 

where U(i) is the total energy density (energy per unit volume) of the i-th particle. 

The total energy density of the i-th particle can be written as: ý(i) = ýþý�(ÿ) + ýÿ�ÿ�(ÿ) + ýý(ÿ).             (3) 

Here, Uext is the energy in the external field, Uanis is the magnetocrystalline anisotropy 

energy, Ud is the dipole3dipole interaction energy: ýþý�(ÿ) = 2��ÿ(ÿ) ; ÿþý�,             (4) ýÿ�ÿ�(ÿ) = ÿ� (1 2 (ÿ(ÿ) ; ÿ�(ÿ))2) ,            (5) ýý(ÿ) = 2 12 ��ÿ(ÿ) ; ÿý.             (6) 

In equations (4)3(6), the following notations are used: ÿþý� is the external magnetic 
field, Ku is the effective anisotropy constant, eu is the unit vector along the uniaxial 
anisotropy direction of the particle, ÿý is the dipole3dipole interaction field 
(demagnetizing field). 

Accurate evaluation of dipole3dipole interactions remains the principal 
computational bottleneck in micromagnetic modelling. A brute-force summation of all 
pairwise interactions require O(N²) operations for a system of N magnetic moments [7].  
Two acceleration strategies are now most widely employed: the fast multipole 
method (FMM) [8311] and convolution techniques that exploit the fast Fourier 
transform (FFT) [12314]. Both approaches reduce the complexity to O(NlogN) while 
maintaining controllable accuracy. Modern hybrid solvers such as FastMag [15] merge 
FMM or FFT kernels with finite-difference or finite-element discretization and leverage 
multi-GPU hardware to simulate systems containing up to ~ 108 computational cells. 
Further gains can be realized by re-using the demagnetizing field within multi-stage time 
integrators through polynomial extrapolation, roughly halving the wall-time of explicit 
schemes without compromising precision [16]. Despite these advances, current 
computational resources still limit routine simulations to ensembles of only a few million 
interacting moments, underscoring the need for new, more scalable algorithms capable 
of bridging the gap to truly device3scale problems. 

According to Eq. (2)3(6), the effective field acting on the magnetization of the  

i-th particle is defined as: ÿþÿÿ(ÿ) = ÿþý� + 2ÿÿýý (ÿ(ÿ) ; ÿ�(ÿ))ÿ�(ÿ) + 12ÿý.          (7) 

In this study, the magnetic material is modeled as an ensemble of dipole3dipole 

interacting superparamagnetic solid spheres with diameter d0 and volume V(i), each 

possessing uniaxial anisotropy. The particles are uniformly distributed and fixed within a 

nonmagnetic matrix shaped as a cylinder of height d and radius R. The external magnetic 

field Hext is applied along the Oz-axis, which is aligned with the cylinder9s generatrix. 
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To accurately model superparamagnetic systems, it is essential to account for the 

influence of thermal fluctuations on the magnetization dynamics. A stochastic term can 

be introduced into Eq. (1) to describe the effect of thermal fluctuations at nonzero 

temperature & ù 0. The resulting equation for the i-th particle takes the following form: ýÿ(ÿ)ý� = 2³ÿ(ÿ) × ÿþÿÿ7(ÿ) + ³ÿ(ÿ) × ýÿ(ÿ)ý� ,           (8) ÿþÿÿ7(ÿ) = ÿþÿÿ(ÿ) + ÿ�/þÿÿ(ÿ)
.             (9) 

Here H(i)
therm is the stochastic thermal field [17323], modeled as a Gaussian random 

process with zero mean and a correlation function that satisfies the fluctuation3
dissipation theorem. The stochastic thermal field acting on the i-th particle can be 

expresses as [24326]: ÿ�/þÿÿ(ÿ) = ý(ÿ): 2³ýýÿÿýý�(ÿ)&�,           (10) 

where ·(i) is a vector, whose components are normally distributed random variables with 

zero mean, uncorrelated in both space and time; kB is the Boltzmann constant, &t is the 

time step. 

Within the framework of the considered model, the components of the effective 

field acting on the magnetization of the i-th particle in the Cartesian coordinate system 

are defined as: ÿþý� = (0, 0, ÿ0),            (11) 

where H0 is the magnitude of the external magnetic field. 

The components of the magnetocrystalline anisotropy field are then given by: 

{  
  ÿÿ�ÿ�,ý(ÿ) = 2ÿÿýý (ÿ(ÿ) ; ÿ�(ÿ))ÿý(ÿ),ÿÿ�ÿ�,þ(ÿ) = 2ÿÿýý (ÿ(ÿ) ; ÿ�(ÿ))ÿþ(ÿ),ÿÿ�ÿ�,ÿ(ÿ) = 2ÿÿýý (ÿ(ÿ) ; ÿ�(ÿ))ÿÿ(ÿ),          (12) 

where ex, ey, ez are the components of the unit vector along the uniaxial anisotropy axis. 

To account for the influence of dipole3dipole interactions between particles in the 

ensemble, this work proposes the use of a mean-field method based on the statistical 

approach developed in [2]: ÿý,ÿ  =  2 8ÿ3 ý�� (1 2 32 ýýý»ÿÿý) · ,          (13) · = 3 ÿÿ(ÿ)ýÿ=1 ,             (14) 

where c is the volume concentration of particles, »ÿÿý is the maximum angle between 

the position vector of a particle and the Oz-axis of the cylinder, · is the dimensionless 

magnetization of the ensemble. The use of this method reduces the computational 

complexity to O(N). 

Equation (1) for i-th particle in the Cartesian coordinate system is written as: 

{  
  ýÿýý� = 2 ³1+³2 [(ÿþ + ³ÿýÿÿ )ÿþÿÿ,ÿ 2 (ÿÿ 2 ³ÿþÿý )ÿþÿÿ,þ 2  ³(ÿþ2 +ÿÿ2)ÿþÿÿ,ý],ýÿþý� = 2 ³1+³2 [(ÿÿ + ³ÿþÿý )ÿþÿÿ,ý 2 (ÿý 2 ³ÿÿÿþ )ÿþÿÿ,ÿ 2  ³(ÿÿ2 +ÿý2)ÿþÿÿ,þ]ýÿÿý� = 2 ³1+³2 [(ÿý + ³ÿÿÿþ )ÿþÿÿ,þ 2 (ÿþ 2 ³ÿýÿÿ )ÿþÿÿ,ý 2  ³(ÿý2 +ÿþ2)ÿþÿÿ,ÿ].,      (15) 

When thermal fluctuations are taken into account, the components H(i)
eff in Eq. (15) 

are replaced with the components H*(i)
eff in accordance with Eq. (9). 

To integrate the resulting system of equations (3N first-order ordinary differential 
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equations for N particles), the classical explicit fourth-order Runge3Kutta method [27329] 

was employed with a time step of 10312 s, which satisfies the stability criterion. After each 

integration step, the magnetization vector ÿ(ÿ) was renormalized to ensure that the 

condition |ÿ(ÿ)| = 1 is maintained [30]. 
 

Results and Discussion 

In the numerical experiments, parameters in the CGS unit system were used, 

corresponding to the magnetic material described in [31] with the damping parameter ³ 

chosen according to [24]. The characteristics are listed in Table 1. 
 

Table 1. Key parameters used in the simulation 

Parameter Value 

Saturation magnetization Is, emu/cm3 480 

Anisotropy constant Ku, erg/cm3 135000 

Particle diameter d0, cm 1036 

Cylinder height d, cm 1034 

Cylinder radius R, cm 0.5;1034 

Volume concentration E 0.3 

Damping parameter ³ 0.1 

External magnetic field H0, Oe 100&600 

 

The easy axes of magnetization of the particles were uniformly distributed along the 

six coordinate directions (± x, ± y, ± z), with one-sixth of the particles assigned to each 

direction, thereby ensuring an initially demagnetized state of the ensemble. As the initial 

condition, the magnetization of each particle was aligned with its easy axis. The LLG 

equations were then solved for all particles until a steady-state configuration was reached. 

The result of numerical modeling of the magnetization dynamics of the i-th particle, 

whose easy axis is aligned along the x-axis, in an ensemble of superparamagnetic 

particles at T = 0 K and H0 = 600 Oe is shown in Fig. 1. Figure 2 presents the results for 

the averaged magnetization vector of the ensemble. 
 

  
  

Fig. 1. Time dependence of the components of 

the normalized magnetization vector of the i-th 

particle with its easy axis aligned along  

the x-axis, at T = 0 K and H0 = 600 Oe 

Fig. 2. Time dependence of the components of the 

ensemble-averaged magnetization at T = 0 K and 

H0 = 600 Oe 
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The obtained results (Fig. 1) demonstrate the relaxation of mz toward an equilibrium 

state and the gradual decay of mx and my. This behavior illustrates the Gilbert damping 

mechanism and indicates the correct implementation of both anisotropy and dipolar 

fields within the mean-field approximation. To verify the model, the results were 

compared with those obtained using Vinamax [24], a macrospin simulator that accounts 

for similar physical effects. The comparison showed qualitative agreement, confirming 

the physical validity and applicability of the proposed method. 

To account for thermal effects in the simulations, Eq. (10) was used, with the vector 

·(i) updated at each time step. The results of numerical modeling of the magnetization 

dynamics of the i-th particle, whose easy axis is aligned along the x-axis, in an ensemble 

of superparamagnetic particles at T = 300 K and for H0 equal to 100, 200 and 300 Oe are 

presented in Figs. 3, 4, and 5, respectively. 

 

  
  

Fig. 3. Time dependence of the components of the 

normalized magnetization vector of the i-th 

particle with its easy axis aligned along  

the x-axis, at T = 300 K and H0 = 100 Oe 

Fig. 4. Time dependence of the components of the 

normalized magnetization vector of the i-th 

particle with its easy axis aligned along the x-axis, 

at T = 300 K and H0 = 200 Oe 
  

  
Fig. 5. Time dependence of the components of the 

normalized magnetization vector of the i-th 

particle with its easy axis aligned along  

the x-axis, at T = 300 K and H0 = 300 Oe 

Fig. 6. Time dependence of the components of the 

normalized magnetization vector of the i-th 

particle with its easy axis oriented opposite  

to the z-axis, at T = 300 K and H0 = 100 Oe 

 

The results of numerical modeling of the magnetization dynamics of the i-th 

particle, whose easy axis is aligned along the negative z-axis, in an ensemble of 

superparamagnetic particles at T = 300 K and for H0 equal to 100, 200 and 300 Oe are 

presented in Figs. 6, 7, and 8, respectively. 
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Fig. 7. Time dependence of the components of the 

normalized magnetization vector of the i-th particle 

with its easy axis oriented opposite to the z-axis,  

at T = 300 K and H0 = 200 Oe 

Fig. 8. Time dependence of the components of the 

normalized magnetization vector of the i-th particle 

with its easy axis oriented opposite to the z-axis,  

at T = 300 K and H0 = 300 Oe 

 

Analysis of the time dependencies of the magnetization vector components 

(Figs. 338) shows that, under the condition T > 0, bistable behavior is observed along the 

easy anisotropy axis, which is consistent with the classical theory of superparamagnetism. 

As the magnitude of the external magnetic field increases, the degree of alignment of the 

magnetic moments along the field direction also increases. 

 

Conclusions 

In the study, a numerical method for simulating the dynamics of an ensemble of dipole3
dipole interacting superparamagnetic nanoparticles based on the Landau3Lifshitz3
Gilbert equation with thermal fluctuations has been proposed and implemented. To 

describe interparticle interactions, a mean-field approximation was employed, which 

significantly reduces computational cost. 

The integration of the system of equations was carried out using the explicit fourth-

order Runge3Kutta method, which ensures numerical stability and accuracy at a small-

time step (time step 10312 s). Numerical experiments performed for a diluted ensemble 

(c = 0.3) of uniaxial superparamagnetic nanoparticles demonstrated that the model 

accurately captures the relaxation processes: decay of the transverse components of the 

magnetization vector and convergence of the longitudinal component to an equilibrium 

state. Comparison with results obtained using the specialized simulation software 

Vinamax [24] confirms the physical validity of the proposed approach. 

The simulation results at both zero and room temperature are consistent with 

classical concepts of superparamagnetism, including bistability along the easy anisotropy 

axis and enhanced alignment of magnetic moments with increasing external magnetic 

field strength. 

Thus, the proposed method, in combination with the macrospin approximation and 

the inclusion of thermal fluctuations in the Landau3Lifshitz3Gilbert equation, can be 

effectively used for numerical analysis of collective magnetic dynamics in diluted 

magnets composed of superparamagnetic nanoparticles. From the point of view of 

practical application of the obtained results, a detailed understanding of the 

magnetization dynamics of structures containing iron oxide in the form of micro- and 
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nanosized particles can be useful in the development of new generation materials 

designed to protect against the effects of microwave electromagnetic radiation [32]. 
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ABSTRACT  

Development of modern engineering is related to development and introduction of new materials and 

progressive technological processes of their treatment. Unique properties of ceramics allow them to be used 

in various fields of technology, including, as a cutting instrument and the machines, devices, radio and 

electronic apparatus details. Due to the high hardness of materials, tooling of instrumental purveyances is 

possible only with synthetic diamonds, but synthetic diamonds are quite expensive there, so it is necessary 

to solve the problem of replacing expensive materials with cheaper ones. Improvement of ceramics treatment 

methods is related to study of conformities to law of difficult multivariable process of polishing. Productivity, 

quality of surface, wear and firmness of instrument, power charges are determined by properties of ceramics, 

descriptions of diamond instrument, modes and by technological features of equipment. Providing high 

quality surface at exact ceramic details is a difficult requirement specification. Next to a subzero roughness 

that is limited to parts of microns, a specific requirement is absence of surface defects (coulisse, miErocracks, 

miErocavities). As ceramic materials are fragile then at loading under act of cutting or polishing instruments 

of good from them tend to spalling. Point loading during a small enough flowage result in that under act 

of grains of diamond of ceramics, feeling strong mechanical and thermal loading, painted as a result of it 

there is a ditch width of that exceeds the area of collision of diamond grain with material. 
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Introduction 

Problem with processing superhard ceramics is that intensity of its processing depends 

on presence of artificial diamonds in abrasive mix. Diamond is a rather expensive 

material. Therefore, the hard material has to be processed more delicately. This issue has 

been studied by many domestic and foreign researchers. Tamarkin M.A. et al. [1] were 

engaged in vibration processing in granular abrasive media. Kuzin V.V. [2] studied tools 

with ceramic cutting plates. Feng Y. et al. [3] investigated manufacturing methods and 

cutting characteristics of self-lubricating ceramic cutting tools with microtexture. 

Lebedev V.A. and Dyachenko E.A. [4] were engaged in modeling performance of vibro-

abrasive finishing treatment. Khalimonenko A.D. [5] worked on quality control of turning 

process using cutting ceramic tools. Klimenko S.A. et al. [6] studied surface finishing in 

production of details. Akulovich L.M. et al. [7] analyzed influence of properties of working 

technological environment on surface roughness and productivity during magnetic 
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abrasive processing, investigated influence of properties of working technological 

environment on surface roughness and productivity during magnetic abrasive processing. 

Arulkirubakaran D. et al. [8] studied texture of cutting tools. Burlakov V.I. et al. [9] 

explored processing of cutting ceramics. Liu Y. et al. [10] tested cutting tool with certain 

texture. Savenkov A.A. et al. [11] investigated role of tools with certain texture in 

improving processing performance. Golobokov A.V. et al. [12] carried out simulation 

modeling of grinding process of workpieces. Farwaha H. et al. [13] carried out 

mathematical modeling of processes. Sugihara T. et al. [14] were engaged in 

development of new CBN cutting tool for high-speed machining. Ranjan P. and 

Hiremath S. [15] studied role of texture tools in improving machining productivity. 

Serga G.V. et al. [16] investigated increasing productivity of finishing and hardening 

machining systems. Cheng K. et al. [17] considered metal machining using the magnetic 

method. Rogov V.A. and Shkarupa M.I. [18] carried out comparative analysis of 

mechanical processing of superhard materials by grinding. Slipchenko K. et al. [19] 

investigated mechanical properties and cutting ability of CBN-based cutting tool. 

Cheng K.C. et al. [20] were engaged in describing characteristics of magnetic-abrasive 

method. Sergiev A.P. et al. [21] conducted research of influence of amplitude-frequency 

characteristics of vibration turning on roughness parameters. Paswan S.K. and 

Singh A.K. [22] analyzed magnetic abrasive machining. Maksarov V.V. et al. [23] 

investigated technological features of magnetic abrasive machining under digital 

technologies. Popov M.A. et al. [24] studied influence of cutting-edge rounding radius on 

improving quality of surface layer of detail. Filipenko R.�. et al. [25] scrutinized problem 

of technological quality assurance of edges of flat products using magnetic abrasive 

machining. Damskiy D.B. et al. [26] conducted assessment of reliability of technological 

process of vibro-abrasive machining. Tishchenko E.E. et al. [27] developed hardening 

technologies and coatings. Mordovtsev A.A. [28] conducted assessment of use of 

vibration processing in conditions of 'smart production'. Rogovenko D.A. [29] was 

engaged in analysis of schemes and methods for intensifying process of magnetic-

abrasive processing of flat surfaces. Purpose of this article is to prove that soft abrasive 

is capable of taking part in processing of nitride ceramics using the vibration-assisted 

magnetic abrasive method. 

 

Material and Methods 

A promising finishing method is vibration-abrasive machining [1] which allows not only 

reducing roughness of tool surfaces but also to control size of rounding radius of their 

cutting edges and relieve residual stress. Until now, there is experience in using such 

processing in manufacture of cutting tools equipped with a working part made of hard 

alloys [2,3]. Considering widespread use and high cost of tools made of polycrystalline 

super hard materials (PSHM) based on cubic boron nitride (CBN) [4,5] improving their 

manufacturing methods is of significant scientific and practical interest. Vibro-abrasive 

machining, as a finishing method, which in traditional applications is characterized by 

high productivity and is effective when it is necessary to ensure high quality of treated 

surface can be very effective in this case. It should be kept in mind that products made 

from PSHM have high hardness, are difficult to machine and process of their vibration-
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abrasive processing is characterized by a few significant features. 

During the process of vibration-assisted magnetic abrasive finishing material being 

processed and subjected to mechanical abrasive action, influence of magnetic field that 

is constant in magnitude and direction which has a beneficial effect on properties of 

surface layer of product. This circumstance allows vibration-assisted magnetic abrasive 

processing to be distinguished as an independent method of finishing processing [6]. 

Features of ViMAO method are continuous contact of powder with workpiece surface 

being processed that reduces cyclic loads on "machine-fixture-tool-workpiece" system 

and helps to increase accuracy of geometric dimensions and shape of workpiece surface, 

absence of rigid fastening of abrasive grain in bond that contributes to involuntary 

leveling of cutting tool relative to shape of surface being processed and eliminates 

likelihood of critical pressures and temperatures appearing in cutting zone, improving 

physical and mechanical quality indicators of surface layer of product material, ability to 

control rigidity of tool and, due to this, ensure regulation of metal removal from forming 

surface of product; absence of friction of bond on surface of product that significantly 

reduces temperature in abrasive processing zone, ability to cut with the sharpest edge of 

magnetic abrasive powder grain (this does not require periodic re-sharpening of the tool), 

maintaining geometric dimensions within tolerance left for the finishing operation. 

Following powders were used as abrasive material: monocorundum, green silicon 

carbide, black silicon carbide, white electrocorundum, pink electrocorundum, ruby-

corundum electrocorundum, sol-gel corundum, normal electrocorundum. In all powders, 

grain size according to GOST 12 is 1503125 ¿m. Wide range of abrasives is explained by 

differences in properties of abrasive powders [7]. Abrasive tools based on 

electrocorundum are used in roughing and stripping operations for processing workpieces 

made of materials with a high tensile strength, in finishing and finishing operations for 

processing workpieces and tools made of various steels, semi-finishing and finishing 

operations for processing workpieces made of medium- and high-alloy steels, etc. Use of 

traditional abrasive materials as cutting tools in ViMAO is impossible, since they must 

have not only abrasive but also high magnetic properties. Use of diamond tools helps to 

accelerate pace of technical progress and allows introduction of new progressive 

technological processes that ensure higher precision and quality of processing, increased 

service life and improved reliability of machines and devices [8]. 

Compared to conventional abrasives, diamond tools provide increasing accuracy of 

tool and part processing, increase in tool durability after diamond sharpening by 1.232.5 

times, increase in labor productivity up to 50 %, improving working conditions and 

production culture, reduction of processing costs by 1.532.0 times. Ultradispersed 

diamonds (UDD) are nano-diamonds obtained by detonation synthesis under influence of 

explosion energy [9,10]. Uniqueness of UDD product lies in combination of diamond core 

structure, diamond hardness, chemical inertness on the one hand and nano-sized particles, 

rounded shape, developed and active surface on the other one. Unlike natural and known 

synthetic diamonds, UDD forms multi-level aggregates of varying density and structure 

depending on environment. UDD suspensions and hydrosols have high aggregation and 

sedimentation stability. Physicochemical properties of UDD allow identifying main areas 

of its application: protective electrochemical and chemical coatings in electroplating, 

friction modifiers in production of lubricating compositions, polishing compounds, fillers 
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at production of composite polymer materials, sorbents in pharmaceuticals. 

