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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 copper’s 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.
As-built CuCrZr finds demand in high-performance 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

Citation: Mundla SR, Arungalai Vendan S, Paul P, Shettigar AK, Jambagi SC. Experimental investigations on
the milling characteristics Cu alloys and additively manufactured. Materials Physics and Mechanics.
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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].

© S.R. Mundla, S. Arungalai Vendan, P. Paul, A.K. Shettigar, S.C. Jambagi, 2025.
Publisher: Peter the Great St. Petersburg Polytechnic University
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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.

4000
3500
3000
2500
2000
1500
1000
500
0

Sa

0 100 200 300 400 500 600
Feed rate

Fig. 2. Effect of FR on the 3D average S,

From Fig. 2, it can be observed that mean S, (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 S,
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.

7000

6000
5000
4000

Sa

3000
2000
1000

0

0 1000 2000 3000 4000
Cutting speed

Fig. 3 Effect of CS on 3D average S,

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, S, 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 S, 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, S, 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, S, 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 S,

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 3D-surface roughness Cutting forces
cut, mm (Sa), nm 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 | -244 -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 39724 -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 -291 | -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 - 2.97654-CS + 7.10099-FR - 11785.15146-DoC - 0.005842-CS-FR -
- 1.47452-CS-DoC + 11.83883-FR-DoC + 0.001051-CS? + 0.041299-FR? + 14768.16485-DOC>.

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.

7000

—DoC=0.3
6000 DoC=0.4
DoC=0.55

5000 DoC=0.7

DoC=0.8
= 4000
S 3000
2000
1000
0

50 100 150 200 250

Feed rate (nm/min)

Fig. 5. Effect of FR on average area S, 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 (Sq) 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
isn’t 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 S, value of 2181.85 nm, Run 10, with a higher FR of
235 m/min, results in a higher S, 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 S; 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, S; 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.
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Fig. 6. Effect of FR on average S, at varying CS

The data recordings also reveal that the impact of CS on S, 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, S, 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 S, 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
S, 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
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Fig. 7. Effect of feed rate on average S, 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.

9000
2000 ——Feed rate = 65
Feed rate = 100
7000 Feed rate = 150
6000 Feed rate = 200
—~ 5000 Feed rate =235
£ 4000
[5~]
3000
2000
1000
0
0 1000 2000 3000
CS (tpm)

Fig. 8. Effect of CS on average S, 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 S, 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 S, value of 1914.9 nm. In contrast, Run 8, with
a similar FR but a higher CS of 2500 rpm, results in a S, 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 (Sq), 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
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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 S, 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 S, 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 x 110 x 8 mm?® plate; wire-cut EDM (electrical
discharge machining) to reduce its dimension to 55 x 110 x 8 mm?; 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
Yield strength R,0, MPa 150 %20 . . .
Elongation break A% 36+ 4 Tensile test according to 1ISO 6892-1:2009B
Modulus of elasticity E, GPa 125£20

Vickers hardness HV10 90 =2 | Hardness testing according to DIN EN I1SO 6507-1
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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 20-100 um, depending on the printer’s capabilities and the desired part
resolution. The initial 3D-printed plate is 110 x 110 x 8 mm?>. 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, ym 80
Layer thickness, um 30
Spot size, ym 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 x 110 x 8 mm?* CuCrZr plate, the wire-cut EDM is used to trim the
plate to a final dimension of 55 x 110 x 8 mm?. Figure 11 shows as-built 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 as-built CuCrZr subjected to Fig. 12. A section removed for analysis from
milling 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 [18-20]. 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 [23-26].

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

Cutting forces As-built CU
Std | Run | CS, rpm PR, Depth of cut, 3D-surface
m/min Fx Fy Fz mm roughness (S;), pm

1 2500 200 -2.03 | -1943 | -3.34 0.7 0.78
2 2500 100 -0.15 | -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 -546 | -16.06 0.8 6.38
20 6 1750 150 -2.64 | -2444 | -10.51 0.55 6.3
15 7 1750 150 -319 | -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 -211 | -2191 | -5.87 0.55 5.72
13 | 11 1750 150 -049 | -12.52 | -1.69 0.3 6.5
7 12 1000 200 -045 | -19.39 | -2.76 0.7 2.16
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 | -2042 | -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 -146 | -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 Pearson’s 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 S..