Ultra-fine diamonds ensure perfect fit of parts and significantly reduce friction. This 

allows effect of sliding friction to be replaced by rolling friction. Concentration of ultra-

dispersed diamonds can reach (20325)·1012 on an oil film area of 1 cm². It is important to 
note that there is no <abrasive= effect in process of operation of "UltraDiamond" products, 

since threshold of "abrasiveness" is size of a diamond of 10 nm and more. Therefore, they 

cannot cause any damage during friction process [11]. Diamond powder is used for 

production of diamond tools; in addition, it is also used in an unfixed state (in the form 

of suspensions and pastes).  

One of the most common brands is cubic boron nitride ceramics. Cubic boron nitride 

(CBN) is a super hard material obtained by synthesis at high temperature and pressure. 

According to properties and performance characteristics CBN differs significantly from 

synthetic diamond, it is more brittle and has lower strength. Cubic boron nitride is most 

widely used as a tool material for processing steels and alloys [11313]. Synthesis of CBN 

crystals is carried out from supersaturated solutions of boron nitride in melts of alkaline, 

alkaline earth metals and their compounds. As a rule, spontaneous crystallization from a 

multicomponent reaction composition is used. 

In the process of chip removal during diamond processing ceramics, individual 

diamond grains are involved in combination with ferromagnetic components. When 

studying nature of destruction of ceramic surface by diamond grain it was found that 

grain at the beginning and end of scratch leaves a clear trace without obvious chips along 

edges of trace. Diamond grain, having sufficient hardness, immediately upon contact with 

material begins to cut off chips. Middle part of scratch has significant breaks along edges 

along its entire length. Appearance of chips when a certain depth of grain penetration is 

reached is explained by the fact that with an increase in cutting depth more and more 

edges of diamond grain come into work as a result of which micro-cutting forces in zone 

of its contact with sample material increase and along with formation of highly dispersed 

chips large areas of breakouts are observed. Forces that arise during finishing determine 

stability of abrasive tool, quality of processing and allow selection of rational technical 

parameters [14]. 

When processing ceramics, condition of surface layer largely depends on cutting 

forces. Knowledge of patterns of change in the latter allows one to reasonably select 

optimal processing conditions. Nature of change in cutting forces can also be used to 

judge physical phenomena occurring in processing zone. Abrasive wear is caused by the 

fact that product material acts on tool with its contact surfaces, scratching ceramics 

acting as micro-cutters. Due to high hardness of CBN particles, abrasive wear of tool 

depends on amount of hard abrasive. Abrasive wear of tool can be associated with 

phenomenon of "self-wear" [15]. Source of particles that cause "self-wear" is rounded 

section of tool cutting edge from where particles are removed due to fatigue phenomena 

and adhesive interaction with material of product and getting onto contact surfaces of 

tool form their wavy relief. This mechanism determines wear.  

Although diamond abrasive wears out due to the specific nature of processing, it 

does not stop because magnetic field presses sample against tool. Sufficiently high 

pressure in the cutting zone causes the resulting powder to act as a lapping paste. As a 

result, a harder material is processed with a softer one and this process is carried out 



Machinability of nitride ceramics with abrasive powders and their addition to diamond powder  103 

 

using the vibration-assisted magnetic abrasive method. Knowing wear intensity of 

abrasive material, it can be understood that after what time processing will switch to 

lapping mode and with a soft material. This approach to wear ensures consistent 

processing of ceramics with virtually any type of abrasive material. Thus, hypothesis 

about impossibility of processing a hard material with a softer one is not always 

confirmed. One more thing to note is that abrasive wear which is wear of material under 

action of abrasive should not be confused with wear of abrasive material. The first one 

occurs as a result of action of hard abrasive on part, and the second one occurs when soft 

abrasive is applied to a harder surface [16]. 

In a free state powder crystallizes into spherical microparticles that corresponds to 

thermodynamically most favorable form with a minimum surface area and a maximum 

volume. When using ViMAO method as the main operation in processing of super hard 

ceramics the process is based on micro-cutting. Micro cutting is processing of part surface 

layers mainly with an abrasive tool. During the processing, tool is pressed against surface 

of part with force of 1003200 N that leads to decrease in roughness and increase in wear 

resistance. 

Samples of CBN-based PSHM (Fig. 1) with following dimensions and shapes were 

processed, namely, square plate 12.7 × 12.7 × 3.0 mm3 (brand "Borsinit", hardness of  

38340 GPa) and a cylinder ö 7.5 × 5.0 mm2 (brand "Composite 05IT", hardness of 18320 

GPa). During cutting, under influence of forces pressing grain against part, it enters 

material of part being processed to a depth of h and removes chips of length a (Fig. 2). 

 

 
 

  

Fig. 1. External appearance of ceramic samples 

(38340 GPa) 
Fig. 2. Scheme of operation of a single grain at 

ViMAO method 
 

Over time, cutting properties of grains decrease due to their destruction. Therefore, 

empirical dependence to take into account operating time of magnetic powder can be 

introduced: 1 2 ÿ2%ÿý,               (1) 

where %þ is the tool life coefficient, t is total operating time of magnetic powder. 

Then amount of removal QE of workpiece surface during time t (taking into account 

wear of powder) can be found using the equation: 

ôQE = ôVp = [ÿ/arctg /tgýÿ 2 ÿ02sin³cos³] ÿýý/ýÿÿÿ�ÿ  (1 2 ÿ2%ÿý).        (2) 

Area of ellipsoid segment of cutting grain in axial section is equal to: 

Ssegm = aharctg
/tgýÿ 2 ÿ02sin³cos³, ³ = arctg

ý0þ0.          (3) 

With regard to taking into account all factors influencing processing, it is necessary 

to introduce a coefficient that depends on formation of chips kc that is equal to ratio of 

actual area of metal removed taking into account elastic-plastic deformations of material 

being processed to area of cutting grain segment [17,18]. Numerical value of coefficient 

4 h
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kc is determined from reference books on abrasive processing operations. 

Then material volume removed from surface of workpiece by one cutting grain will be: 

Vc = SEakc = [ÿ/arctg /tgýÿ 2 ÿ02sinýcosý] ÿýc.          (5) 

Knowing density of material being processed, it is possible to calculate material 

removal rate Q that is expressed through mass from surface of workpiece by cutting grains 

arranged in a row [19,20]: 

Q = Vp = [ÿ/arctg /tgýÿ 2 ÿ02sinýcosý] ÿýý/ýÿÿÿ�ÿ .          (6) 

Obtained mathematical dependencies are shown on Fig. 3. Judging by the graph, 

over time soft abrasive turns into powder, but processing does not end there. Material 

removal becomes more extended in time, but soft abrasive continues to work. 
 

 
 

Fig. 3. Dependence of removed material on processing time: 1 3 processing with small addition of 

artificial diamonds; 2 3 processing with soft abrasive 

 

Above given dependencies and mathematical models allow to conclude that soft 

abrasive can process harder material. Process of grinding ceramics can be represented as 

a set of individual acts of interaction between diamond indenter and brittle body. 

Although concept of fragility is very relative, high deformation rates and increase in 

rigidity of stress state diagram can significantly increase fragility of sample being studied 

while increase in temperature, on the contrary, brings body closer to plastic state. What 

is important is that these factors act together during processing. Contact area of diamond 

tool with workpiece can be viewed from three different positions. Firstly, as a nominal 

contact area determined by the geometric dimensions of interacting bodies. Secondly, as 

a contour determined by contact areas of individual sections due to macrogeometric 

deviations of surfaces of tool and workpiece. Thirdly, the actual contact area which is sum 

of actual contact areas of tool and workpiece as two rough surfaces. 

Considering that grinding depth is immeasurably small compared to grinding area 

and processed material is uniform in three directions it can be argued that contact area 

of abrasive with sample can be a decisive factor in determining quality and productivity 

of diamond abrasive processing of super hard ceramics [21]. 

Diameter of elementary contact spot is determined by below given the equation if 

microgeometry of grains is practically the same: 

d = 
ý&ý2 ,                (7) 

where �t is contact time of abrasive and sample surface.  

Area of elementary contact patch is determined by the equation: 

�Ar = 
ÿ16 ý2&ý2.               (8) 

Contact area of abrasive and sample during movement can be calculated: 

Ar = ÿ2&ýÿ = ÿ16 ý2&ý2ÿ2,              (9) 
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where n' is number of grain projections that came into contact. 

Contact time of abrasive and sample surface is determined based on full revolution 

of electric motor shaft with eccentric since processing was carried out only when ceramic 

sample passed through abrasive columns and passage was carried out due to vibration 

action [22]. Number of contact projections was determined by examining imprints of 

several crystals of hard and soft abrasive materials on cellophane film. Film was placed 

between abrasive and press, and loading took place (Fig. 4). 

 

 
 

Fig. 4. Scheme for determining number of contact grains when using diamonds 

 

Marks remained on the film at points of contact that were then counted. Thus, 

calculations were made for soft (Ar s) and hard (Ar h) abrasives and results were compared: 

dh = 
0.9÷ 0.0222 = 0.05 mm, ds = 

0.9÷ 0.0282 = 0.062 mm, �Arh = 
3.1416 0.92÷ 0.0222 = 7.6÷10-5 mm2, 

�Ars = 
3.1416 0.92÷ 0.0282 = 1.2÷10-4 mm2, Arh = 5÷ 3.1416 0.92÷ 0.0222 = 3.9÷10-4 mm2, 

Ars = 7÷ 3.1416 0.92÷ 0.0282 = 8.7÷10-4 mm2. 

Analyzing calculated contact area, it can be concluded that contact area of soft 

abrasive grain is somewhat larger, therefore, processing took place and material removal 

rate may be somewhat higher than when processing with hard grain [23325]. This result 

was also obtained due to the fact that when processing with soft abrasive it is necessary 

to slightly increase force of pressing tool onto sample. Increasing pressure results in 

increase of actual contact area of soft abrasive tool with sample. Analysis of dependence 

shows that material removal is approximately equal both when processing with a soft 

abrasive and when processing with a harder abrasive. 

Use of diamond tool powder in processing of cutting ceramics helps to accelerate 

pace of technical progress, allows introduction of new progressive technological 

processes that provide higher precision and quality of processing, increase service life of 

tool and improve reliability of machines and mechanisms. 

 

Results and Discussion 

The research has shown that the most productive method is vibro-abrasive machining 

with application of magnetic field to working chamber using a suspension containing 

UDM diamond powder (Fig. 5). This is explained by ability of UDM diamond particles to 

maintain their cutting ability due to constant microchipping of contact areas as a result 

of vibration and micro-impact loads in processing zone. 

Use of suspensions with monocorundum and diamond powders in different 

concentrations during vibration-assisted magnetic abrasive processing significantly  
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Fig. 5. Influence of diamond powder grade on amount of material removed during ceramic processing: 

1 3 UDM; 2 3 AC6; 3 3 ASM 

 

affects amount of material removed from PSHM samples. As can be seen from graph, use 

of diamond powders in suspension in addition to monocorundum significantly increases 

removal rate. Figure 6 shows material removal results depending on abrasive material. 

Analyzing dependence shown on Fig. 6, it can be concluded that synthetic diamond ASM 

28/14 that showed high result on its own worked more productively when mixed with 

monocorundum [26]. 

 

  

Fig. 6. Material removal from applied abrasive 

material (mixture): 1 3 monocorundum; 

2 3 monocorundum + white corundum; 

3 3 monocorundum + 15 % �S� 20/14; 

4 3 monocorundum + 15 % �%6; 

5 3 monocorundum + 15 % UD� 

Fig. 7. Influence of diamond powder 

concentration in suspension on amount of 

material removed during ceramic processing: 

1 3 UDM (15, 10, 5 %, respectively);  

2 3 �%6 (15, 10, 5 % respectively); 

3 3 �S� (15, 10, 5 % respectively) 

 

As established earlier, material removal depends on physical and mechanical 

properties of material being processed. Then time for removing micro-roughness will also 

depend on this parameter. It is possible to determine time for removing microroughness 

knowing influence of physical and mechanical properties of processed samples during 

vibration processing and intensity of material removal. 

In addition to question of using synthetic diamond as an additive in processing, it 

was important to find out in what quantity to add synthetic diamond powder. Figure 7 

shows dependence of powder concentration on processing intensity. By analyzing 

dependence conclusion can be drawn about advisability of using certain concentration of 

diamond powder. When vibration-assisted magnetic abrasive processing of nitride 

ceramics using suspensions with synthetic diamond powder in concentrations of 10 and 

15 % amount of material removed is approximately the same, and it is significantly higher 

than when using 5 % concentration [27]. 
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Moreover, similar picture is observed when using suspension with any used 

diamond powder. Finally, it can be said that since difference in removed material with 

10 additive and 15 % additive is approximately the same it is more appropriate, based on 

economic assumptions, to use 10 % additive. Surface roughness was measured in five 

directions shown on Fig. 8 to eliminate random results. Figure 9 shows surface profiles 

of samples after 10, 30 and 40 min of processing in one direction. 

 

 
 

Fig. 8. Orientation of directions for measuring height of microroughness on surface of each sample 

 
(a) 

 

(b) 

 

(c) 

 

Fig. 9. Surface profiles after (a) 10, (b) 30, and (c) 40 min of processing. Ra = 0.21× 103, 0.19× 103, and 

0.13× 103, respectively 
 

         
(a)              (b)                         (c) 

 

Fig. 10. Optical microscopy images of sample surface (×500) after (a) 10 , (b) 30, (c) 40 min of processing 

 

Research has shown that according to surface treatment profilograms after 10, 30, 

and 40 min of work it can be concluded that the lowest roughness was equal to 

Ra (3) = 0.11 ¿m after 30 min of treatment. These conclusions are confirmed by images of 
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fragments of surfaces that were processed. It is evident from them that the most even 

surface was the one shown on Fig. 5 that corresponds to exactly 30 min of processing. 

The fragments of surfaces after processing are shown in Fig. 10 [28]. 

Analyzing profilograms it can be concluded that the highest quality processing 

occurred with a mixture of monocorundum and UDA diamond powder at concentration 

of 10 %. Average Ra = 0.11. Profilograms shown above confirm drawings (Fig. 11) made in 

3D. They clearly show difference in surface profile of samples treated with different 

materials [29] diamonds. 

 

 
 

Fig. 11. Plate surface profile (×103) after processing in 3D mode: processing time is 30 min. 

Mixture of UDA diamond powder and monocorundum was used as a tool 

 

Conclusions 

1. Process of machining superhard ceramics with softer material is possible with ViMAO 

due to increase in contact area of abrasive material with sample and increase in pressing 

force of abrasive material to sample being processed. 

2. Obtained mathematical model of machining superhard ceramics with softer material 

that is possible with ViMAO confirms assumption about processing with softer abrasive. 

3. The study demonstrated that using a soft abrasive (monocorundum) in the ViMAO 

process achieves a material removal rate comparable to that of hard abrasives, albeit 

requiring approximately 20 % longer processing time to achieve a similar result. 

4. Sample surface treated with mixture of monocorundum and UDA diamond powder at 

concentration of 15 % has more uniform surface compared to other samples. 

5. Roughness parameter of ceramic plate after vibration treatment is Ra = 0.11 that is 

significantly lower compared to other samples. 
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ABSTRACT  

Topokinetic analysis of experiment results on carbothermic self-healing of "wustite-graphite" dispersed 

samples particles was carried out. It was shown a dispersed iron-graphite waste contains metallic iron, iron 

oxide, carbon and impurities. Observations and calculations made in this work confirmed two-stage nature 

of process. The first initial stage of the process, at degrees of conversion less than 0.4, can be described by 

the Roginsky-Schulz or Avrami-Erofeev equations. Apparent activation energy of the initial stage of the 

process was calculated to be 141.34 kJ/mol. It was found that the Bell-Boudoir reaction is a limiting factor 

in the process. 
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Introduction 

Dispersed iron-graphite waste (DIGW) is formed at all stages of cast iron processing. Their 

formation is associated with decrease in solubility of carbon with decreasing temperature 

and a number of other processes occurring in liquid iron [1,2]. They contain metallic iron, 

various iron oxides, carbon and impurities [2,3]. Electron microscopic studies [2] show 

that particles of dispersed liquid carbon dioxide are graphite plates, to a greater or lesser 

extent, covered with spherical oxide formations. The main part of oxide inclusions has a 

size of no more than 160 ¿m. They are tightly connected to surface of graphite particles 

and sometimes are located inside them. 

This composition and structure of particles explain presence of unique combination 

of electrical and magnetic properties even in initial dispersed liquid gas phases [436]. 

When applied to graphite which consists of such particles and therefore has magnetic 

properties term 'magnetic graphite' is used [2]. In this case value of specific saturation 

magnetization (Ãs) depending on chemical composition of dispersed liquid carbon dioxide 

is in range from 22 to 45 A;m2/kg and specific electrical resistance (Ãv) is in range of  
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(4.1830.46);1024 Ohm;m [2]. The authors position the materials as possessing properties 

such as radio shielding and radio absorption. An effective method for increasing specific 

saturation magnetization of DIGW is high-temperature heat treatment that results in 

formation of metallic iron. Due to this, value of Ãs increases to ~ 180 A;m2/kg while 

maintaining low value of Ãv ~ 2;1024 Ohm;m [2]. Efficiency of shielding and absorbing 

properties increases significantly. Based on this, it is relevant to study kinetic laws of 

metallization understanding of which will allow for effective control of the process [7]. 

 

Materials and Methods 

DIGW is a mixture of iron oxides and reducing agent that is graphite. When this mixture 

is heated above certain temperature process of chemical reduction of iron oxides of 

dispersed DIGW to metallic iron by carbon contained in them begins. In essence, the 

process is a carbothermic self-healing one (CTSH). Recovery takes place with participation 

of solid and gas phases. Therefore, CTSH process can be considered as topochemical. 

In [2,8,9] on study of carbothermic self-healing of dispersed DIGW, it was shown 

that the process occurs in two stages. At the first stage reduction of higher iron oxides to 

wustite occurs and at the second stage the reduction of wustite to metallic iron occurs. 

The first stage proceeds quickly. This is followed by induction period during which 

formation of metallic phase begins followed by its intensive growth. In [9], it is shown 

that newly formed iron can have a catalytic effect on the process but not immediately 

and after accumulation of certain minimum amount. Considering high dispersion of oxide 

component (average size of oxide particles did not exceed 160 ¿m) of processed material 

the maximum speed is achieved very quickly. After formation of continuous reaction front 

beginning of the process deceleration is recorded [9]. Since transformation of magnetite 

into wustite at temperatures of CTSH occurs almost completely already upon heating of 

particles to working temperature and the main time of CTSH particles of dispersed DIGW 

is occupied by reaction FeO ³ Fe [2,9,10]. This work focuses on topochemical analysis of 

this reaction occurring at CTSH. 

To conduct CTSH of FeO particles wustite-graphite samples were prepared (63.8 % of 

FeO, 31.2 % of C, 5 % of impurities). Initial dispersed DIGW of mixing section with fraction 

of less than 160 ¿m was processed in a quartz reactor without air access for 1.5 h at 820 °C. 
At this temperature all iron oxides were converted into wustite [9]. Based on differential 

thermal analysis [9], temperatures above 960 °C were selected as working temperatures 
for conducting analysis of carbothermic self-healing: 970, 990, 1030 and 1050 °C. 

In [2], microstructure of particles of wustite-graphite sample was analyzed after 5, 12, 

20 and 40 min after start of carbothermic self-recovery at 1050 °C. Process FeO ³ Fe was 

characterized in early stages by formation of areas of metallic phase on surface of oxide. The 

process then developed with advancement of recovery front into particles and ended with 

complete recovery. In this case specific saturation magnetization increased monotonically 

from 0 (initial state) to 168.5 A;m2/kg after its complete completion after 40 min [2]. 

Figure 1(a) shows set of curves of recovery degree of wustite (³) during course of 

experiment constructed according to data of [2]. During the first 5 min measurements 

were taken for every minute of the experiment then every 5 min. As can be seen from 

Fig. 1(a) increase in temperature causes shape of the curve to approach a sigmoid.  
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All curves have three more or less distinct sections, namely, incubation section in which 

iron nuclei are formed; acceleration section; section in which reaction rate gradually 

decreases. Similar appearance was shown by curves obtained in [11,12] during reduction 

of wustite with a hydrogen-helium mixture, in [13] during reduction of hematite to 

wustite with a gas mixture of N2, CO, H2 [13], and in [14] during reduction of hematite 

with a gas mixture of CO-CO2. 

Analysis of intensity of gas evolution and composition of gas phase for dispersed 

samples of "wustite-graphite" during CTSH carried out in [2] showed the following. 

Intensity of gas emission first increased and then decreased during the experiments.  

CO content was low for entire working temperature range at initial stage of the process. 

Then it increased and then CO/CO2 ratio remained constant until end of the experiment. 

Based on processing of curves shown on Fig. 1(a) rate of recovery of wustite of dispersed 

samples of <wustite-graphite= at different temperatures of CTSH was calculated. 
 

(a) 

 

(b) 

 
 

Fig. 1. Kinetics of CTSH of "wustite-graphite" sample [11] (4) and  
wustite recovery rate of dispersed "wustite-graphite" samples (b) 

 

Calculated curves are shown on Fig. 1(b). Abscissa axis of graph shown on Fig. 1(b) 

shows calculated time values (average values of interval); ordinate axis shows average 

recovery rate in time interval. As with intensity of gas evolution, according to [2] rate of 

wustite recovery during CTSH increased at the beginning of the experiments and then 

decreased. Increase in temperature in the experiments in studied range leads to an 

increase in magnitude of recovery rate extremes and their earlier achievement. Thus, at 

temperature of 970 ºC maximum rate of wustite reduction was 0.022 min21 and it was 

achieved between the 20th and 25th min from beginning of the experiment; at 990 ºC the 

maximum rate was 0.026 min21 and it was achieved between the 15th and 20th min from 

beginning of the experiment; at 1030 ºC the maximum rate was 0.044 min21 and it was 

achieved between the 10th and 15th min from beginning of the experiment; at 1050 ºC 

the maximum rate was 0.085 min21and it was achieved between the 5th and 10th min from 

beginning of the experiment. At the same time duration of incubation period decreased. 

These observations confirm statement about two-stage nature of carbothermic self-

healing process made in [2] based on analysis of kinetic curves of CTSH of polydisperse 

DIGW as well as in studies [13315]. 
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Joint analysis of Fig. 1 allows to determine proportion of wustite that has 

transformed into metallic iron by time of reduction process transitions from the first to 

the second stage. For temperature of 1050 °C it is 0.4; for temperature of 1030 °C it is 
0.4; for temperature of 990 °C it is 0.37; for temperature of 970 °C it is 0.36. 
 

Results and Discussion 

According to prevailing theory process of reduction of iron oxides by solid carbon is a 

process involving a gaseous reducing agent [16318]. Reaction sphere contains solid and 

gaseous reagents, i.e. the process is topokinetic in nature [13,19]. This is also evidenced 

by sigmoid form of kinetic curves of CTSH of dispersed particles of <wustite-graphite= 
shown on Fig. 1(a) as well as CTSH curves of polydisperse DIGW in [2]. It should be kept 

in mind that the process can be limited both by gasification reaction of carbon contained 

in sample and by chemical reduction reaction. Taking these considerations into account 

in order to describe the process of CTSH a topochemical analysis of previously obtained 

results was carried out in this work. 

Modern topokinetic approach to this type of process assumes their two-stage nature 

[14,15,19]. At the first stage, as a result of interaction of solid and gaseous phases nuclei 

of reaction product appear on surface of particles, they increase in size, and they merge. 

The second stage begins after continuous film of reaction product appears on solid 

particles. Then boundary of reaction proceeds moves deeper into the particles. Since 

processes occurring at different stages are different, attempts to combine entire process 

with one general equation led to need to introduce correction factors purpose of which 

is not to describe the process but to fit equation to obtained experimental curves. 

Therefore, by analogy with [12,14,20] each experiment was conditionally divided 

into two stages, namely, at the first stage the rate increased due to increase of reaction 

surface and at the second stage the rate decreased due to its decrease. Due to low degree 

of conversion, the first stage can be called the initial stage, and the second stage can be 

called the main stage. These stages are separated by the maximum rate. 

For topokinetic analysis of available experimental data the Roginsky-Schulz (Eq. (1)) 

[20] and Avrami-Erofeev (Eq.(2)) [21323] equations were used in turn to compare results 

of the analysis: ýýýÿ = ý ç ÿ2/3;                (1) ÿ = 1 2 þýý(2�ÿÿ),               (2) 

where ³ is degree of conversion, ýÿ/ýÿ  is process speed (W), � is a constant that depends 

on both rate of nucleation and rate of growth of embryos, n is coefficient indicating 

geometric parameters of embryo growth. 

According to [13], one-dimensional, two-dimensional, three-dimensional growth of 

embryos occurs at n = 1&2, n = 2&3 n = 3&4, respectively. In case when process can be 

described by Eq. (1) graph in coordinates W(³2/3) should have form of a straight line. After 

carrying out corresponding calculations graphs in coordinates of Roginsky-Schulz 

equation (Fig. 2) were obtained in form of four straight lines. This speaks in favor of 

assumptions made about the possibility of applying Roginsky-Schulz equation to the 

description of the process under consideration. Processing graphs on Fig. 2 allows 

calculating coefficients k in Eq. (1) for all experimental temperatures and their natural 
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Fig. 2. Graphs in Roginsky-Schulz coordinates Fig. 3. Graph in Arrhenius coordinates constructed 

using data from Table 1 

 
Table 1. Results of calculations of coefficients k in the Roginsky-Schulz equation 

&, ºC k lnk 

1050 0.156 -1.858 

1030 0.056 -2.882 

990 0.04 -3.219 

970 0.032 -3.442 

 

logarithms (Table 1). Data from Table 1 is used to plot a graph in Arrhenius coordinates 

(Fig. 3) and calculate apparent activation energy of process �4. 
Based on obtained graph (Fig. 3) apparent activation energy of process of 

carbothermic self-healing of dispersed samples of "wustite-graphite" at the first stage 

was calculated: �4 = 216.16 kJ/mol. It should be noted that such a level of �4 indicates 

that the reducing agent, which in this case is graphite, has low activity. This is due to 

peculiarity of its formation at temperatures above 1500 ºC. Only in presence of a certain 

amount of newly formed iron does the process gain noticeable speed. Author of work [24] 

also points to this. 

Using graph shown on Fig. 3 value of k0 in equation is determined: ý = ý0 þýý(2ýÿ/ýÿ) .            (3) 

From Eq. (3) taking into account found value k0 = 2.6.104 expression is obtained: ý = 2.6 ç 104 þýý(2216.16/ýÿ)            (4) 

Rate of the process according to the Roginsky-Schulz equation: ÿ = 2.6 ç 104 þýý(2216.16/ýÿ) ÿ2/3.           (5) 

From Eq. (5) degree of transformation: ÿ = [0.867 ç 104 þýý(2216.16 ç 103/ýÿ) ÿ]3.          (6) 

To evaluate obtained result, experimental points (exp) and points calculated 

according to Eq. (6) (calc) are plotted on graph of ³(Ç) dependence (Fig. 4). Analysis shown 

on Fig. 4 demonstrates that, contrary to assumptions made in [9], Roginsky-Schulz 

equation cannot be used for topokinetic analysis of the first stage of carbothermic self-

healing of dispersed "wustite-graphite" samples. 

Based on obtained results, the experimental data were processed using the Avrami-

Erofeev equation. Evaluation of n and � indicators in Eq. (2) is usually carried out using 

the Hancock-Sharp method [13,14,25]. In accordance with this method, a graph of 

dependence of ln(-ln(1-³)) on lnÇ was constructed and analyzed (Fig. 5(a)). From Fig. 5(a) 
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Fig. 4. Comparison of data obtained in the experiment and according to Roginsky-Schulz equation 

 

  

 
 

Fig. 5. (a) Dependence of function ln(-ln(1-³)) on lnÇ for experimental conditions; 

(b) comparison of data obtained during the experiment and in calculations using the Avrami-Erofeev equation; 

(c) dependence of [-ln(1-³)]1/n on Ç under experimental conditions  

 
Table 2. Results of calculations of coefficients of the Avrami-Erofeev equation 

No &, ºC n lnÿ Correlation coefficient, R 

1 1050 1.465 -4.425 0.990 

2 1030 1.380 -4.589 0.994 

3 990 1.305 -4.844 0.997 

4 970 1.440 -5.585 0.998 

Average value  1.398 -4.861 0.995 
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it follows that function ln(-ln(1-³)) on lnÇ is linear at experimental temperatures, i.e.,  

the Avrami-Erofeev equation can be used for the analysis. Based on the analysis of graphs 

shown on Fig. 5(a) n and � indicators were calculated, and the calculation results are 

presented in Table 2. 

Comparison of results of applying Eq. (2) with experimental data was carried out by 

analyzing experimental (exp) and calculated curves (calc) shown on Fig. 5(b) and 

indicates that kinetic model very accurately (with average value of correlation coefficient 

R = 0.995) describes the process of nucleation and growth of the metallic phase on the 

surface of wustite particles. Obtained average value n j 1.4 indicates that process of FeO 

reduction occurs in kinetic region. 

For further calculations the Avrami-Erofeev equation is transformed into form [13]: [2 þÿ(1 2 ÿ)]1/ÿ = ýÿ.             (7) 

Figure 5(c) shows graphical interpretation of Eq. (7) under experimental conditions. 

Coefficients k in Eq. (7) at different temperatures were calculated using slope of straight 

lines shown on Fig. 5. Calculation results are given in Table 3. 

 
Table 3. Calculations result of coefficient k in of the Avrami-Erofeev equation (Eq. (7)) 

No. &, °C k lnk 

1 1050 0.0540 -2.919 

2 1030 0.0454 -3.092 

3 990 0.0312 -3.467 

4 970 0.0233 -3.760 

 

As in previous case to calculate apparent activation energy of process �4 graph in 

Arrhenius coordinates was constructed based on data in Table 3 (see Fig. 6). Calculation 

of �4 performed on the basis of Fig. 6 gives value of apparent activation energy of 

carbothermic self-recovery process of dispersed samples of "wustite-graphite" of 

141.34 kJ/mol. Obtained values are in good agreement with data available in literature 

concerning reduction of wustite by graphite [24326]. 
 

 
Fig. 6. Graph in Arrhenius coordinates constructed according to data shown in Table 3 

 

In [27], it was found that apparent activation energy of graphite gasification process 

�4 is 444 kJ/mol. At the same time for complete understanding of the process kinetics 

[28330], it is necessary to take into account fact that under considered conditions process 
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of oxide reduction occurs faster than reaction of CO formation [31333]. Therefore, in this 

case it can be concluded that the process is limited by carbon gasification reaction [34,35]. 

 

Conclusions 

Topokinetic analysis of the process of carbothermic self-healing of dispersed samples of 

<wustite-graphite= showed following: 
1. The Avrami-Erofeev equation can be used in conjunction with the Sharpe-Hancock 

procedure to describe the process while the Roginsky-Schulz equation does not provide 

adequate description. 

2. Calculated apparent activation energy of this process �4 is equal to 141.34 kJ/mol. 

3. The process is limited by carbon gasification reaction. 
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ABSTRACT  

This study focuses on the fabrication and investigation of the properties of the heterojunction p-NiO/n-Al-

doped ZnO via the radio frequency magnetron sputtering method. We conducted a detailed evaluation of 

the crystal structure, optical properties, and electrical properties of the NiO and Al-doped ZnO monolayers 

using advanced techniques such as X-ray diffraction, ultraviolet-visible spectroscopy, and Hall effect 

measurements. X-ray diffraction results show that the NiO thin film crystallizes in the (111) and (200) peaks 

with a characteristic NaCl-type cubic structure, while the Al-doped ZnO thin film preferentially develops  

in the (002) peak, exhibiting a hexagonal wurtzite structure. UV3Vis transmission spectrum analysis 

indicates that the NiO and Al-doped ZnO thin films exhibit transmittance rates of 52 and 92 % in the visible 

light region, respectively. The optical band gap energy was determined to be 3.45 eV for NiO and 3.36 eV 

for Al-doped ZnO, respectively. In addition, the carrier concentration in both single layers reached a high 

level, around 1019 cm-3. The J-V characteristics under optimal conditions confirmed the formation of the 

NiO/AZO heterojunction with a turn-on voltage of 0.67 V, an ideality factor of 4.44, and a barrier potential 

height of 0.5 eV. Especially, the influence of light with a wavelength of 365 nm, this heterojunction clearly 

exhibited the characteristics of a photodiode. These results demonstrate the remarkable potential 

applications of the p-NiO/n-AZO heterojunction in the fields of optoelectronics and light sensors. 
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Introduction 

UV photodiodes based on semiconductor materials with a large bandgap energy 

(Eg > 3 eV) are becoming a focal research area due to their widespread applications in the 

ultraviolet region [1]. Typical materials in the class of transparent conducting oxides 

(TCOs) include TiO2, ZnO, NiO, SnO2, and Ga2O3. Among these, ZnO and NiO stand out 

with their unique optoelectronic properties. They not only have an impressive 

transmittance (up to 80 %) in the visible region but also possess a low resistivity, around 

1023 «;cm at room temperature [234]. Moreover, their abundant availability, low cost, 
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and environmental friendliness make them highly attractive for potential large-scale 

industrial applications. In practice, however, the fabrication of photodiodes based on 

ZnO/NiO heterojunctions faces significant challenges, particularly in achieving stable p-

type ZnO (doped with N, P, As, or Sb) and n-type NiO (doped with Al, Li, Ag, or Cu). These 

difficulties arise from the low solubility of dopants, the self-compensation effect, and the 

limited ability to maintain the desired conductivity type [537]. Consequently, 

heterojunctions employing ZnO or NiO are being actively investigated for optoelectronic 

applications [8310]. 

Zinc oxide (ZnO) is an n-type semiconductor belonging to the II-VI group, exhibiting 

a hexagonal wurtzite structure with space group P63mc and lattice constants a = 3.25 Å 
and c = 5.20 Å [1]. Moreover, its direct bandgap energy of approximately 3.37 eV and a 

large exciton energy of 60 meV make ZnO highly suitable for a wide range of applications, 

including UV sensors, UV photoconductive detectors, and white light-emitting 

devices [11316]. The n-type semiconductor properties of ZnO are primarily formed by 

intrinsic defects such as zinc interstitial and oxygen vacancy. However, increasing the 

defect density in the ZnO crystal lattice to enhance its electrical properties inevitably 

deteriorates both its crystalline quality and optical characteristics. Therefore, to preserve 

the structural integrity and optoelectronic performance, the carrier concentration of 

intrinsic ZnO is typically maintained in the range of 1016 3 1017 cm-3 [17]. This procedure 

causes high resistivity, significantly limiting the performance of the device. To overcome 

these problems, group IIIA metals like Al, Ga, and In are often added to the ZnO crystal 

lattice to increase the number of carriers while keeping the crystal's high transparency in 

the visible range [18320]. Al is the most common dopant because it works well to replace 

Zn atoms and is cheaper than In and Ga [21]. Furthermore, high-quality Al-doped ZnO 

(AZO) thin films can be readily fabricated using various techniques, including radio 

frequency (RF) magnetron sputtering, metal3organic chemical vapor deposition, and 

atomic layer deposition. 

Nickel oxide (NiO) is a highly promising material for forming p3n junctions with 

ZnO. It crystallizes in a face-centered cubic rock-salt structure (space group Fm-3m) with 

a lattice constant of a ~ 4.17 Å [1]. Owing to its oxygen sublattice having a hexagonal 

symmetry similar to that of Al-doped ZnO, NiO can be effectively deposited on this 

substrate [22]. As an intrinsic p-type semiconductor with a wide direct bandgap  

of 3.434.0 eV, NiO is an attractive candidate for UV sensor applications [23]. Its hole 

conductivity arises primarily from nickel vacancies and oxygen interstitials; however, its 

carrier concentration is generally limited. In our previous work, RF-reactive magnetron 

sputtering was employed to self-dope NiO by controlling the reactive gas flow and the 

Ni³z content, which serves as a source of free carriers. This approach enabled the carrier 

concentration to exceed 1019 cm-3 [24]. 

Up to now, research on the fabrication and application of NiO/AZO-based 

heterojunctions remains limited. Shu-Yi Tsai et al. fabricated NiO/ZnO heterojunctions via 

RF magnetron sputtering, reporting carrier concentrations of 7.52 × 1018 and 

4.29 × 1019 cm{³, mobilities of 2.26 and 6.02 cm²/V·s, and ~ 80 % transmittance in the 

visible range for single-layer NiO and ZnO, respectively. The resulting heterojunction 

exhibited an open-circuit voltage of ~2.5 eV and UV sensitivity at 365 nm [25]. Similarly, 

Gupta R.K. et al. produced p-NiO/n-ZnO heterojunctions by pulsed laser deposition, 
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achieving transmittances of 64 and 87 %, carrier concentrations of 7.1 × 1018 and 

6.5 × 1019 cm{³, and an open-circuit voltage of 0.45 eV with an ideality factor of about 4.1 

and a barrier potential of about 0.35 eV (determined by Norde9s method) [26]. However, 

the large carrier concentration mismatch between NiO and ZnO resulted in a non-optimal 

electric field distribution in the depletion region, limiting photo-generated carrier 

collection. NiO/ZnO heterojunctions have been investigated for applications such as 

photocatalysis, formaldehyde and trimethylamine sensing, UV photodetectors, and 

supercapacitors [27331]. 

In this work, we fabricated a p3n NiO/AZO heterojunction via RF magnetron 

sputtering3a widely adopted method offering good uniformity, deposition rate, adhesion, 

and industrial scalability [32]. Film thickness and properties can be precisely tuned by 

controlling oxygen flow rate, sputtering power, substrate temperature, and annealing 

temperature, as demonstrated in our previous studies. Here, we successfully prepared the 

heterojunction for ultraviolet light sensing applications. While the crystal structure, 

optical, and electrical properties of the AZO and NiO single layers have been reported 

previously, this study focuses on investigating the carrier transport mechanism under dark 

and UV-illuminated (365 nm) conditions through J3V characterization, which points to 

possibilities for the potential for practical device applications. XRD, UV3Vis, and Hall 

effect results are taken from our earlier publications [33, 34]. 

 

Materials and Methods 

The AZO thin film was fabricated on a glass substrate using the radio frequency (RF) 

magnetron sputtering, with Al-doped ZnO lab-made targets (2 at. % Al). The glass 

substrate was thoroughly cleaned with acetone, ethanol, and isopropyl alcohol (IPA), each 

solution for 5 mins, and then heated in a vacuum chamber at a pressure of 5 × 1023 Torr 

to completely remove impurities and moisture. The AZO film deposition process was 

carried out at a temperature of 200 ºC and a power of 50 W. Next, NiO thin films were 

sputtered onto the prepared AZO/glass structure, using a Ni metal target with a purity of 

99.95% in an argon and oxygen gas environment (Fig. 1). The optimal deposition 

conditions were established at a pressure of 5 × 1023 Torr, an RF power of 70 W, and an 

Ar:O2 gas ratio of 7:3. The substrate temperature is maintained at a stable 250 °C 
throughout the sputtering process. Indium was used as the electrode material. The 

contacts were deposited by sputtering through a shadow mask, which allowed indium to 

contact both the NiO and AZO layers (Fig. 1). The NiO thin film exhibited a thickness of 

approximately 250 nm, while the AZO thin film showed a thickness of about 280 nm. The 

crystal structure of the films was analyzed using X-ray diffraction (XRD, D8-ADVANCE).  

 

 
 

Fig 1. The process of fabricating a p-NiO/n-AZO heterojunction using the RF-magnetron sputtering method 
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The optical properties were evaluated through UV-Vis (JASCO, V-550, Japan) transmission 

spectra, while the electrical characteristics were investigated in detail using Hall effect 

measurements (BIO-RAD HL5500IU). Finally, the I3V characteristics of the diode were 

measured at room temperature using a Keysight-U2722A current-voltage source. 
 

Results and Discussion 

The structural characteristics of AZO and NiO thin films fabricated using  

the RF-magnetron sputtering method were previously reported in references [33] and 

[34]. The AZO thin film exhibits a high-intensity difraction peak (002) at an angle of 

2ÿ= 34.54°, with a full width at half maximum (FWHM) of approximately 0.25°. This 

observation confirms that the AZO thin film crystallizes in the characteristic hexagonal 

wurtzite structure, with the c lattice constant (denoted as a2) determined to be 5.19 Å 
[33]. Meanwhile, the diffraction pattern of NiO thin film shows the appearance of two 

main peaks: (111) at 2ÿ = 36.43° and (200) at 2ÿ = 42.73° with corresponding FWHM 

values of 2.13° and 1.07°, respectively. These peaks represent the characteristic of the 

cubic structure of NiO, with the lattice constant a (denoted as a1) estimated to be 

approximately 4.25 Å [34]. Although the crystal structures of AZO thin films (hexagonal 

wurtzite) and NiO (NaCl-type cubic) are different, the deposition of high-quality ZnO 

layers on NiO substrates is still feasible because of the similar oxygen atom configuration 

(six-fold symmetry) [22]. 

To further confirm the electrical characterization results and support energy band 

alignment, an analysis of the lattice mismatch at the NiO/ZnO interface was conducted. 

The estimation was performed using equations commonly applied to materials with cubic 

crystal structures [35]. Based on this assumption, the lattice mismatch values were 

calculated using the following expression: ýÿ = 2(ÿ12ÿ2)ÿ1+ÿ2  ,              (1) ýý = 4(ÿ12+ÿ22)ÿ12ÿ22  ,              (2) ý = ÿ1ÿ2:2 (ÿ1+ÿ2) ,              (3) 

where ÿ1, ÿ2 represents the lattice parameters of the contacting material, ýý is the 

minimum concentration of surface states at the heterojunction, ý is the average distance 

between NiO and AZO thin films. 
 

Table 1. Lattice mismatch and interfacial parameters of AZO and NiO thin films at the heterojunction 

Sample 2ý, ° (hkl) 
Lactice parameter 

�a, % x, 107 cm Ns, 10-13 cm-2 
a1, Å a2, Å 

AZO 34.54 (002) 3 5.19 

-19.92 1.65 3.7 
Nio 

36.43 (111) 
4.25 3 

42.73 (200) 

 

The lattice constant deviation between NiO (cubic) and AZO (hexagonal) was 

calculated to be 319.92%, indicating a significant mismatch at the NiO/AZO 

heterojunction. In comparison, an ideal heterojunction typically exhibits a lattice 

mismatch below 7 % [35]. The significant mismatch leads to the formation of interfacial 
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defects, with an estimated surface state density of 3.7 × 10-13 cm-2. These defects facilitate 

the recombination of charge carriers during the charge transport process. The lattice 

parameters, mismatch values, and interfacial characteristics of the NiO and AZO thin 

films, as well as their heterojunction, are summarized in Table 1. 

In our previous report [33,34], the optical properties of NiO and AZO thin films were 

analyzed by using the UV-Vis spectroscopy in the wavelength range from 300 to 1000 nm. 

The average transmittance was determined to be 92 and 52 % in the visible light region, 

respectively. Based on the results of the transmission spectrum, the absorption coefficient 

was determined in the strong absorption region according to the Beer-Lambert law [36]: ý = ý21 [ln (1ÿ)],              (4) 

where T is the normalized transmittance and d is the thickness of the film (280 nm for 

AZO and 250 nm for NiO). The optical band gap (Eg) was then determined using Tauc9s 
formula [36]: ý/ÿ = ý(/ÿ 2 ýý)ý

,              (5) 

where ý is the absorption coefficient, ý is the band edge constant, /ÿ is the photon 

energy, and ý = 1/2 for direct allowed transition, as in the hexangonal wurtzite structure 

of AZO and the cubic structure of NiO. The optical band gap energy is determined to be 

3.36 eV for the AZO thin film and 3.45 eV for the NiO thin film. 

Moreover, the electrical properties of AZO and NiO thin films were determined by 

Hall effect measurements [33,34]. Based on the values indicating the carrier 

concentration, the NiO and AZO films exhibit p-type and n-type semiconductor properties, 

respectively. The carrier concentration and mobility for the AZO thin film were 

determined to be 2.19 × 1019 cm-3 and 0.9 cm2/V;s, respectively, while for the NiO thin 

film, they were 2.36 × 1019 cm-3 and 1.02 cm2/V;s, respectively. The parameters 

characterizing the optical and electrical properties of the AZO and NiO single-layer films 

are summarized in Table 2. 
 

Table 2. Optical and electrical properties of AZO and NiO thin films 

Sample 
Thickness, 

nm 

T %, 

4003800 nm 

Optical 

bandgap, 

eV 

Carrier 

type 

Carrier 

concentration, 

1019 cm-3 

Mobility, 

cm2/V;s 
Ref. 

AZO 280 92 3.36 n -2.19 0.9 [33] 

NiO 250 52 3.45 p +2.36 1.02 [34] 

 

 
 

Fig 2. Linear (a) and semi-logarithmic (b) J3V characteristics of the NiO/AZO diode 



Fabrication and characterization of NiO/AZO heterojunction thin film diodes by radio frequency magnetron sputtering 125 

Indium metal was used for ohmic contact with the AZO and NiO thin films with a 

work function of 4.12 eV, as shown in the inset Fig. 2(a). The results show that the p-type 

semiconductor NiO has formed a heterojunction on the n-type AZO semiconductor 

substrate with the NiO/AZO/glass diode structure. The J3V characteristics in the dark 

mode and the changes in characteristics under illumination are shown in Fig. 2(a) (linear) 

and Fig. 2(b) (semi-logarithmic), with the open-circuit voltage Voc (dark) determined to be 

0.67 V, consistent with previous reports [37]. In addition, the relatively large leakage 

current due to the sputtering fabrication method causes the surface of the AZO film to 

suffer damage from ion bombardment before the NiO thin film is deposited [3]. 

The J3V characteristic curve represents the rectifying relationship between the 

current density through the diode and the voltage according to the thermionic emission 

theory given by the expression [24,38]: ý = ý0 ; exp ( ÿýÿþýÿ 2 1).             (6) 

Here q is the electron charge (1.6 × 10-19 C), þþ is Boltzmann constant (J;K-1),  

T is the absolute temperature (K) and ý0 is the reverse saturation current: 

J0 = AA*T2exp (2ÿýýþýÿ ),              (7) 

where A is the area of the diode (1 cm2); A* is the Richardson constant of the p-NiO/n-ZnO 

heterojunction (0.062 A cm-2;K-2) [39]. 

The effective barrier height is determined [24,38]: 

×B  = 
þýÿÿ þÿ ýý7ÿ2ý0 ,              (8) 

with J0 determined from the extrapolated results in the linear region of the ln(J) curve 

with respect to V at the time V = 0. 

ln(J) is determined: ln ý = ÿýÿþýÿ + ln ý�.              (9) 

The ideal factor (ÿ) is determined: ÿ = ÿþýÿ . ýýýþÿý.             (10) 

Under dark light, the ideality factor (n) and effective barrier height (×B) are 

determined to be 4.44 and 0.50 eV, respectively. The diode operates based on two main 

mechanisms: thermal transport (TE) and the tunneling effect [40]. The TE mechanism for 

an ideal diode is the movement of charge carriers due to temperature. Conversely, 

tunneling allows charge carriers to pass through the energy barrier, often dominating 

when the diode has a low ideality factor or a large energy barrier. According to the Sah-

Noyce-Shockley theory, the ideality factor ranges from 1 to 2, indicating that the primary 

current mechanism is due to the tunneling effect [40]. If n = 2, the dominant mechanism 

is due to recombination and emission; if n > 2, the dominant mechanism is leakage 

current [40]. The high ideality factor value of the NiO/AZO diode is explained by the 

following reasons: (i) the high series resistance of the two material layers; (ii) the 

recombination of charge carriers in the depletion region; (iii) the surface morphology of 

the material; (iv) charge carriers tunneling between states in the bandgap; and (v) 

inhomogeneous potential barrier [41]. Furthermore, Table 3 shows that the p-NiO/n-AZO 

diode fabricated in this study exhibits a threshold voltage significantly lower than that 

reported in many previous studies on NiO/ZnO systems (1.0 3 3.0 V). This suggests that 
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the use of Al-doped ZnO, combined with a balanced carrier concentration between the 

two junction layers, contributes to lowering the threshold voltage, thereby reducing 

energy consumption and facilitating integration into low-voltage circuits. 

 
Table 3. Comparison of turn-on voltage (Von) and ideality factor (n) for NiO/AZO heterojunction diodes 

Heterojunction structure Method Von, V Ideality factor Ref. 

In/NiO/AZO/In Sputtering 0.67 4.44 This work 

Au/NiO/ZnO/Au PLD ~ 0.35 4.10 [26] 

Al/NiO/ZnO/Al Sputtering ~ 3.00 3 [25] 

Au/ZnO/NiO:Li/ITO PLD 1.00 2.00 [22] 

Pt/NiO/ZnO/ITO Sputtering 0.531.1 1.3631.41 [42] 

C/ZnO/NiOx/Au Inkjet printing 2.20 3 [43] 

Au/NiO/ZnO/Au Sputtering 1.3 2.7 [44] 

 

Under the condition of illumination with a monochromatic light source at a 

wavelength of 365 nm (in the near-ultraviolet region), with a power of 10 W, the NiO/AZO 

heterojunction diode shows a significant increase in current in both polarities, especially 

in the reverse bias region. Illumination generates electron-hole pairs (e{3hz) in the p-n 

junction region, thereby increasing the carrier density and significantly contributing to 

the photocurrent. Under these conditions, the reverse current (photocurrent) increases 

significantly, reflecting the structure's ability to efficiently absorb photons and effectively 

separate charge carriers. This shows that the diode operates effectively as an ultraviolet 

photodiode, with high sensitivity in the light region where the photon energy is greater 

than the bandgap of the absorbing material. The analysis results show its potential 

application in optoelectronic devices such as photodiodes or solar cells. 

 

 
 

Fig 3. Band diagram of heterojuntion p-NiO/n-AZO 

 

The energy band structure of the NiO/AZO heterostructure is illustrated in Fig. 3. 

The work function of the indium electrode is 4.12 eV. The electron affinities (ÿ) of NiO 

and AZO are 1.64 eV and 4.60 eV, respectively; the corresponding bandgap energies are 

3.45 eV (NiO) and 3.36 eV (AZO) [45,46]. When two materials come into contact to form a 
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heterostructure, the rearrangement of energy levels leads to the formation of potential 

barriers at the interface. The conduction band offset (&ýÿ) and valence band offset (&ýý) 

are determined according to equations [35]: &ýÿ = ýÿ1 2 ýÿ2 =  ÿ2 2 ÿ1,          (11) &ýý = ýý1 2 ýý2 = (ÿ1+ ýý1) 2 (ÿ2 + ýý2).        (12) 

The conduction band and valence band offsets were determined to be 2.96 eV and 

2.87 eV, respectively, based on the Anderson model, consistent with previous 

reports [37,47]. These two quantities indicate that the NiO/AZO heterojunction belongs 

to type II (type-II band alignment), where both the conduction band and valence band of 

AZO are lower than those of NiO. These two quantities indicate that the NiO/AZO 

heterojunction belongs to type II, where both the conduction band and the valence band 

of AZO are lower than those of NiO [48]. The distribution of energy bands in this manner 

facilitates the separation of electron-hole pairs (e{3hz). Specifically, electrons in the 

conduction band of NiO will easily move to the conduction band of AZO with a lower 

energy level, while holes in the valence band of AZO will move to the valence band of 

NiO. This process helps prevent recombination, thereby increasing the efficiency of 

charge separation generated under illumination, contributing to the enhancement of the 

performance of optoelectronic devices. 

 

Conclusions 

The photodiode on a p-NiO/n-AZO/glass substrate was fabricated using the RF-magnetron 

sputtering method. The NiO film, which has a cubic structure and a thickness of 

approximately 250 nm, is deposited on the AZO film, which has a hexagonal wurtzite 

structure and a thickness of approximately 280 nm. The optoelectronic properties of the 

single-layer films were determined using UV-Vis and Hall effect, with the NiO thin film 

(T % = 52 %, Eg = 3.45 eV, nh = 2.36 × 1019 cm-3, ¿h = 1.02 cm2/V;s) and the AZO thin film 

(T % =92 %, Eg = 3.36 eV, nh = 2.19 × 1019 cm-3, ¿h = 0.90 cm2/V;s). The J3V characteristics 

in dark and under illumination with a wavelength of 365 nm show that a heterojunction 

p-n is formed with diode-like properties in the dark, such as turn-on voltage, ideality 

factor, and barrier potential, which are determined to be 0.67 V, 4.44 and 0.5 eV, 

respectively, and also demonstrate good photodetection capability under ultraviolet light 

(356 nm). The results indicate that the NiO/AZO transition has potential applications in 

photodetectors in the future. 

 

CRediT authorship contribution statement 

Bao Quan Tran : writing 3 review & editing, writing 3 original draft; Thi Nhu 

Huynh Ngo : writing 3 review & editing, writing 3 original draft; Khac Binh Nguyen : 

investigation; Hong Diu Tho Duong: investigation; Bao Khang Thach: investigation; Hoai 

Phuong Pham : data curation, conceptualization; Hai Dang Ngo : data 

curation, conceptualization; Thi Kim Hang Pham : supervision, conceptualization, 

writing 3 review & editing. 

 

  

https://orcid.org/0009-0007-5263-3087
https://www.scopus.com/authid/detail.uri?authorId=57189459588
https://www.researchgate.net/profile/Bao-Tran-141
https://orcid.org/0009-0009-5422-867X
https://www.scopus.com/authid/detail.uri?authorId=59547322900
https://orcid.org/0000-0002-8475-0225
https://www.scopus.com/authid/detail.uri?authorId=57197674195
https://www.researchgate.net/profile/Hoai-Phuong-Pham
https://orcid.org/0000-0002-6205-0850
https://www.scopus.com/authid/detail.uri?authorId=57006223800
https://www.researchgate.net/profile/Ngo-Dang-2
https://orcid.org/0009-0000-4865-3420
https://www.scopus.com/authid/detail.uri?authorId=57189459588


128 B.Q. Tran, T.N.H. Ngo, K.B. Nguyen, T.H.D. Duong, B.K. Thach, H.P. Pham, H.D. Ngo, T.K.H. Pham 

Conflict of interest 

The authors declare that they have no conflict of interest. 

 

References 

1. Spencer JA, Mock AL, Jacobs AG, Schubert M, Zhang Y, Tadjer MJ. A review of band structure and material 

properties of transparent conducting and semiconducting oxides: Ga2O3, Al2O3, In2O3, ZnO, SnO2, CdO, NiO, 

CuO, and Sc2O3. Applied Physics Reviews. 2022;9(1): 011315. 

2. Pham TKH, Pham HP, Ngo HDN. Impact of Sputtering Power on Characteristics of Indium-Doped ZnO 

Thin Films. Materials Transactions. 2025;66(9): 126631271. 

3. Zhang D, Nozaki S, Uchida K. NiO/Si heterostructures formed by UV oxidation of nickel deposited on Si 

substrates. Journal of Vacuum Science & Technology B. 2014;32(3): 031202. 

4. Shirshneva-Vaschenko EV, Sosnin IM, Nuryev RK, Gladskikh IA, Liashenko TG, Bezsmertny- VE, Romanov 

AE. Electrical and optical properties of transparent conducting ZnO:Al/AgNP multilayer films. Materials 

Physics and Mechanics. 2016;29(2): 1453149. 

5. Özgür Ü, Alivov YI, Liu C, Teke A, Reshchikov MA, Do�an S, Avrutin V, Cho S-J, Morkoç H. A comprehensive 

review of ZnO materials and devices. Journal of Applied Physics. 2005;98(4): 041301. 

6. Egbo KO, Ekuma CE, Liu CP, Yu KM. Efficient p-type doping of sputter-deposited NiO thin films with Li, 

Ag, and Cu acceptors. Physical Review Materials. 2020;4(10): 104603. 

7. Sun H, Liao M-H, Chen S-C, Li Z-Y, Lin P-C, Song S-M. Synthesis and characterization of n-type NiO: Al thin 

films for fabrication of pn NiO homojunctions. Journal of Physics D: Applied Physics. 2018;51(10): 105109. 

8. Hwang J-D, Lin W-M. Enhancing the photoresponse of p-NiO/n-ZnO heterojunction photodiodes using 

post ZnO treatment. IEEE Transactions on Nanotechnology. 2018;18: 1263131. 

9. Tyagi M, Raj VB, Tomar M. High gain NiO/ZnO heterojunction photodiodes operated in Deep-ultraviolet 

region. Thin Solid Films. 2024;798: 140389. 

10. Hwang JD, Jiang CI, Hwang SB. P-NiO/n-ZnO heterojunction photodiodes with an MgZnO/ZnO quantum 

well insertion layer. Materials Science in Semiconductor Processing. 2020;105: 104711. 

11. Xu Q, Cheng L, Meng L, Wang Z, Bai S, Tian X, Jia X, Qin Y. Flexible self-powered ZnO film UV sensor 

with a high response. ACS Appl Mater Interfaces. 2019;11(29): 26127326133. 

12. Liu KW, Ma JG, Zhang JY, Lu YM, Jiang D, Li B, Zhao DX, Zhang Z, Yao B, Shen DZ. Ultraviolet 

photoconductive detector with high visible rejection and fast photoresponse based on ZnO thin film. Solid 

State Electron. 2007;51(5): 7573761. 

13. Shi Z, Zhang Y, Zhang J, Wang H, Wu B, Cai Xu, Cai Xi, Dong X, Liang H, Zhang B, Du G. High-performance 

ultraviolet-blue light-emitting diodes based on an n-ZnO nanowall networks/p-GaN heterojunction. Applied 

Physics Letters. 2013;103(2). 021109. 

14. Rahman F. Zinc oxide light-emitting diodes: a review. Optical Engineering. 2019;58(1): 010901. 

15. Rackauskas S, Talka T, Kauppinen EI, Nasibulin AG. Zinc oxide tetrapod synthesis and application for 

UV sensors. Materials Physics and Mechanics. 2012;13(2): 1753180. 

16 Khan M, Alam MS, Ahmed SF. Effect of nickel incorporation on structural and optical properties of zinc oxide 

thin films deposited by RF/DC sputtering technique. Materials Physics and Mechanics. 2023;51(1): 19332. 

17. Vyas S. A short review on properties and applications of zinc oxide based thin films and devices: ZnO 

as a promising material for applications in electronics, optoelectronics, biomedical and sensors. Johnson 

Matthey Technology Review. 2020;64(2): 2023218. 

18. Bhosle V, Tiwari A, Narayan J. Electrical properties of transparent and conducting Ga doped ZnO. Journal 

of Applied Physics. 2006;100(3): 033713. 

19. Hafdallah A, Ynineb F, Aida MS, Attaf N. In doped ZnO thin films. Journal of Alloys and Compounds. 

2011;509(26): 726737270. 

20. Takci DK, Senadim Tuzemen E, Kara K, Yilmaz S, Esen R, Baglayan O. Influence of Al concentration on 

structural and optical properties of Al-doped ZnO thin films. Journal of Materials Science: Materials in 

Electronics. 2014;25: 207832085. 

21. Kadam P, Agashe C, Mahamuni S. Al-doped ZnO nanocrystals. Journal of Applied Physics. 2008;104(10): 103501. 

https://doi.org/10.1063/5.0078037
https://doi.org/10.2320/matertrans.MT-M2025077
https://doi.org/10.1116/1.4868634
https://mpm.spbstu.ru/userfiles/files/MPM229_06_vaschenko.pdf
https://mpm.spbstu.ru/userfiles/files/MPM229_06_vaschenko.pdf
https://doi.org/10.1063/1.1992666
https://doi.org/10.1103/PhysRevMaterials.4.104603
https://doi.org/10.1088/1361-6463/aaab2c
https://doi.org/10.1109/TNANO.2018.2884936
https://doi.org/10.1016/j.tsf.2024.140389
https://doi.org/10.1016/j.mssp.2019.104711
https://doi.org/10.1021/acsami.9b09264
https://doi.org/10.1016/j.sse.2007.03.002
https://doi.org/10.1016/j.sse.2007.03.002
https://doi.org/10.1063/1.4813538
https://doi.org/10.1063/1.4813538
https://doi.org/10.1117/1.OE.58.1.010901
https://mpm.spbstu.ru/userfiles/files/MPM_2012_13_2_P09.pdf
http://dx.doi.org/10.18149/MPM.5112023_3
http://dx.doi.org/10.1595/205651320X15694993568524
http://dx.doi.org/10.1595/205651320X15694993568524
https://doi.org/10.1063/1.2218466
https://doi.org/10.1063/1.2218466
https://doi.org/10.1016/j.jallcom.2011.04.058
https://doi.org/10.1007/s10854-014-1843-0
https://doi.org/10.1007/s10854-014-1843-0
https://doi.org/10.1063/1.3020527


Fabrication and characterization of NiO/AZO heterojunction thin film diodes by radio frequency magnetron sputtering 129 

22. Ohta H, Kamiya M, Kamiya T, Hirano M, Hosono H. UV-detector based on pn-heterojunction diode 

composed of transparent oxide semiconductors, p-NiO/n-ZnO. Thin Solid Films. 2003;445(2): 3173321. 

23. Al-Hardan NH, Ahmed NM, Almessiere MA, Aziz AA. Low-intensity UV light sensor based on p-NiO/n-Si 

heterojunction. Materials Research Express. 2020;6(12): 126332. 

24. Pham TKH, Tran BQ, Nguyen KB, Pham NYN, Nguyen THY, Nguyen AH-T, Nguyen NP, Ngo HD, Pham 

HP. Oxygen partial pressure effects on nickel oxide thin films and NiO/Si diode performance. Materials 

Advances. 2025;6(5): 171931725. 

25. Tsai S-Y, Hon M-H, Lu Y-M. Fabrication of transparent p-NiO/n-ZnO heterojunction devices for 

ultraviolet photodetectors. Solid State Electron. 2011;63(1): 37341. 

26. Gupta RK, Ghosh K, Kahol PK. Fabrication and characterization of NiO/ZnO p3n junctions by pulsed 

laser deposition. Physica E: Low-dimensional Systems and Nanostructures. 2009;41(4): 617320. 

27. San X, Li M, Liu D, Wang G, Shen Y, Meng D, Meng F. A facile one-step hydrothermal synthesis of 

NiO/ZnO heterojunction microflowers for the enhanced formaldehyde sensing properties. Journal of Alloys 

and Compounds. 2018;739: 2603269. 

28. Wei C, Xu J, Shi S, Bu Y, Cao R, Chen J, Xiang J, Zhang X. The improved photoresponse properties of self-

powered NiO/ZnO heterojunction arrays UV photodetectors with designed tunable Fermi level of ZnO. 

Journal of Colloid and Interface Science. 2020;577: 2793289. 

29. Li C, Feng C, Qu F, Liu J, Zhu L, Lin Y, Wang Y, Li F, Zhou J, Ruan Sh. Electrospun nanofibers of p-type 

NiO/n-type ZnO heterojunction with different NiO content and its influence on trimethylamine sensing 

properties. Sensors and Actuators B: Chemical. 2015;207: 90396. 

30. Wang T, Liu J, Ma Y, Gu C, Lian J. P-N heterojunction NiO/ZnO electrode with high electrochemical 

performance for supercapacitor applications. Electrochimica Acta. 2021;392: 138976. 

31. Tsai SY, Fung KZ. Enhancement of p-NiO/i-ZnO nanorods/n-ZnO ultraviolet detectors through the 

incorporation of ZnO nanorods. Journal of Physics and Chemistry of Solids. 2026;208: 113015. 

32. Reddy AM, Reddy AS, Lee K-S, Reddy S. Growth and characterization of NiO thin films prepared by dc 

reactive magnetron sputtering. Solid State Sciences. 2011;13(2): 3143320. 

33. Tran BQ, Nguyen KB, Vo NT, Le VT, Do TH, Ngo H, Pham TKH. Effect of limited oxygen gas flux on 

properties of Al-doped ZnO films. Dong Thap University Journal of Science. 2024;13(5): 1133120. 

34. Binh NK, Yen Nhi PN, Quan TB, Tam PM, Phuong NN, Tuan DM, Hang PTK, Phuong PH. Impact of in situ 

heating on the structure, morphology, and electrical and optical properties of RF-sputtered NiO thin films. 

Journal of Vacuum Science & Technology B. 2024;42(6): 062205. 

35. Yermakov M, Pshenychnyi R, Opanasyuk A, Klymov O, MuÞnoz-Sanjos´e V. Optical and electrical 
properties of ZnO/NiO heterojunctions obtained by the spray-pyrolysis method. Journal of Material Science. 

2024;59: 15738315751. 

36. Chen Z, Dinh HN, Miller E. UV-vis Spectroscopy. Photoelectrochemical Water Splitting: Standards, 

Experimental Methods, and Protocols. New York: Springer; 2013. 

37. Ishida Y, Fujimori A, Ohta H, Hirano M, Hosono H. Potential profiling of the nanometer-scale charge-

depletion layer in n-ZnO/p-NiO junction using photoemission spectroscopy. Applied Physics Letters. 

2006;89(15): 153502. 

38. Hoai Phuong P, Ngo HD, Bui HT, Phuong NN, Nguyen AHT, Nguyen THY, Tuoi LT, Tran QT, Tuan NM. 

Effect of sodium doping on characteristics of p-SnOx films prepared by reactive direct current magnetron 

sputtering. Ceramics International. 2022;48(9): 13047313054. 

39. Jlassi M, Sta I, Hajji M, Ben Haoua B, Ezzaouia H. Effect of annealing atmosphere on the electrical 

properties of nickel oxide/zinc oxide p-n junction grown by sol-gel technique. Materials Science in 

Semiconductor Processing. 2014;26(9): 3953403. 

40. Lok R, Dogan MU, Kaya S, Soykan U, Terzioglu C. Gamma radiationinduced modifications in structural, optical, and 

electrical characteristics of p-NiO/n-Si heterojunction diodes. Radiation Physics and Chemistry. 2025;229: 112519. 

41. Pham HP, Nguyen THY, Nguyen AH-T, Vo NT, Thuy TGL, Nguyen HH, Hoa HTM, Tran QT. Effects of 

substrate temperature on characteristics of the p-type Ag-doped SnOx thin films prepared by reactive DC 

magnetron sputtering. Journal of Photochemistry and Photobiology A: Chemistry. 2020;388: 112157. 

42. Tyagi M, Tomar M, Gupta V. Trap assisted space charge conduction in p-NiO/n-ZnO heterojunction 

diode. Materials Research Bulletin. 2015;66: 1233131. 

https://doi.org/10.1016/S0040-6090(03)01178-7
https://doi.org/10.1088/2053-1591/ab5dfc
https://doi.org/10.1039/D4MA01113A
https://doi.org/10.1039/D4MA01113A
https://doi.org/10.1016/j.sse.2011.04.019
https://doi.org/10.1016/j.physe.2008.10.013
https://doi.org/10.1016/j.jallcom.2017.12.168
https://doi.org/10.1016/j.jallcom.2017.12.168
https://doi.org/10.1016/j.jcis.2020.05.077
https://doi.org/10.1016/j.snb.2014.10.035
https://doi.org/10.1016/j.electacta.2021.138976
https://doi.org/10.1016/j.jpcs.2025.113015
https://doi.org/10.1016/j.solidstatesciences.2010.11.019
https://doi.org/10.52714/dthu.13.5.2024.1295
https://doi.org/10.1116/6.0003939
https://link.springer.com/article/10.1007/s10853-024-10110-y
https://doi.org/10.1007/978-1-4614-8298-7
https://doi.org/10.1007/978-1-4614-8298-7
https://doi.org/10.1063/1.2358858
https://doi.org/10.1016/j.ceramint.2022.01.179
https://doi.org/10.1016/j.mssp.2014.05.008
https://doi.org/10.1016/j.mssp.2014.05.008
https://doi.org/10.1016/j.radphyschem.2025.112519
https://doi.org/10.1016/j.jphotochem.2019.112157
https://doi.org/10.1016/j.materresbull.2015.02.015


130 B.Q. Tran, T.N.H. Ngo, K.B. Nguyen, T.H.D. Duong, B.K. Thach, H.P. Pham, H.D. Ngo, T.K.H. Pham 

43. Gonzalez S, Vescio G, Frieiro JL, Hauser A, Linardi F, Lopez-Vidrier J, Oszajca M, Hernandez S, Ciera A, 

Garrido B. Inkjet-Printed p-NiO/nZnO Heterojunction Diodes for Photodetection Applications. Advanced 

Materials Interfaces. 2023;10(15): 2300035. 

44. Huang J, Li B, Hu Y, Zhou X, Zhang Z, Ma Y, Tang K, Wang L, Lu Y. Transparent p-NiO/n-ZnO heterojunction 

ultraviolet photodetectors prepared on flexible substrates. Surface and Coatings Technology. 2019;362: 57361. 

45. Lin X-Y, Chang H-C, Huang B-L, Lin Y-J. Induced transition from Schottky to ohmic contact in In/n-type 

Si owing to (NH4)2Sx treatment. Indian Journal of Physics. 2022;96: 313733141. 

46. Hakkoum H, Moumen A, Ghougali M, Sengouga N, Comini E. The effect of structural characteristics of 

ZnO and NiO thin films on the performance of NiO/ZnO photodetectors. Journal of Materials Science: 

Materials in Electronics. 2022;33: 26604326618. 

47. Deng R, Yao B, Li YF, Zhao YM, Li BH, Shan CX, Zhang ZZ, Zhao DX, Zhang JY, Shen DZ, Fan XW. X-ray 

photoelectron spectroscopy measurement of n-ZnO/p-NiO heterostructure valence-band offset. Applied 

Physics Letters. 2009;94(2): 022108. 

48. Grundmann M, Karsthof R, von Wenckstern H. Interface recombination current in type II heterostructure 

bipolar diodes. ACS Applied Materials & Interfaces. 2014;6(17): 14785314789. 

https://doi.org/10.1002/admi.202300035
https://doi.org/10.1002/admi.202300035
https://doi.org/10.1016/j.surfcoat.2019.01.099
https://doi.org/10.1007/s12648-021-02235-6
https://doi.org/10.1007/s10854-022-09336-w
https://doi.org/10.1007/s10854-022-09336-w
https://doi.org/10.1063/1.3072367
https://doi.org/10.1063/1.3072367
https://doi.org/10.1021/am504454g


 

Submitted: November 25, 2023 Revised: December 14, 2023 Accepted: February 22, 2024 

© A.V. Khokhlov, A.A. Okhlopkova, S.A. Sleptsova, N.N. Lazareva, P.N. Tarasova, A.V. Babaytsev, O.S. Votinova, A.V. Shaporev, V.V. Gulin, 2025. 

Publisher: Peter the Great St. Petersburg Polytechnic University  

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/) 

MATERIALS PHYSICS AND MECHANICS                                                 RESEARCH ARTICLE 

 

 

�><?;5:A=>5 8AA;54>20=85 2O7:>C?@C3>?;0AB8G5A:8E A2>9AB2 
=0=>:><?>78B>2 A ?>2OH5==>9 87=>A>AB>9:>ABPN =0 >A=>25 
$B>@>?;0AB0-4. '0ABP 2 

�.�. %>E;>2 1-3ú , �.�. "E;>?:>20 2 , %.�. %;5?F>20 2 , !.!. �070@520 2 ,  

#.!. &0@0A>20 2 , �.�. �0109F52 4 , ".%. �>B8=>20 2, �.�. (0?>@52 3, �.�. �C;8= 1-3  

1 !�� <5E0=8:8  �' 8<5=8  .�. �><>=>A>20,  >A:20, $>AA8O 

2 �=AB8BCB 5AB5AB25==KE =0C:, %�(' 8<.  .�. �<<>A>20, /:CBA:, $>AA8O 

3  >A:>2A:89 F5=B@ DC=40<5=B0;L=>9 8 ?@8:;04=>9 <0B5<0B8:8,  >A:20, $>AA8O 

4  >A:>2A:89 0280F8>==K9 8=AB8BCB (!�'),  >A:20, $>AA8O 

ú  andrey-khokhlov@ya.ru 

�!!"&�&�/ 

"?8A0=K B5E=>;>388 873>B>2;5=8O :><?>78B>2 A ?>2KH5==>9 87=>A>AB>9:>ABLN =0 >A=>25 
DB>@>?;0AB0-4 (#&(-), ?>;CG5==KE 22545=85< 2 :0G5AB25 =0?>;=8B5;59 <5E0=>0:B828@>20==KE 
A;>8ABKE A8;8:0B>2 (:0>;8=8B, A5@?5=B8=, 15=B>=8B) 8 H?8=5;8 <03=8O, >A=>2=K5 @57C;LB0BK ?> 
8AA;54>20=8N 87=>A>AB>9:>AB8, AB@C:BC@K 8 E8<8G5A:>3> A>AB020 ?>25@E=>AB8 B@5=8O <5B>40<8 
M;5:B@>==>9 <8:@>A:>?88 8 ��-A?5:B@>A:>?88, 8 40==K5 <5E0=8G5A:8E 8A?KB0=89: A5<59AB20 :@82KE 
@0ABO65=8O A @07=K<8 A:>@>ABO<8 4> @07@CH5=8O, :@82KE =03@C65=8O 8 @073@C7:8 A @07=K<8 
A:>@>ABO<8 8 :@82KE ?>;7CG5AB8 8 2>AAB0=>2;5=8O 4;O @07=KE C@>2=59 =0?@O65=8O, ?>;CG5==K5 2 
8A?KB0=8OE #&(- 8 H5AB8 :><?>78B>2, 48A?5@A=>-=0?>;=5==KE A5@?5=B8=>< 8 H?8=5;LN <03=8O A 
<0AA>2>9 4>;59 >B 1 4> 5 %. #@>2545= ?5@28G=K9 0=0;87 2K@065==>AB8 =0A;54AB25==KE A2>9AB2 
<0B5@80;>2, 2 G0AB=>AB8 A:>@>AB=>9 GC2AB28B5;L=>AB8, A?>A>1=>AB8 : B5G5=8N ?@8 ?>AB>O==>< 
=0?@O65=88, ?>;7CG5AB8 8 2>AAB0=>2;5=8N ?>A;5 @073@C7:8, 8 2;8O=8O =0 =8E A>AB020, A>AB>O=8O 8 
4>;8 =0?>;=8B5;59. "?@545;5=K 107>2K5 E0@0:B5@8AB8:8 <0B5@80;>2: <3=>25==K9 <>4C;L, ?@545; 
B5:CG5AB8, =0?@O65=85 8 45D>@<0F8O ?@8 @07@K25 2 7028A8<>AB8 >B A:>@>AB8 =03@C65=8O. #>A;5 
<5E0=8G5A:8E 8A?KB0=89 =0 A:0=8@CNI5< M;5:B@>==>< <8:@>A:>?5 8AA;54>20=K 87<5=5=8O 
<8:@>AB@C:BC@K #&(- 8 :><?>78B>2 A @07=K< A>45@60=85< =0?>;=8B5;59 2 7>=0E @07@CH5=8O 
>1@07F>2 (?> A@02=5=8N A 8AE>4=>9 AB@C:BC@>9). #@8 0=0;875 =0:>?;5==>3> >1J5<0 40==KE 8A?KB0=89 
>1=0@C65=K 2KA>:0O 45D>@<0B82=>ABL <0B5@80;>2, 2K@065==K5 =0A;54AB25==K5 A2>9AB20, 
A?>A>1=>ABL <0B5@80;>2 ?>;7B8 (B5GL) ?@8 ?>AB>O==>9 =03@C7:5 8 =0:0?;820BL =5>1@0B8<CN 
(?;0AB8G5A:CN) 45D>@<0F8N, >G5=L 2KA>:0O A:>@>AB=0O GC2AB28B5;L=>ABL, A8;L=>5 2;8O=85 <0;KE 
4>;59 =0?>;=8B5;59 =0 AB@C:BC@C 8 <5E0=8G5A:85 A2>9AB20. )>BO 87=>A>AB>9:>ABL ?>;CG5==KE 
:><?>78B>2 7=0G8B5;L=> 2KH5, G5< #&(- (2 2000 @07), 8E :@82K5 45D>@<8@>20=8O :0G5AB25==> <0;> 
>B;8G0NBAO >B :@82KE #&(-: =0 2A5E :@82KE 5ABL 4;8==0O ?;>I04:0 B5:CG5AB8 8 AB048O C?@>G=5=8O 
?>A;5 =55, =0?@O65=8O @0ABCB A @>AB>< A:>@>AB8 @0ABO65=8O, ?@8G5< ?@545; ?@>G=>AB8 3>@074> A;0155 
7028A8B >B A:>@>AB8, G5< ?@545; B5:CG5AB8 8 45D>@<0F8O ?@8 @07@CH5=88. � 8A?KB0=8OE =0 =03@C7:C-
@073@C7:C >1=0@C65= 8=B5@5A=K9 D878G5A:89 MDD5:B: =0 :@82KE @073@C7:8 ?@8 4>AB0B>G=> 1>;LH8E 
<0:A8<0;L=KE =0?@O65=8OE ?@>4>;605BAO 70<5B=K9 @>AB 45D>@<0F88 8 =0 =0G0;L=>< MB0?5 
@073@C7:8, <0:A8<C< 45D>@<0F88 70?074K205B ?> A@02=5=8N A ?8:>< =03@C65=8O. -B>B "8=5@F8>==K9" 

MDD5:B A2845B5;LAB2C5B > A8;L=> 2K@065==>9 ?0<OB8 8AB>@88 =03@C65=8O 8 =01;N405BAO :0: C G8AB>3> 
#&(-, B0: 8 C 2A5E 8A?KB0==KE :><?>78B>2.  
��.'��/� %�"��  

?>;8B5B@0DB>@MB8;5= " =0=>:><?>78BK " MDD5:BK 8 <>45;8 2O7:>C?@C3>?;0AB8G=>AB8, 

:2078AB0B8G5A:85 8A?KB0=8O " 4803@0<<K 45D>@<8@>20=8O " A:>@>AB=0O GC2AB28B5;L=>ABL, :@82K5 
=03@C7:8-@073@C7:8 " :@82K5 ?>;7CG5AB8 8 2>AAB0=>2;5=8O " :@82K5 @5;0:A0F88 

https://orcid.org/0000-0002-9212-2579
https://orcid.org/0000-0003-0691-7066
https://orcid.org/0000-0003-2396-3267
https://orcid.org/0000-0001-5090-0793
https://orcid.org/0000-0001-8382-9735
https://orcid.org/0000-0002-8302-1469
http://orcid.org/0009-0006-0622-5544


�B@C?9>EAB9 <EE?98B64A<9 6S;>BGCDG7BC?4EF<K9E><I E6B=EF6 A4AB>B@CB;<FB6 E CB6OL9AAB= <;ABEBEFB=>BEFPR   132 

A4 BEAB69 (FBDBC?4EF4-4. '4EFP 2 

 

$<=4=E<D>64=<5. $45BF4 6OCB?A9A4 CD< CB889D:>9 $BEE<=E>B7B A4GKAB7B HBA84 (7D4AF 7 22-13-20056). 

Citation: )>E;>2 ��, "E;>?:>20 ��, %;5?F>20 %�, �070@520 !!, &0@0A>20 #!, �0109F52 ��, �>B8=>20 
"%, ,0?>@52 ��, �C;8= ��. �><?;5:A=>5 8AA;54>20=85 2O7:>C?@C3>?;0AB8G5A:8E A2>9AB2 
=0=>:><?>78B>2 A ?>2KH5==>9 87=>A>AB>9:>ABLN =0 >A=>25 (B>@>?;0AB0-4. +0ABL 2. Materials Physics 

and Mechanics. 2025;53(4): 1313168.  

http://dx.doi.org/10.18149/MPM.5342025_11   

 

Systematic all-round examination of the viscoelastoplastic 

properties of nanocomposites with increased wear resistance 

based on polytetrafluoroethylene. Part 2  

A.V. Khokhlov 1-3ú , A.A. Okhlopkova 2 , S.A. Sleptsova 2 , N.N. Lazareva 2 ,  

P.N. Tarasova 2 , A.V. Babaytsev 4 , O.S. Votinova 2, A.V. Shaporev 3, V.V. Gulin 1-3  

1 Lomonosov Moscow State University, Moscow, Russia 

2 North-Eastern Federal University, Yakutsk, Russia 

3 Moscow Center of Fundamental and Applied Mathematics, Moscow, Russia 

4 Moscow Aviation Institute (National Research University), Moscow, Russia  

ú  andrey-khokhlov@ya.ru 

ABSTRACT  

A description of the technology for manufacturing composites with increased wear resistance based on 

polytetrafluoroethylene (PTFE) is given. The composites were obtained by introducing mechanically 

activated layered silicates (kaolinite, serpentine, bentonite) and magnesium spinel as fillers. The main 

results of the study on wear resistance, structure and chemical composition of the friction surface using 

electronic microscopy and infrared spectroscopy and mechanical test data are presented, including families 

of tensile-to-failure curves at different strain rates, loading and unloading curves at different rates, and 

creep and recovery curves for different stress levels obtained in tests of pure PTFE and six PTFE composites 

particulate-filled with serpentine and magnesium spinel with a mass fraction ranging from 1 to 5 %.  

A primary analysis of materials loading history dependence was carried out, in particular: strain rate 

sensitivity, ability to flow under constant stress, deformability resource and ability to recover after 

unloading, and the influence of the composition, condition and proportion of fillers. The basic 

characteristics of materials have been determined: instantaneous modulus, yield strength, stress and strain 

at failure depending on the loading rate, etc. After examination using a scanning electron microscope, 

changes in the microstructure of PTFE and composites with different filler contents in the destruction zones 

of the samples were studied (compared to the original structure). When analyzing the accumulated volume 

of experimental data, high deformability of materials, pronounced loading history dependence, the ability 

of materials to creep (flow) under constant load and accumulate irreversible (plastic) strain, very high strain 

rate sensitivity, and a strong influence of small amounts of fillers on the structure and mechanical 

properties were discovered. Although the wear resistance of the studied composites is significantly higher 

than pure polytetrafluoroethylene (about 2000 times), their stress-strain curves are qualitatively little 

different from the PTFE curves: all curves have a long yield plateau and a hardening stage after it, stress 

increases with increasing tensile speed, and the tensile strength much less dependent on strain rate than 

the yield strength and strain at failure. An interesting physical effect is observed in load-unloading tests 

for sufficiently large given upper stress: a noticeable increase in strain continues at the initial stage of 

unloading and the maximum strain lags behind the loading peak. This "inertial" effect indicates a 

pronounced memory of the loading history and is observed both in pure PTFE and in all tested composites 

based on it. 
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A@54=8E ?> 2@5<5=8 8 @01>G59 G0AB8 >1@07F0 A:>@>AB59 45D>@<0F88 a = 0.14; 1.4; 14; 143·10-3 1/A 

Fig. 1. Initial sections of the graphs Ã(t,a) (a) and stress-strain curves Ã(·,a) (b) of PTFE samples at 

crosshead speeds V = 0.6; 6; 60; 600 mm/min (black, blue, red, and green curves), i.e., for average strain 

rates a = 0.14; 1.4; 14; 143·10-3 1/s 
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2@5<5=8 8 @01>G59 G0AB8 >1@07F0 A:>@>AB8 45D>@<0F88: a = 0.14; 1.4; 14; 143·10-3 A-1). 
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45D>@<0F8O<8, =><8=0;L=K<8 8 8AB8==K<8 =0?@O65=8O<8 2 <><5=B @07@K20 
(þ7,ý7,ÿ7,ÿ7,ý7) 2 7028A8<>AB8 >B A:>@>AB8 B@025@AK V, 3@0D8:8 =0?@O65=8O ÿ(þ, ÿ) 
($8A. 2(0,b)) 8 �� ÿ(·,ÿ) ($8A. 3).   
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&01;8F0 1. �@5<5=0, 45D>@<0F88 8 =0?@O65=8O ?@8 @07@K25 >1@07F0 #&(- 2 7028A8<>AB8 >B A:>@>AB8 V 

7 
8A?OB0=8O 

V þ7 ÿý7 ÿ7 ý7 ÿ7 ý7 
<</<8= A << ! M#0 % M#0 

1 0.6 27600.0 276.0 614.0 19.5 344.0 86.6 

2 1.0 17556.0 293.0 613.0 18.0 267.0 66.1 

3 1.0 15125.0 252.0 515.0 16.4 343.0 72.7 

4 6,0 2108.0 211.0 630.0 20.5 283.0 78.5 

5 15.0 820.0 205.0 521.0 16.5 281.0 62.9 

6 60,0 171.0 172.0 567.0 18.5 236.0 62.2 

7 150.0 78.7 197.0 582.0 18.3 284.0 70.3 

8 150.0 84.2 211.0 598.0 18.9 251.0 66.4 

9 150.0 60.7 152.0 480.0 15.9 134.0 37.2 

10 300.0 44.1 206.0 491.0 15.5 236.0 52.1 

11 450.0 27.8 209.0 537.0 16.6 249.0 57.9 

12 450.0 24.4 183.0 581.0 18.1 255.0 64.3 

13 450.0 28.9 217.0 611.0 18.7 226.0 62.9 

14 600.0 14.9 148.0 586.0 18.0 203.0 54.5 

15 600.0 16.1 160.0 501.0 15.9 94.0 30.8 

16 600.0 19.6 196.0 586.0 19.5 260.0 70.2 

17 600.0 21.6 215.0 641.0 20.4 255.0 72.4 

18 600.0 14.7 147.0 593.0 19.1 209.0 59.0 
 

  
(0) (b) 

$8A. 2. �@0D8: 7028A8<>AB59 Ã(t,a) 2 7028A8<>AB8 >B A:>@>AB8: (0) 2 8=B5@20;5 4> 840 A (4> @07@CH5=8O 
>1@07F0 ?@8 V = 15 <</<8=), (1) 4> 80 A (C25;8G5=K Ã(t,a) ?@8 1>;LH8E A:>@>ABOE) 

Fig. 2. Graph of the dependences Ã(t,a) with different strain rates: (a) in the interval up to 840 s (until the 

specimen failure at V = 15 mm/min), (b) 3 up to 80 s (magnified graphs Ã(t,a) at higher strain rates) 
 

 
 

$8A. 3. �803@0<<K 45D>@<8@>20=8O #&(- Ã(·,a) A> A:>@>ABO<8 a = 0.23; 3.6; 36; 71; 107; 143·10-3 1/A 
Fig. 3. Stress-strain curves of PTFE Ã(·,a) at strain rates a = 0.23; 3.6; 36; 71; 107; 143·10-3 1/s 
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' >1@07F>2 #&(- 2 >?KB5 =0 >4=>>A=>5 @0ABO65=85 4> @07@K20 =01;N405BAO 
1>;LH>5 >B=>A8B5;L=>5 C4;8=5=85: >B 200 4> 340 % (A<. &01;. 1 8 $8A. 2, 3). % 
C25;8G5=85< A:>@>AB8 @0ABO65=8O 3@0D8:8 ÿ(þ, ÿ) 8 �� ÿ(·,ÿ) A<5I0NBAO 225@E 
(=0?@O65=8O @0ABCB, @0AB5B 8 ?@545; B5:CG5AB8), 7=0G8B5;L=> C<5=LH0NBAO C4;8=5=85 ýý7, 45D>@<0F8O ý7(ÿ) 8 2@5<O þ7 ?@8 @07@K25.  

!><8=0;L=>5 =0?@O65=85 ÿ7(ÿ) ?@8 @07@K25 C 2A5E 8A?KB0==KE >1@07F>2 
=0E>48BAO 2 480?07>=5 15.5 ÷ 20.0  #0 (A@54=55 7=0G5=85 @02=> 18  #0), ÿ7(ÿ) 
?@0:B8G5A:8 =5 7028A8B >B 4 ($8A. 1, 3). �AB8==>5 =0?@O65=85 ?@8 @07@K25 ý7 = (ý7 + 1)ÿ7 
87<5=O5BAO 2 480?07>=5 55387  #0 (A@54=55 ?> >1@07F0< C1K205B A @>AB>< a 8 
AB018;878@C5BAO =0 C@>2=5 60  #0 ?@8 V g 15 <</<8=, B.5. a g 3.6·10-3 c-1). #@8 <0;>9 
A:>@>AB8 B@025@AK V = 1 <</<8= (a g 2.3·10-4 c-1) 2@5<O 8 45D>@<0F8O ?@8 
@07@CH5=88 >G5=L 25;8:8: 45D>@<0F8O ?@8 @07@K25 (ý7 j 340 %) 3 ?>GB8 2 420 @070 
1>;LH5, G5< ?@8 V = 600 <</<8= (ý7 j  200 %), 0 2@5<O ?@8 @07@K25 42CE >1@07F>2 
@02=> 15125 A (1>;55 4 G) 8 17556 A (>:>;> 5 G), B.5. 2 20 @07 1>;LH5, G5< 4;O 
V = 15 <</<8= (3>;C10O :@820O), ?>GB8 2 250 @07 1>;LH5, G5< 4;O V = 150 <</<8= 
(D8>;5B>2K5 :@82K5), 2 850 @07 1>;LH5, G5< 4;O V = 450 <</<8= (B@8 :@0A=K5 
:@82K5), 8 ?>GB8 2 1000 @07 1>;LH5, G5< ?@8 V = 600 <</<8= (a g 0.143 c-1, 75;5=K5 
:@82K5), :>340 >=> ;568B 2 480?07>=5 >B 15 4> 21 A (A<. G5BK@5 ?>A;54=8E AB@>:8 
&01;. 1). #>MB><C =0 $8A. 2(0) 425 >@0=652K5 :@82K5 4;O V = 1 <</<8= >1@570=K ?@8 
t = 840 A (>=8 :0G5AB25==> ?>E>68 =0 3>;C1CN :@82CN 4;O V = 15 <</<8= A 2@5<5=5< 
@07@K20 820 A: ?>A;5 ;>:0;L=>3> <0:A8<C<0 8 B5G5=8O ?@8 ?>GB8 ?>AB>O==>< 
=0?@O65=88 =01;N405BAO 4;8==K9 CG0AB>: C?@>G=5=8O ?@54 @07@K2><). !0 $8A. 2(b) 

?@82545=K B5 65 3@0D8:8 ÿ(þ, ÿ), => =0 8=B5@20;5 4> 80 A, GB>1K C25;8G8BL 3@0D8:8 
?@8 1>;LH8E A:>@>ABOE. 

!0 $8A. 1(b) 8 $8A. 3 ?@82545=K 4803@0<<K 45D>@<8@>20=8O #&(- ÿ(·,ÿ) (?>A;5 
8A:;NG5=8O ?0@0<5B@0 t 2 7028A8<>ABOE ÿ(þ, ÿ) A $8A. 2). !0 =8E =01;N40NBAO B@8 
E0@0:B5@=KE CG0AB:0: 2>7@0AB0NI89 2K?C:;K9 225@E 4> ;>:0;L=>3> <0:A8<C<0 
(2O7:>C?@C389), 4;8==K9 ?>GB8 3>@87>=B0;L=K9 CG0AB>: B5G5=8O ?@8 ?>AB>O==>< 
=0?@O65=88 (?;>I04:0 B5:CG5AB8) ?@8 2A5E A:>@>ABOE 8 2>7@0AB0NI89 2K?C:;K9 2=87 
CG0AB>: CA:>@5==>3> C?@>G=5=8O (>A>15==> 2K@065==K9 ?@8 <0;KE A:>@>ABOE). 
"B<5B8<, GB> ��, ?5@5AB@>5==K5 2 8AB8==KE =0?@O65=8OE 8 45D>@<0F8OE ý = (ý + 1)ÿ,  ý = ýÿ( ý + 1) (>=8 1C4CB ?@>0=0;878@>20=K 2 ?>A;54CNI8E AB0BLOE F8:;0), 
<>=>B>==> 2>7@0AB0NB (=5 8<5NB ;>:0;L=KE <0:A8<C<0 8 <8=8<C<0), => A>E@0=ONB 
2K@065==CN ?;>I04:C B5:CG5AB8 8 B>G:C ?5@53810 2 =0G0;5 CG0AB:0 C?@>G=5=8O.  

&0:8< >1@07><, 2 8A?KB0=8OE ?5@2>9 A5@88 CAB0=>2;5=0 2KA>:0O 
45D>@<0B82=>ABL #&(- 2> 2A5< 480?07>=5 :2078AB0B8G5A:8E A:>@>AB59 45D>@<0F88 
(:@0B=>ABL @0ABO65=8O 4> 4.5 ?@8 A:>@>ABOE a = 1.4·10-4 8 a = 1.4·10-4 c-1 , :@0B=>ABL 
@0ABO65=8O >:>;> 3 ?@8 a = 0.143 c-1), 2K@065==K5 =0A;54AB25==K5 A2>9AB20, 
A?>A>1=>ABL : B5G5=8N ?@8 ?>AB>O==>9 =03@C7:5 8 =0:>?;5=8N 1>;LH>9 =5>1@0B8<>9 
(?;0AB8G5A:>9) 45D>@<0F88 8 >G5=L 2KA>:0O A:>@>AB=0O GC2AB28B5;L=>ABL 
<0B5@80;>2: ?@8 C25;8G5=88 A:>@>AB8 @0ABO65=8O #&(- 2 600 @07 87<5@O5<K5 
=0?@O65=8O (2 G0AB=>AB8, ?@545;K B5:CG5AB8) C25;8G8;8AL ?@8<5@=> =0 70380 % (?@8 
>48=0:>2KE 45D>@<0F8OE), 0 45D>@<0F8O ?@8 @07@CH5=88 ý7 C<5=LH8;0AL ?>GB8 2 
420 @070 (A 340 4> 200 %). �KA>:0O A:>@>AB=0O GC2AB28B5;L=>ABL B>@<>78B 8 
>AB0=02;8205B ;>:0;870F8N 45D>@<0F88, 7045@68205B 8 >AB0=02;8205B @0728B85 
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H59:8 8 >15A?5G8205B 2K@065==CN ?;>I04:C B5:CG5AB8, 4>2>;L=> 4;8B5;L=K9 
CG0AB>: C?@>G=5=8O 70 =59 8, 2 8B>35, 1>;LH>9 @5AC@A ?;0AB8G=>AB8 (1>;LHCN 
45D>@<0F8N ?@8 @07@CH5=88). %B@C:BC@=K5 :>@=8 MB8E A2>9AB2 (8 =0:>?;5=8O 
=5>1@0B8<>9 45D>@<0F88 ?@8 ?>;7CG5AB8 8 F8:;8G5A:>< =03@C65=88 A <0;K<8 
=03@C7:0<8 3 A<. =865) 3 ;0<5;;O@=>5 AB@>5=85 :@8AB0;;8B>2 #&(- 8 =87:0O 
?@>G=>ABL :@8AB0;;8B>2 =0 A4283 (8 @0ABO65=85), 87-70 :>B>@>9 :@8AB0;;8BK =5 <>3CB 
?@5?OBAB2>20BL @0728B8N 45D>@<0F88 (A:>;L65=8N 8 ?5@5AB@>9:0< D81@8;;). 
�5D>@<0B82=>ABL <0B5@80;>2 O2;O5BAO ?@58<CI5AB2>< ?@8 8A?>;L7>20=88 2 
C?;>B=5=8OE, => MB> =54>AB0B>:, 5A;8 ?@8<5=OBL #&(- 2 C7;0E B@5=8O A:>;L65=8O, 345 
=5>1E>48<K 4>AB0B>G=0O 65AB:>ABL 8 2KA>:0O 87=>A>AB>9:>ABL. �7<5@5==K5 2 MB>9 
A5@88 8A?KB0=89 =0?@O65=85 8 45D>@<0F8O ?@8 @07@K25 (480?07>=K 8E 87<5=5=8O 
2 7028A8<>AB8 A:>@>AB8 @0ABO65=8O 3 A<. &01;. 1) A;C60B 206=K<8 >@85=B8@0<8 ?@8 
7040=88 ?0@0<5B@>2 1>;55 A;>6=KE ?@>3@0<< =03@C65=89 2 ?>A;54CNI8E A5@8OE 
8A?KB0=89 (8A?KB0=8O =0 ?>;7CG5ABL 8 2>AAB0=>2;5=85, =0 =03@C7:C-@073@C7:C-
2>AAB0=>2;5=85 8 4@. 3 A<. =865).  

 

$57C;PB0BO 8A?OB0=89 :><?>78B>2 =0 >A=>25 #&$- =0 @0ABO65=85 4> 
@07@O20  
#@>2545=K 8A?KB0=8O =0 @0ABO65=85 A @07=K<8 A:>@>ABO<8 4> @07@K20 >1@07F>2-

;>?0B>: 87 H5AB8 �  =0 >A=>25 #&(- A H5ABLN @07=K<8 A>45@60=8O<8 
=0?>;=8B5;59: >1@07FK <0B5@80;>2 � A-1, � A-2, � A-5 A>45@60;8 1, 2 8;8 5 % 

A5@?5=B8=0 (?> <0AA5), 0 2 >1@07FK <0B5@80;>2 � AH-1, � AH-2, � AH-5 1K;0 
4>102;5=0 5I5 H?8=5;L <03=8O (AC<<0@=>5 A>45@60=85 =0?>;=8B5;59 3 1, 2 8 5 %)  

8 >=8 8<5;8 A>AB02: � AH-1: #&(- + % 0.9% + ,  0.1%;  � AH-2: #&(- + % 1.5% + ,  0.5%; 

� AH-3: #&(- + % 3.8% + ,  1.2% (,  3 H?8=5;L <03=8O, % 3 A5@?5=B8=). �AE>4=K5 
<0B5@80;K 8 B5E=>;>38O 873>B>2;5=8O MB8E 48A?5@A=>-=0?>;=5==KE � , 
8AA;54>20=85 8E :>MDD8F85=B>2 B@5=8O, A:>@>AB59 87=>A0, AB@C:BC@K 8 E8<8G5A:>3> 

A>AB020 ?>25@E=>AB8 B@5=8O <5B>40<8 M;5:B@>==>9 <8:@>A:>?88 8 ��-A?5:B@>A:>?88, 
2;8O=8O 4>102>: <8:@>A:>?88 8 ��-A?5:B@>A:>?88, 2;8O=8O 4>102>: H?8=5;8 <03=8O 
=0 ��-A?5:B@K :><?>78B>2 A A5@?5=B8=><, =0 CA:>@5=85 B@81>>:8A;8B5;L=KE ?@>F5AA>2 
8 7=0G8B5;L=>5 A=865=85 87=>A0 :><?>78B>2 ?@82545=K 2 ?5@2>9 G0AB8 AB0BL8 [1].  

#> 40==K< 8A?KB0=89 =0 @0ABO65=85 1K;8 ?>AB@>5=K B01;8F0 2A5E @07<5@>2 
>1@07F>2 4> 8 ?>A;5 8A?KB0=89, B01;8F0 A 2@5<5=0<8, =>@<0;L=K<8 A8;0<8, 
45D>@<0F8O<8, =><8=0;L=K<8 8 8AB8==K<8 =0?@O65=8O<8 2 <><5=B @07@K20 
(þ7,ý7,ÿ7,ÿ7,ý7) 2 7028A8<>AB8 >B A:>@>AB8 B@025@AK V, 0=0;>38G=0O &01;. 1 (>=8 =5 
?@82>48BAO 2 MB>9 AB0BL5 4;O :@0B:>AB8), 8 3@0D8:8 =0?@O65=8O >B 2@5<5=8 ÿ(þ, ÿ) 
($8A. 4, 6) 8 �� ÿ(·,ÿ) ($8A. 437).  

!0 $8A. 4 ?@82545=K =0G0;L=K5 CG0AB:8 3@0D8:>2 ÿ(þ, ÿ) ($8A. 4 (a,c,e)) 8 �� ÿ(·,ÿ) 
($8A. 4(b,d,f)) <0B5@80;>2 � A-1, � A-2, � A-5 4;O A:>@>AB59 V = 0.6; 6; 60; 600 <</<8= 
(G5@=0O, A8=OO, :@0A=0O 8 75;5=0O :@82K5 3 :0: =0 $8A. 1), B.5. 4;O A@54=8E ?> 2@5<5=8 
8 @01>G59 G0AB8 >1@07F0 A:>@>AB59 45D>@<0F88 a = 0.143; 1.43; 14.3; 143·10-3c-1:  

(0,b) � A-1, (c,d) � A-2, (e,f) � A-5 (=0 MB8E @8A. ?@82545=K 425 G5@=K5 :@82K5 ?> 
@57C;LB0B0< 42CE 8A?KB0=89 A <8=8<0;L=>9 A:>@>ABLN).   
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(0) (b) 

  
(c) (d) 

  
(e) (f) 

 

$8A. 4. !0G0;L=K5 CG0AB:8 3@0D8:>2 Ã(t,a) (0,c,e) 8 4803@0<<K 45D>@<8@>20=8O Ã(·,a) (b,d,f) 

:><?>78B>2 A A5@?5=B8=>< � A-1, � A-2, � A-5 4;O 4 A:>@>AB59 B@025@AK 
V = 0.6, 6, 60, 600 <</<8= (G5@=0O, A8=OO, :@0A=0O 8 75;5=K5 :@82K5), B.5. 4;O A@54=8E A:>@>AB59 

45D>@<0F88 a = 0.14; 1.4; 14; 143·10-3 1/A: (0,b) � A-1, (c,d) � A-2, (e,f) � A-5 

Fig. 4. Initial sections of the graphs Ã(t,a) (a,c,e) and stress-strain curves Ã(·,a) (b,d,f) of composite CMs-1, 

CMs-2, CMs-5 samples (PTFE filled with 1, 2 or 5% of serpentine) at crosshead speeds V = 0.6, 6, 60, 

600 mm/min (black, blue, red, and green curves), i.e., for average strain rates a = 0.14; 1.4; 14; 143·10-3 

1/s: (a,b) %Ms-1, (c,d) %Ms-2, (e,f) %Ms-5 

 

!0 2A5E �� 5ABL 4;8==0O ?;>I04:0 B5:CG5AB8 8 AB048O C?@>G=5=8O ?>A;5 =55, 
:0: 8 C #&(- ($8A. 3). % C25;8G5=85< A:>@>AB8 @0ABO65=8O 3@0D8:8 ÿ(þ, ÿ) 8 �� ÿ(·,ÿ) 
A<5I0NBAO 225@E (=0?@O65=8O @0ABCB, 65AB:>ABL <0B5@80;>2 ?>2KH05BAO, @0AB5B 
?@545; B5:CG5AB8), 7=0G8B5;L=> C<5=LH05BAO 2@5<O ?@8 @07@K25 (:0: C G8AB>3> #&(-).  

�5D>@<0F88 8 =0?@O65=8O 2 <><5=B @07@K20 ý7(ÿ) 8 ÿ7(ÿ) 284=K =0 $8A. 4(b,d,f) 

8 $8A. 5. #@545; ?@>G=>AB8 ÿ7(ÿ) C 2A5E �  ?@8 2A5E A:>@>ABOE =5<=>3> =865, G5< C 
#&(-, 8 45<>=AB@8@C5B B5=45=F8N : ?>2KH5=8N A @>AB>< 4 (C � A-1 =01;N405BAO 
=5<>=>B>==>ABL ÿ7(ÿ)) >A>15==> O@:> 2K@065==CN C � A-5, C :>B>@>3> ÿ7(ÿ) 
2>7@0AB05B >B 9 4> 15  #0 (C G8AB>3> #&(- >= A;01> 7028A8B >B 4 8 C 2A5E >1@07F>2  
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(a) (b) 

 
(c) 

 

$8A. 5. %@02=5=85 =0G0;L=KE CG0AB:>2 3@0D8:>2 Ã(t,a) (0) 8 4803@0<< 45D>@<8@>20=8O Ã(·,a) (b,c) 

G8AB>3> #&(- (?C=:B8@=K5 ;8=88) 8 :><?>78B>2 � A-1, � A-2 8 � A-5 (A?;>H=K5, HB@8E>2K5 8 
HB@8E-?C=:B8@=K5 ;8=88) A @07=K<8 4>;O<8 A5@?5=B8=0 4;O 4 A:>@>AB59 B@025@AK 

V = 0.6, 6, 60, 600 <</<8= (G5@=K5, A8=85, :@0A=K5 8 75;5=K5 :@82K5 

Fig. 5. Comparison of initial sections of the graphs Ã(t,a) (a) and stress-strain curves Ã(·,a) (b,c) of pure 

PTFE (dot lines) and composites CMs-1, CMs-2, and CMs-5 (solid, dashed, and dash-dotted lines) at 

crosshead speeds V = 0.6, 6, 60, 600 mm/min 

 

=0E>48BAO 2 480?07>=5 15÷20  #0 3 $8A. 1, 3). #@8 MB>< ?@545; B5:CG5AB8 C #&(- 8 
2A5E �  <>=>B>==> 2>7@0AB05B A C25;8G5=85< 4 =0 40360 % ($8A. 4, 5). �5D>@<0F8O 
?@8 @07@K25 ý7(ÿ) 2545B A51O ?> @07=><C A @>AB>< A:>@>AB8 @0ABO65=8O, 2 
7028A8<>AB8 >B A>45@60=8O A5@?5=B8=0: C G8AB>3> #&(- ý7(ÿ) C1K205B ?> 4 >B 340 4> 
220 % (A<. $8A. 1, 3 8 &01;. 1), C � A-2 8 � A-5 3 =0>1>@>B 2>7@0AB05B >B 200 4> 250 % 

($8A. 4(d,f)), 0 C � A-1 DC=:F8O ý7(ÿ) =5<>=>B>==0 (=K@O5B 2=87 ?@8 a = 0.0014·c-1 8 
?@8 a = 14·c-1 3 A<. $8A. 4(b)). �028A8<>ABL ý7(ÿ) �  8 2;8O=85 =0 =55 4>;8 
=0?>;=8B5;O B@51C5B 87CG5=8O 2 1>;LH5< :>;8G5AB25 >?KB>2, A1>@0 8 >1@01>B:8 
AB0B8AB8:8. �@5<O 4> @07@K20 ?@8 V = 0.6 <</<8= A>AB028;> 21700 A 4;O >1@07F0  
� A-1 (=0 20 % <5=LH5, G5< C G8AB>3> #&(-: 27600 A), 22880 A 4;O >1@07F0 � A-2, 

9140 A 4;O >1@07F0 � A-5. �@5<5=0 4> @07@K20 ?@8 V = 6 <</<8= (3>;C1K5 ��) 4;O 
� A-1, � A-2 8 � A-5 A>AB028;8 1050, 1543 8 1406 A, B.5. =0 25350 % <5=LH5, G5< 
C#&(- (2108 A), 0 ?@8 V = 60 <</<8= 3 178, 206 8 162 A, GB> ?>GB8 A>2?0405B A  
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(a) (b) 

 

$8A. 6. %@02=5=85 =0G0;L=KE CG0AB:>2 3@0D8:>2 Ã(t,a) (0) 8 4803@0<< 45D>@<8@>20=8O Ã(·,a) (b) #&(- 
8 :><?>78B>2 � AH-1, � AH-2, � AH-5 A @07=K< A>45@60=85< A5@?5=B8=0 8 H?8=5;8 <03=8O 4;O  
4 A:>@>AB59 B@025@AK V = 1, 15, 150, 600 <</<8= (G5@=0O, A8=OO, :@0A=0O 8 75;5=K5 :@82K5),  

B.5. 4;O A@54=8E A:>@>AB59 45D>@<0F88 a = 0.14, 1.4, 14, 143·10-3 A-1  

Fig. 6. Comparison of initial sections of the graphs Ã(t,a) (a) and stress-strain curves Ã(·,a) (b) of PTFE and 

composites CMsMsp-1, CM-2sMsp, and CMsMsp-5 with different contents of serpentine and magnesium 

spinel (0.9+0.1%, 1.5+0.5% or 3.8+1.2%) for four crosshead speeds V = 1, 15, 150, 600 mm/min (black, 

blue, red, and green curves), i.e., for average strain rates a = 0.14, 1.4, 14, 143·10-3 1/s 

 

2@5<5=5< @07@K20 #&(-, @02=K< 172 A (A>>B25BAB25==> 1;87:8 8 45D>@<0F88 ?@8 
@07@K25: 252, 259, 244 8 246 %). #@8 V = 600 <</<8= 2@5<5=0 4> @07@K20 7.6, 18.4, 
16.3 8 14.7 A, 0 45D>@<0F88 3 111, 255, 245 8 209 %.  

!0 A2>4=>< $8A. 5 A>2<5I5=K 4;O A@02=5=8O =0G0;L=K5 CG0AB:8 3@0D8:>2 ÿ(þ, ÿ) (0) 8 �� ÿ(·,ÿ) ($8A. 5(b,c)) ?@8 A:>@>ABOE V = 0.6; 6; 60; 600 <</<8= (G5@=K5, 
A8=85, :@0A=K5 8 75;5=K5 :@82K5 3 :0: 8 =0 $8A. 1 8 4) 4;O >1@07F>2 87 G5BK@5E 
<0B5@80;>2 A @07=>9 4>;59 A5@?5=B8=0: G8AB>3> #&(- (?C=:B8@=K5 ;8=88), � A-1, 

(A?;>H=K5 ;8=88), � A-2 (HB@8E>2K5), � A-5 (HB@8E-?C=:B8@=K5 ;8=88). !0 $8A. 5(c) 

?@82545=K ?>;=K5 �� 4> @07@CH5=8O, 0 =0 $8A. 5(b) C25;8G5=K 8E =0G0;L=K5 CG0AB:8 
(?> =8< <>6=> :0G5AB25==> >F5=8BL 7028A8<>ABL <3=>25==>3> <>4C;O 8 ?@545;0 
B5:CG5AB8 >B A:>@>AB8 8 >B A>45@60=8O =0?>;=8B5;O). 

�><?>78BK � A-1, � A-2 8 � A-5 A A5@?5=B8=>< =5 CABC?0NB #&(- 2 
45D>@<0B82=>AB8 ?@8 A:>@>ABOE 45D>@<0F88, 1>;LH8E a = 0.014 c-1 (:@0A=K5 8 75;5=K 
�� =0 $8A. 5), => ?@>83@K20NB ?> 25;8G8=5 ý7(ÿ) 20350 % 2 480?07>=5 A:>@>AB59 
a f 0.0014 c-1 (G5@=K5 8 A8=85 �� =0 $8A. 5). �A5 �  CABC?0NB #&(- ?> ?@>G=>AB8 2 
480?07>=5 A:>@>AB59 a f 0.0014 c-1, 345 C =8E ÿ7(ÿ) <  12  #0, GB> ?@8<5@=> =0 303
40 % =865, G5< C #&(-. � 480?07>=5 a f 0.0014 c-1 >B;8G85 ?> 25;8G8=5 ÿ7(ÿ) =5 
?@52>AE>48B 20325 %. %0<K<8 ?@>G=K<8 >:070;8AL >1@07FK � A-2 ($8A. 4(d)), 2 
480?07>=5 A:>@>AB59 a f 0.0014 c-1 >=8 4065 ?@527>H;8 #&(- :0: ?> ý7(ÿ), B0: 8 ?> ÿ7(ÿ). 
#@8 C25;8G5=88 4>;8 A5@?5=B8=0 4> 5 % ý7(ÿ) ?@0:B8G5A:8 =5 87<5=8;0AL ($8A. 5(c)), 

?@545; ?@>G=>AB8 ÿ7(ÿ) ?>=878;AO =0 20330 % ?@8 2A5E A:>@>ABOE @0ABO65=8O, 0 =0 �� 
?>O28;AO "7C1 B5:CG5AB8" ($8A. 4(f) 8 5(b)), :>B>@>3> =5 1K;> C #&(- 8 >AB0;L=KE � .  
�5D>@<0F88 8 =0?@O65=8O 2 <><5=B @07@K20 ý7(ÿ) 8 ÿ7(ÿ) >1@07F>2 � AH-1, � AH-2, 

� AH-5 284=K =0 $8A. 7. "=8 <5=ONBAO ?@8<5@=> 2 B>< 65 480?07>=5, :0: 8 C � A-1, 

� A-2 8 � A-5 (B01;8F0 2A5E 25;8G8= =5 ?@82>48BAO, GB>1K =5 C25;8G820BL >1J5< 



145 �.�. )BI?B6, �.�. "I?BC>B64, %.�. %?9CJB64, !.!. �4;4D964, #.!. &4D4EB64, �.�. �454=J96, ".%. �BF<AB64, �.�. (4CBD96, �.�. �G?<A 

AB0BL8). 'A;>2=K9 ?@545; ?@>G=>AB8 ÿ7(ÿ) ?@8 2A5E A:>@>ABOE C 1>;LH8=AB20 �  =0 
$8A. 7 =5<=>3> =865, G5< C #&(- (=0 10315 %)8 =5<=>3> 2KH5 (=0 10315 %), G5< C 
1>;LH8=AB20 >1@07F>2 � A-1 8 � A-5 ($8A. 5); =0?@O65=85 ÿ7(ÿ) C � AH, :0: 8 C 
G8AB>3> #&(- (&01;. 1) ?@0:B8G5A:8 =5 7028A8B >B 4 (@07;8G85 4;O :064>3> �  =5 
?@52KH05B 10 %) 8 C 2A5E 8A?KB0==KE >1@07F>2 �  =0E>48BAO 2 480?07>=5 13&18  #0. 
#@8 MB>< ?@545; B5:CG5AB8 ACI5AB25==> 2>7@0AB05B A C25;8G5=85< 4 (?@8<5@=> =0 50 % 

C #&(- 8 � AH-1 8 =0 30 % C � AH-2, � AH-5 3 $8A. 6(b), 7). �5D>@<0F8O ?@8 @07@K25 ý7(ÿ) C � AH-2 8 � AH-5 =865, G5< C #&(- 8 � AH-1, 8 2>>1I5 3>2>@O, ?>=8605BAO 
A C25;8G5=85< 4>;8 =0?>;=8B5;59 8 A @>AB>< 4 (A<. A?;>H=K5 �� � AH-1 =0 $8A. 7). 

&>;L:> C � AH-2 ý7(ÿ) >:070;0AL =5 7028AOI59 >B A:>@>AB8: ý7(ÿ)=145 ± 7 % 

(HB@8E>2K5 �� =0 $8A. 7), => @57C;LB0B>2 548=8G=KE 8A?KB0=89 ?>:0 =54>AB0B>G=> 
4;O >?@545;5==>3> 2K2>40 3 ?@>2>4OBAO ?>2B>@=K5 8A?KB0=8O. � AH-1 (A?;>H=K5 
��) =5 CABC?05B #&(- ?> 25;8G8=5 ý7(ÿ) 2> 2A5< 480?07>=5 A:>@>AB59. � AH-2 8 
� AH-5 ?@>83@K20NB #&(- ?> 45D>@<0B82=>AB8 2> 2A5< 480?07>=5 A:>@>AB59  
40360 8 35375 % A>>B25BAB25==>. 

 

 
 

$8A. 7. �803@0<<K 45D>@<8@>20=8O Ã(·,a) 4> @07@K20 #&(- 8 :><?>78B>2 � AH-1, � AH-2, � AH-5 

4;O 4 A:>@>AB59 B@025@AK V = 1; 15; 150; 600 <</<8= (:0: =0 $8A. 6) 

Fig. 7. Stress-strain curves Ã(·,a) until failure of PTFE and composites CMsMsp-1, CMsMsp-2, CMsMsp-5 at 

crosshead speeds V = 1; 15; 150; 600 mm/min (black, blue, red, and green curves), i.e., for average strain 

rates a = 0.23; 3.6; 36; 143·10-3 1/s (as at the Fig. 6) 

 

�>;55 ?>4@>1=>5 ?@54AB02;5=85 2A53> >1J5<0 40==KE 8A?KB0=89 =0 @0ABO65=85 
4> @07@K20 (2 G0AB=>AB8 �� 2 8AB8==KE =0?@O65=8OE 8 45D>@<0F8OE, B01;8FK 
>A=>2=KE <5E0=8G5A:8E E0@0:B5@8AB8: 2 7028A8<>AB8 >B 4>;8 =0?>;=8B5;59 8 
A:>@>AB59 @0ABO65=8O), A8AB5<=>5 8AA;54>20=85 2O7:>C?@C3>?;0AB8G5A:8E A2>9AB2 
MB8E 8 4@C38E �  A @07=K< A>45@60=85< =0?>;=8B5;59 (A:>@>AB=>9 GC2AB28B5;L=>AB8, 
7028A8<>AB59 <>4C;O C?@C3>AB8, =0?@O65=8O B5G5=8O, =0?@O65=8O 8 45D>@<0F88 ?@8 
@07@K25 >B A:>@>AB8 @0ABO65=8O 8 >B 2840 8 A>45@60=8O =0?>;=8B5;O, >A>15==>AB59 
;>:0;870F88 8 45;>:0;870F88 45D>@<0F88 8 @07@CH5=8O) 8 87<5=5=89 
<8:@>AB@C:BC@K �  2 7>=0E @07@CH5=8O >1@07F>2 =0 A:0=8@CNI5< M;5:B@>==>< 
<8:@>A:>?5, 0 B0:65 8E 45B0;L=K9 A@02=8B5;L=K9 0=0;87 8 >1=0@C65=85 :>@@5;OF89 
A 87=>A>AB>9:>ABLN 3 B5<K ?>A;54CNI8E AB0B59 F8:;0 2 202432025 33. 
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#5@28G=K9 0=0;87 ?>:070;, GB> A2>9AB20 �� :><?>78B>2 � A-1, � A-2 8 � A-5 

8 � AH-1, � AH-2 8 � AH-5 :0G5AB25==> =5 >B;8G0NBAO 8 :>;8G5AB25==> 1;87:8 : 
�� G8AB>3> #&(- ($8A. 337), E>BO 87=>A>AB>9:>ABL �  7=0G8B5;L=> 2KH5. #@545; 
?@>G=>AB8 ÿ7(ÿ) ?@8 2A5E A:>@>ABOE C 1>;LH8=AB20 �  =5<=>3> =865 (=0 10330 %), 

G5< C #&(- (:@><5 � A-2, C :>B>@>3> 2KH5). % C25;8G5=85< 4>;8 =0?>;=8B5;59 4> 
5 % =01;N405BAO A=865=85 25;8G8=K ý7(ÿ) =0 20350%, => <=>385 �  =5 CABC?0NB 
#&(- 2 45D>@<0B82=>AB8 2 >?@545;5==KE 480?07>=0E A:>@>AB59 45D>@<0F88. &0:8< 
>1@07><, @07@01>B0==K5 B5E=>;>388 ?>;CG5=8O �  254CB : 87<5=5=8N A2>9AB2 �  2 
=C6=>< 4;O B@81>B5E=8G5A:8E ?@8;>65=89 =0?@02;5=88 8 A;54C5B 8E 
A>25@H5=AB2>20BL 8 >?@545;OBL >?B8<0;L=K5 A>45@60=8O =0?>;=8B5;59 8 @568<K 
B5@<><5E0=8G5A:>9 >1@01>B:8 �  =0 AB0488 ?>;CG5=8O.  
 

�A?OB0=8O #&$- =0 =03@C7:C-@073@C7:C-2>AAB0=>2;5=85 
#@>3@0<<K 8A?KB0=89 8<5NB 284 ?> B@5EAB0489=K< ?@>3@0<<0< =03@C65=8O: ÿ(þ) = �þ ?@8 þ * [0; þ1], ÿ(þ) = 2�þ + 2�þ1 ?@8 þ * (þ1; 2þ1), ÿ(þ) c 0 ?@8 þ > 2þ1,    (2) 

8 A>AB>OB 87 B@5E AB0489: =03@C65=85 A> A:>@>ABLN � = �ÿ (4;8B5;L=>ABL =03@C65=8O þ1) 
4> <0:A8<0;L=>3> =0?@O65=8O ÿ�ÿ = �ÿþ1, ?>;=0O @073@C7:0 A B>9 65 A:>@>ABLN, 
2>AAB0=>2;5=85 ?@8 =C;52>< =0?@O65=88 (2 B5G5=85 3 G). �040==K5 ?0@0<5B@K 
=03@C65=8O þ1 8 ÿ�ÿ ($8A. 8(0)): 4;8B5;L=>AB8 AB0488 =03@C65=8O t1 = 300; 900; 1500 c;  ÿ�ÿ = ÿÿ7/10, ÿ = 1, . . . ,6, ÿ7 = 16  #0 (<8=8<0;L=>5 =0?@O65=85 ?@8 @07@K25, =0945==>5 
2 8A?KB0=8OE ?.1), B.5. ÿ�ÿ = 1.6; 3.2; 4.8; 6.4; 8.0; 9.6  #0 (;><0=K5 136, 7312 8 13318). 

�A?>;L7>20;8AL ?=52<0B8G5A:85 70E20BK 1>:>2>3> 459AB28O A 3C1:0<8 25 × 25 <<2 A 
?@>@578=5==>9 ?>25@E=>ABLN. �5D>@<0F8O >1@07F>2 87<5@O;0AL :>=B0:B=K< 
M:AB5=7><5B@>< Instron 2620-602 SN:3301, >B25G0NI89 B@51>20=8O< ISO 9513,  
BS 3846 8 ASTM E 83, A ?>3@5H=>ABLN 87<5@5=89 =5 1>;55 0.15 %. �;O D8:A0F88 
45D>@<0F89 =0 >1@07F5 AB028;8AL <5B:8 ?> AB0=40@B=><C B@0D0@5BC A 107>9 25 <<.  

�A?KB0=K >1@07FK A5<8 <0B5@80;>2: G8AB>3> #&(- ($8A. 8, 9), #&(-, 
=0?>;=5==>3> A5@?5=B8=>< 4> <0AA>2>9 4>;8 1, 2 8;8 5 % 8 #&(-, =0?>;=5==>3> 
:>@>B:8< 1070;LB>2K< 2>;>:=>< 4> 1, 2 8;8 5%. �;O �  A A5@?5=B8=><8 1070;LB>2K< 
2>;>:=>< ?@>3@0<< 8A?KB0=89 1K;> <5=LH5 ($8A. 10(0)): 4;8B5;L=>AB8 =03@C65=8O þ1 = 300; 900; 1500 c; ÿ�ÿ = ÿÿ7/10, ÿ = 1, . . . ,5 (ÿ7 =16  #0 3 <8=8<0;L=>5 =0?@O65=85 
?@8 @07@K25, =0945==>5 @0=55), B.5. ÿ�ÿ = 1.6; 3.2; 4.8; 6.4; 8.0  #0 4;O þ1 = 300 A 
(;><0=K5 135), ÿ� = 4.8; 9.6 4;O þ1 = 900 A (;><0=K5 11,12) 8 ÿ� = 8.0 4;O þ1 = 1500 c; 

A:>@>ABL =03@C65=8O �1 = 5.33·10-3  #0/A >48=0:>20 4;O ?@>3@0<< 1,11,15, 0 �2 =  10.67·10-3  #0/A 3 4;O ?@>3@0<< 2 8 12). 

!0 $8A. 8(0,b) ?@82545=K ?@>3@0<<K 8A?KB0=89 =0 =03@C65=85-@073@C7:C 8 
2>AAB0=>2;5=85 #&(- ?@8 @07=KE A:>@>ABOE =03@C65=8O 8 @073@C7:8 8 3@0D8:8 
87<5@5==>9 45D>@<0F88 >1@07F>2 >B 2@5<5=8 ý(þ; þ1, �ÿ): :@82K5 136 Ã(·;t1, bi) 
A>>B25BAB2CNB =03@C65=8O< (2) A t1 = 300 A, :@82K5 7312 3 A t1 = 900 A, :@82K5 7312 3 A 
t1 = 1500 A. !0 $8A. 8(c) C25;8G5=K AB0488 =03@C7:8-@073@C7:8 B5E 65 3@0D8:>2 ý(þ; þ1, �ÿ), 
?><5AB82H85AO 2 480?07>= ý f  2 %, þ f  3600 A. #>A;5 8A:;NG5=8O ?0@0<5B@0 2@5<5=8 
?>AB@>5=K :@82K5 =03@C65=8O-@073@C7:8 8 2>AAB0=>2;5=8O (�!$) ÿ(·;þ1, �ÿ) ?@8 @07=KE þ1 8 ÿ�ÿ: =0 $8A. 8(d) ?@82545=K �!$ ÿ(·;þ1, �ÿ) 136 4;O =03@C65=89 A t1 = 300 A,  
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(a) (b) 

  
(c) (d) 

 

$8A. 8. #@>3@0<<K 8A?KB0=89 =0 =03@C65=85-@073@C7:C-2>AAB0=>2;5=85 (2) ?@8 @07=KE t1, ÿ�ÿ (0), 
3@0D8:8 87<5@5==>9 45D>@<0F88 >1@07F>2 #&(- >B 2@5<5=8 ·(t;t1,bi) (b,c) 8 :@82K5 =03@C65=8O-

@073@C7:8-2>AAB0=>2;5=8O Ã(·;t1,bi) 2 8A?KB0=8OE 136 (d) 

Fig. 8. Loading programs for loading-unloading-recovery test (2) at different values of loading parameters 

t1, ÿ�ÿ (a); measured strain of PTFE samples over time ·(t;t1,bi) (b,c), and loading-unloading-recovery curves 

Ã(·;t1,bi) in tests 136 (d) 
 

 
 

$8A. 9. �@82K5 =03@C65=8O-@073@C7:8-2>AAB0=>2;5=8O #&(- Ã(·;t1,bi) (8A?KB0=8O 1318 =0 $8A. 8(0,b)) 2 
480?07>=5 · f 2%, Ã f 8.5  #0 

Fig. 9. Loading-unloading-recovery curves Ã(·;t1,bi) of PTFE (tests 1318 in Fig. 8(a,b)) in the range of 

· f 2%, Ã f 8.5 MPa  
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0 =0 A2>4=>< $8A. 9 ?@82545=K C25;8G5==K5 �!$ ÿ(·;þ1, �ÿ) 1318 ?@8 @07=KE ?0@0<5B@0E 
=03@C65=8O þ1 8 ÿ�ÿ, ?><5AB82H85AO 2 480?07>= ý f  2 %, ÿ f8.5  #0. 

$8AC=>: 8(c,d) ?>;57=> A@02=8BL A $8A. 8(c,d) 8 16 AB0BL8 [1], =0 :>B>@KE 
?@82545=K :@82K5 ý(þ; þ1, �ÿ) 8 ÿ(·;þ1, �ÿ), ?>@>6405<K5 =5;8=59=K< "% B8?0 
 0:A25;;0 [6] 8 "%, CG8BK20NI8< 2708<=>5 2;8O=85 M2>;NF88 AB@C:BC@K 8 ?@>F5AA0 
45D>@<8@>20=8O [11,12,93].  

"B:;8:8 >1@07F>2 #&(- =0 B@5C3>;L=K9 8<?C;LA =03@C7:8 ($8A. 8) A 
45D>@<0F859, ?@>4>;60NI59 @0AB8 8 2 =0G0;5 @073@C7:8, 8 A 1>;LH8<8 >AB0B>G=K<8 
45D>@<0F8O<8 :0G5AB25==> 25AL<0 AE>4=K A =01;N405<K<8 2 8A?KB0=8OE 
0AD0;LB>15B>=>2, B25@4KE B>?;82 8 4@C38E <0B5@80;>2. -B>B MDD5:B =5 A2O70= A 
=5;8=59=>ABLN ?>2545=8O <0B5@80;0: 53> >?8AK205B 4065 ;8=59=>5 "% (1), 4065 
?@>AB59H0O ;8=59=0O <>45;L  0:A25;;0 [6]. �!$, ?>@>6405<K5 =5;8=59=K< "% B8?0 
 0:A25;;0 [1,6] 8 =5;8=59=K< "% 4;O B8:A>B@>?=KE A@54, CG8BK20NI8< M2>;NF8N 
AB@C:BC@K [1,11,12,93], :0G5AB25==> AE>68 ?> D>@<5 A �!$ #&(- 8 :><?>78B>2 =0 53> 
>A=>25, ?>MB><C (?>A;5 ?@>25@:8 A8AB5<K 8=48:0B>@>2 ?> �!$ 8 ?> :@82K< ?>;7CG5AB8 
[6,91]) MB8 "% <>6=> ?@8<5@8BL : >?8A0=8N ?>2545=8O #&(- [1]. 

 

�A?OB0=8O =0 =03@C7:C-@073@C7:C-2>AAB0=>2;5=85 #&$--:><?>78B>2 A 
A5@?5=B8=>< 

� MB>< @0745;5 ?@82545< 40==K5 8A?KB0=89 =0 @0ABO65=85 ?> ?@>3@0<<0< 2840  (2) 

>1@07F>2-;>?0B>: :><?>78B>2 � A-1, � A-2 8 � A-5, B.5. #&(-, =0?>;=5==>3> 
<5;:>48A?5@A=K< A5@?5=B8=>< 4> <0AA>2>9 4>;8 1, 2 8;8 5 % [1]. �803@0<<K 
45D>@<8@>20=8O 4> @07@CH5=8O MB8E �  ?@82545=K =0 $8A. 4, 5. "1@07FK :064>3> 
�  8A?KBK20;8AL ?> 8 ?@>3@0<<0< =03@C65=8O (2) A @07=K<8 ?@8 @07=K<8 
?0@0<5B@0<8 þ1 8 ÿ�ÿ = �ÿþ1 (B5<8 65, GB> 8 2 8A?KB0=8OE #&(-, => 2 <5=LH5< 
:>;8G5AB25); >=8 87>1@065=K =0 $8A. 10(0). 

�7<5@5==K5 7028A8<>AB8 45D>@<0F88 >B 2@5<5=8 ý(þ; þ1, �ÿ) 4;O #&(- A 5 % 

A5@?5=B8=0 2 8A?KB0=8OE ?> ?@>3@0<<0< $8A. 10(0) ?@82545=K $8A. 10(b). !0 $8A. 10(c) 

C25;8G5=K :@82K5 135 4;O t1 = 300 A =0 1>;55 C7:>< 8=B5@20;5 2@5<5=8 4t1 = 1200 A. 
�!$ ÿ(·;þ1, �ÿ) MB>3> :><?>78B0 ?@8 @07=KE ?@8 @07=KE þ1 8 ÿ�ÿ ?@82545=K =0 $8A. 10(d). 

!0 $8A. 8, 9 8 10(b-d) E>@>H> 70<5B5= 8=B5@5A=K9 D878G5A:89 MDD5:B =0 :@82KE 
@073@C7:8: ?@8 4>AB0B>G=> 1>;LH8E =0?@O65=8OE ÿ� ?@>4>;605BAO 70<5B=K9 @>AB 
45D>@<0F88 8 =0 =0G0;L=>< MB0?5 @073@C7:8 (:@82K5 436, 10312, 15318, =0 $8A. 8, 9 

8 :@82K5 4, 5, 12, 15 =0 $8A. 10, B.5. ?@8 ÿ� g 0.4ÿ7), <0:A8<C< ý(þ) 70?074K205B ?> 
A@02=5=8N A ?8:>< =03@C65=8O (MB0 "8=5@F8>==>ABL" <0B5@80;0 A2845B5;LAB2C5B > 
A8;L=> 2K@065==>9 ?0<OB8 ?@54KAB>@88 =03@C65=8O). -B>B MDD5:B =01;N405BAO :0: 
C G8AB>3> #&(-, B0: 8 C 2A5E 8A?KB0==KE �  =0 53> >A=>25 ($8A. 11), ?@8G5< 
70?074K20=85 <0:A8<C<0 45D>@<0F88 ?@8<5@=> >48=0:>2> 4;O 2A5E G5BK@5E 
<0B5@80;>2: >=> A>AB02;O5B ?@8<5@=> 40 A 4;O =03@C65=89 A t1 = 300 A 8 ?@8<5@=> 120 A 
4;O =03@C65=89 A t1 = 900 A -B>B MDD5:B 1K; @0=55 >1=0@C65= C <>45;L=KE :@82KE 
=03@C65=8O-@073@C7:8, ?>@>6405<KE :0: D878G5A:8 =5;8=59=K< >?@545;ONI8< 
A>>B=>H5=85< B8?0  0:A25;;0 [6], B0: 8 ;8=59=K<8 <>45;O<8 2O7:>C?@C3>AB8 ?@8 
>?@545;5==KE >3@0=8G5=8OE =0 <0B5@80;L=K5 DC=:F88 ($8A. 8(c,d) AB0BL8 [1]). 
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(a) (b) 

 
(c) (d) 

 

$8A. 10. �A?KB0=8O =0 =03@C7:C-@073@C7:C 8 2>AAB0=>2;5=85 ?> ?@>3@0<<5 (2): (0) =03@C65=8O (1) A 
@07=K<8 ?0@0<5B@0<8 t1, bi, ÿ�; (b) 87<5@5==K5 7028A8<>AB8 ·(t;t1,bi) 4;O #&(- A 5 % A5@?5=B8=0 ?@8 
t1 = 300, 900, 1500 c 8 ÿ�ÿ = 1.6, 3.2, 4.8, 6.4, 8.0, 9.6  #0; (c) C25;8G5==K5 :@82K5 135 4;O t1 = 300 c;  

(d) :@82K5 =03@C65=8O-@073@C7:8 8 2>AAB0=>2;5=8O Ã(·;t1,bi) ?@8 t1 = 300, 900, 1500 c 8 @07=KE bi 

Fig. 10. Loading-unloading and recovery tests according to program (2): (a) loadings (1) with different 

parameters t1, bi, ÿ�; (b) measured strain ·(t;t1,bi) for the composite CMs-5 (PTFE filled with 5 % serpentine) 

at t1 = 300, 900, 1500 s and ÿ�ÿ = 1.6, 3.2, 4.8, 6.4, 8.0, 9.6 MPa; (c) zoomed curves 135 for t1 = 300 s;  

(d) loading-unloading-recovery curves Ã(·;t1,bi) at t1 = 300, 900, 1500 s and different rates bi 

 

!0 A2>4=>< $8A. 11(0) ?@82545=K 87<5@5==K5 7028A8<>AB8 45D>@<0F88 >B 
2@5<5=8 ý(þ; þ1, �ÿ) 4;O =03@C65=89 (2) A t1 = 300 A 8 ?OBLN @07=K<8 ÿ�ÿ =1.6; 3.2; 4.8; 6.4; 8.0  #0 (?> ?@>3@0<<0< 1-5 A $8A. 11(0)) 4;O >1@07F>2 87 G5BK@5E 
<0B5@80;>2: #&(- (?C=:B8@=K5 ;8=88), #&(- A 1 % A5@?5=B8=0 (A?;>H=K5 ;8=88), #&(- 
A 2 % A5@?5=B8=0 (HB@8E>2K5), #&(- A 5 % A5@?5=B8=0 (HB@8E-?C=:B8@=K5 ;8=88). 
%B048O 2>AAB0=>2;5=8O (55 4;8B5;L=>ABL 3 3 G) >1@570=0, GB>1K C25;8G8BL =0G0;L=K9 
CG0AB>: :@82KE =03@C65=8O-@073@C7:8. !0 A2>4=>< $8A. 11(b) ?@82545=K 0=0;>38G=K5 
7028A8<>AB8 4;O =03@C65=89 A t1 = 900 A 8 t1 = 1500 A(?> ?@>3@0<<0< 11,12,15). �84=> 
=0A:>;L:> ACI5AB25==> @07;8G0NBAO :@82K5 ý(þ) ?@8 @07=>< A>45@60=88 A5@?5=B8=0. 

!0 A2>4=>< $8A. 12(0) ?@82545=K (A>>B25BAB2CNI85 $8A. 8) �!$ ÿ(·;þ1, �ÿ) ?@8 
@07=KE A:>@>ABOE �ÿ 4;O =03@C65=89 (2) A t1 = 300 A 8 ?OBLN @07=K<8 ÿ�ÿ =1.6; 3.2; 4.8; 6.4; 8.0  #0 (?> ?@>3@0<<0< 135 =0 $8A. 10(0)) 4;O >1@07F>2 87 
G5BK@5E <0B5@80;>2: #&(- (?C=:B8@=K5 ;8=88), #&(- A 1 % A5@?5=B8=0 (A?;>H=K5 
;8=88), #&(- A 2 % A5@?5=B8=0 (HB@8E>2K5 ;8=88), #&(- A 5 % A5@?5=B8=0 (HB@8E-
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?C=:B8@=K5 ;8=88). !0 $8A. 12(b) ?@82545=K 0=0;>38G=K5 7028A8<>AB8 4;O 
=03@C65=89 A t1 = 900 A8 t1 = 1500 (?> ?@>3@0<<0< 11, 12, 15). 
 

  
(a) (b) 

 

$8A. 11. �7<5@5==K5 7028A8<>AB8 45D>@<0F88 >B 2@5<5=8 ·(t;t1,bi) 4;O =03@C65=89 ?> ?@>3@0<<5 
(2) A t1 = 300 c 8 ?OBLN @07=K<8 ÿ�ÿ (0) 8 A t1 = 900 c 8 t1 = 1500 c (b) 4;O >1@07F>2 87 G5BK@5E 
<0B5@80;>2: #&(- (?C=:B8@=K5 ;8=88), #&(- A 1 % A5@?5=B8=0 (A?;>H=K5 ;8=88), #&(- A 2 % 

A5@?5=B8=0 (HB@8E>2K5 ;8=88), #&(- A 5 % A5@?5=B8=0 (HB@8E-?C=:B8@=K5 ;8=88) 
Fig. 11. Measured strain dependences on time ·(t;t1,bi) for loadings according to program (2) with 

t1 = 300s and five different values of maximal stress ÿ�ÿ (a) and with t1 = 900 s and t1 = 1500 s (b) for PTFE 

(dot lines) and three composites with different contents of serpentine: CMs-1 (solid lines), CMs-2 (dashed 

lines), CMs-5 (dash-dot lines) 

 

(a) (b) 
 

$8A. 12. �!$ Ã(·;t1,bi) ?@8 @07=KE A:>@>ABOE bi 4;O =03@C65=89 (2) A t1 = 300 A 8 ?OBLN @07=K<8 ÿ�ÿ (0)  
8 A t1 = 900 A 8 t1 = 1500 A (b) 4;O >1@07F>2 87 G5BK@5E <0B5@80;>2: #&(- (?C=:B8@=K5 ;8=88), 

<0B5@80;>2: #&(- A 1 % A5@?5=B8=0 (A?;>H=K5 ;8=88), #&(- A 2 % A5@?5=B8=0 (HB@8E>2K5 ;8=88), 
#&(- A 5 % A5@?5=B8=0 (HB@8E-?C=:B8@=K5 ;8=88) 

Fig. 12. Loading-unloading curves Ã(·;t1,bi) at different rates bi for programs (2) with t1 = 300 s and five 

different values of ÿ�ÿ (a) and with t1 = 900 s and t1 = 1500 s (b) for PTFE (dot lines) and three composites 

with different contents of serpentine: CMs-1 (solid lines), CMs-2 (dashed lines), CMs-5 (dash-dot lines) 

 

#>4@>1=K9 A@02=8B5;L=K9 0=0;87 :@82KE =03@C65=8O-@073@C7:8 8 
2>AAB0=>2;5=8O #&(- 8 �  =0 53> >A=>25 3 2 ?>A;54CNI8E AB0BLOE. 
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�A?OB0=8O >1@07F>2 #&$- =0 ?>;7CG5ABP 8 2>AAB0=>2;5=85  
�A?KB0=8O >1@07F>2 #&(- 8 �  =0 ?>;7CG5ABL 8 2>AAB0=>2;5=85 ?@8 @0ABO65=88 A 
F5;LN ?>AB@>5=8O A5<59AB20 :@82KE ?>;7CG5AB8 8 2>AAB0=>2;5=8O (�#�) ý(þ; ÿ� , ÿ) 
?@>2>48;8AL (?@8 :><=0B=>9 B5<?5@0BC@5) =0 C=825@A0;L=>9 M;5:B@><5E0=8G5A:>9 
8A?KB0B5;L=>9 <0H8=>9 Instron 5969 ?> ?@>3@0<<0< 2840: ÿ(þ) = ÿ� [/( þ) 2 /( þ 2 ÿ)], ÿ� > 0, ÿ > 0,           (3) 

A ÿ = 4 G 8 @07=K<8 C@>2=O<8 =03@C7:8: ÿ� = ÿÿ7/10, ÿ = 1, . . . ,7, ÿ7 = 16  #0 4;O #&(-, 
B.5. ÿ�ÿ =1.6; 3.2; 4.8; 6.4; 8.0; 9.6; 11.2  #0 (?@>4>;L=K5 A8;K ÿÿ = ÿÿ7/10, ÿ = 1, . . . ,7, ÿ7 =500 ! 3 <8=8<0;L=>5 CA8;85 @07@K20 >1@07F0, >?@545;5==>5 2 A5@88 8A?KB0=89 
4> @07@K20 3 A<. &01;. 1 8 $8A. 1, 3). "1@07FK 8<5;8 D>@<C ;>?0B>: A 4;8=>9 @01>G59 
G0AB8 70 <<, B>;I8=>9 3 ±  3 << (A@54=59) ?;>I04LN ?>?5@5G=>3> A5G5=8O 
31.8 ± 0.8 <<2. �04020;0AL >1I0O ?@>3@0<<0 =03@C65=8O ?> @0ABO3820NI59 A8;5, 0 
=0?@O65=85 ÿ�  4;O :064>3> >1@07F0 @0AAG8BK20;>AL ?> =0G0;L=>9 ?;>I048 53> 
?>?5@5G=>3> A5G5=8O, 8 ?>B><C 8E @071@>A A>AB02;O; >:>;> 537 % >B F5;52KE 
25;8G8= ÿ� . �;O CB>G=5=8O ?>2545=8O �#� ?@>2545=K 8A?KB0=8O 8 4;O =03@C7>:  ÿ =175; 225; 275 ! (ÿ� j 0.35ÿ7, 0.45ÿ7, 0.55ÿ7). �;8B5;L=>AB8 AB0489 ?>;7CG5AB8 ?@8 
?>AB>O==>< =0?@O65=88 ÿ�  8 AB0488 2>AAB0=>2;5=8O ?@8 =C;52>9 =03@C7:5 (?@8 
B5E=8G5A:>< =C;5 0.01ÿ7) 3 ?> 4 G (4;8B5;L=>ABL :064>3> 8A?KB0=8O 3 GCBL 1>;55 8 G).  

�A?KB0=8O ?@8 :064>< C@>2=5 =03@C7:8 ?@>2>48;8AL ?> A;54CNI59 ?@>3@0<<5 ($8A. 13):  

0. #@54-=03@C7:0 7 ! 4;O 2K1>@0 ;NDB>2 ?> �"%& 18197-2014 "#;0AB<0AAK.  5B>4 
>?@545;5=8O ?>;7CG5AB8 ?@8 @0ABO65=88". 
1. &@8 ?@5420@8B5;L=KE B@5C3>;L=KE F8:;0 =03@C65=8O A ?>AB>O==>9 A:>@>ABLN 
10 !/A (A ?@8<5@=>9 A@54=59 A:>@>ABLN 45D>@<0F88 0.0001 A-1) 4> 7040==>9 <0;>9 
=03@C7:8 ÿý 8 ?>;=>9 @073@C7:8 (4> B5E=8G5A:>3> =C;O) A B>9 65 A:>@>ABLN ($8A. 130)). 
�;O >1@07F>2-;>?0B>: 87 #&(- 1K;> 7040=> ÿý = 150 ! 2 8A?KB0=8OE A ÿÿ g 150 (4;8B5;L=>ABL :064>3> F8:;0 3 30 A). � 8A?KB0=8OE ?@8 <0;KE A8;0E ÿ =50;100 ! 0<?;8BC40 ÿý =  25 ! (=86=OO :@820O =0 $8A. 13(0)). -B0 AB048O 
=03@C65=8O >1I0O 4;O 2A5E 8A?KB0=89 A5@88 A @07=K<8 P, >=0 ?>72>;O5B =01@0BL 
AB0B8AB8:C 4;O >A@54=5=8O M:A?5@8<5=B0;L=KE 25;8G8= <>4C;O C?@C3>AB8 8 >F5=8BL 
@071@>A A2>9AB2 >1@07F>2 87 ?0@B88 (:>=B@>;8@>20BL 8E >B=>A8B5;L=CN 

 

  
(a) (b) 

 

$8A. 13. #@>3@0<<K =03@C65=8O A 7040=85< @0ABO3820NI59 A8;K :0: DC=:F88 2@5<5=8:  
(0) B@8 F8:;0 =03@C65=8O 8 @073@C7:8 =0G0;L=>9 AB0488, (b) =0 AB048OE ?>;7CG5AB8 8 2>AAB0=>2;5=8O 
Fig. 13. Loading programs specifying tensile force as a function of time: (a) three cycles of loading and 

unloading at the initial stage, (b) stages of creep and recovery  
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AB018;L=>ABL).  >4C;L C?@C3>AB8 E :064>3> >1@07F0 2KG8A;O5BAO :0: A@54=55 
7=0G5=85 ?> B@5< F8:;0< =03@C65=8O, 0 <>4C;L <0B5@80;0 3 5I5 8 >A@54=5=85< ?> 
2A5< 8A?KB0==K< >1@07F0<.  
2. �KAB@>5 =03@C65=85 (A> A:>@>ABLN 10 !/A) 4> F5;52>3> C@>2=O =03@C7:8 P 2K45@6:0 
2 B5G5=85 4 G ?@8 ?>AB>O==>9 =03@C7:5 4;O 8AA;54>20=8O ?>;7CG5AB8 

3. �KAB@0O @073@C7:0 (A> A:>@>ABLN 10 !/A) 4> ?>GB8 =C;52>9 =03@C7:8 (4> 
B5E=8G5A:>3> =C;O). 
4. �K45@6:0 2 B5G5=85 4 G ?@8 =C;52>9 =03@C7:5 (2 7 !) 4;O 87<5@5=8O 45D>@<0F88, 
B.5. 4;O =01;N45=8O MDD5:B0 2>AAB0=>2;5=8O (>1@0B=>9 ?>;7CG5AB8).  

5. �KAB@>5 C25;8G5=85 =03@C7:8 A ?>AB>O==>9 A:>@>ABLN B@025@AK 15 <</<8= 4> 
@07@CH5=8O >1@07F0, GB>1K A@02=8BL, :0: 2>AL<8G0A>2>5 8A?KB0=85 =0 ?>;7CG5ABL 8 
2>AAB0=>2;5=85 2;8O5B =0 <>4C;L .=30, =0?@O65=85 8 45D>@<0F8N ?@8 @07@CH5=88 
(A@02=8BL A 40==K<8 8A?KB0=89 =0 =03@C65=85 A ?>AB>O==>9 A:>@>ABLN 4> @07@K20 
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Fig. 14. Creep and recovery curves of PTFE: (a) under tensile forces ÿ f 0.5ÿ7, i.e., P = 50; 100; 150; 175; 

200; 225; 250 N; (b) under greater forces P = 275; 300; 350 N 
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Fig. 15. (a) Initial sections of responses ý(þ; ÿ� , ÿ), t f 240 s, for loadings with P = 150; 175; 200; 225; 

250 N, including the response to three preliminary loading cycles with the amplitude of Pc = 150 N 

(ÿ�ý j 4.8 MPa) and duration of 30 s; (b) stress-strain curves Ã-· under cyclic loading of samples No. 9 and 

No. 10 (zero-to-tension stress cycle, loading and unloading rates are equal to 10 N/s) 
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$8A. 16.  8:@>D>B>3@0D88 7>= @07@CH5=8O #&(- ?@8 G5BK@5E @07=KE A:>@>ABOE 45D>@<8@>20=8O 
a = 0.23; 3.6; 107; 143·10-3 1/A (03d) 

Fig. 16. Microphotographs of fracture zones of PTFE samples in four tests at different strain rates 

a = 0.23; 3.6; 107; 143·10-3 1/s (a3d) 
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250 ! (>1@075F 745); C25;8G5=85 2 150 @07 =0 D@03<5=B0E (a,c,e) 8 2 1000 @07 3 =0 D@03<5=B0E (b,d,f) 

Fig. 17. Microphotographs of the fracture zones of the composite CMsMsp-1 samples (with 0.9% 

serpentine and 0.1% magnesium spinel), loaded to failure after creep and recovery tests: (a,b) creep under 

a load of 100 N; (c,d) under a load of 150 N; (e,f) under a load of 250 N; magnification 150 times in (a,c,e) 

and 1000 times in (b,d,f) 
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250 ! (>1@075F 765); C25;8G5=85 2 150 @07 =0 D@03<5=B0E (a,c,e) 8 2 1000 @07 3 =0 D@03<5=B0E (b,d,f)] 

Fig. 18. Microphotographs of the fracture zones of the composite CMsMsp-2 samples with 1.5 % serpentine 

and 0.5 % magnesium spinel, loaded to failure after creep and recovery tests: (a,b) creep under a load of 50 N; 

(c,d) under a load of 150 N; (e,f) under a load of 250 N; magnification 150 times in (a,c,e) and 1000 times in (b,d,f) 
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(a,b) ?@8 =03@C7:5 50 ! (>1@075F 781); (c,d) ?@8 =03@C7:5 150 ! (>1@075F 783); (e,f) ?@8 =03@C7:5 

250 ! (>1@075F 785); C25;8G5=85 2 150 @07 =0 D@03<5=B0E (a,c,e) 8 2 1000 @07 3 =0 D@03<5=B0E (b,d,f) 

Fig. 19. Microphotographs of the fracture zones of the composite CMsMsp-5 samples with 3.8% serpentine  

and 1.2% magnesium spinel, loaded to failure after creep and recovery tests: (a,b) under a load of 50 N; 

(c,d) under a load of 150 N; (e,f) under a load of 250 N; magnification 150 times in (a,c,e) and 1000 times in (b,d,f) 
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Fig. 20. Supramolecular structure: (a) ribbon-striped structure of the original PTFE; (b) spherulitic 

structure of composite filled with 1.5 % serpentine and 0.5 % magnesium spinel 
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