3D-Surface Roughness (Sa) (um)
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Feed rate (m/min)

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 (R, 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.

Commercial Cu
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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.

EMT = 20.00 kV Signal A = SE1
WD =120 mm Mag® 100KX Time 164006

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.

Pearson Correlation Heatmap
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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 Pearson’s correlation heat map.

Table 6. Parametric comparison of milling for Cu and as-built CuCrZr

DoC, mm 3D-S;, pm
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 [13-15]. 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. ldentifying 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 x 5 x 5 cm?), and
flexural strength as three-point bending strength as prism (16 x 4 x 4 cm?) [18].
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Table 1. Current study mixture design

Micro Fine Coarse Marble Glass Super-
Sample | silica, Water}, aggregate, aggregate, powder, powder, plasticizer,

kg/m3 kg/m kg/m3 kg/m3 kg/m3 kg/m?3 kg/m?3
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
CFO 600 370 0 1180 150 200 55.5

3D Printing 2 e G N
Process

Put 3D Shape into

Mold

Installing
Concrete

Mechanical
Properties

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 max min_ min_ learnin
.g Alpha ~ | samples_ | samples_ | _estimators 9- C gamma | kernel
sion depth . rate
leaf split
Ridge 0.615 - - - - - - - -
Lasso 0.885 - - - - - - - -
Random _ 20 1 4 50 _ B B ]
forest
Gradient | _ 9 - 4 50 0.124 - - .
boosting
SVR - - - - - - 92.76 | 10.0 rbf

In this term, ridge regression illustrated in Eq. (1) decreases errors and obtains more
accuracy [20,21]:



25 M. Hematibahar, M. Kharun, R.S. Fediuk, N.I. Vatin, M.G. Porvadov, L.S. Sabitov

v =8y + 6wy + O,wy + 83wy + 8wy + & + AN(8F + 82 + 82 + 63), 1)
where v is the dependent variable, w is the independent variable, d is the y-intercept and
01 iIs the regression coefficient representing the change in v concerning the change in w,
also called the slope, and A is the ridge regression penalty ratio, £ is the error term, ¥(57)
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]:

v =230+ 6wy + S,wy + 83w + Suwy + €+ AX|61| + |82 + |63] + |64], (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 [23-25].

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 [28-30].

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]:

y =12k )
where y; are actual values of the output characteristic and x; 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 (R?) as expressed in Eq. (3), mean
absolute errors (MAE), and root mean squared errors (RMSE) have been established [34]:
2 _ Z(J’—JA’)Z
RE =15 )
RMSE calculates the average deviation of each actual data point and the predicted
results [35]:

RSME = \/%Z"(y — 9)2. (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 [18,19,36-39]. 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,

Heatmap of Correlation Matrix

Cement -| 1.00 -0. -0. . 0.72 0.43

Fine Aggregate -| -0.83

-0.25

Coarse Aggregate - - 0.00

Super Plasticizer - - =025

- —0.50
Compressive Strength -

=0.75

Flexural Strength -

-1.00

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.

3D Plot: Cement vs Compressive & Flexural Strength 3D Plot: Water vs Compressive & Flexural Strength
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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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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: r? (coefficient of determination) and RMSE (root mean square error). The models
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Table 3. Regression results of current studies

Regression R? 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 R? 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
r? (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 r? 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
r? (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 r* 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
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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 R?
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 beams’ 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 [3-9]. 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 [12-17].
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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 [18-21].

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 [23-26].

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 [28-31].

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
1.15-1.46 g/cm?, is notable for its exceptional water absorption capacity [33,34].
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coconut coconut shell Coconut fiber

coconut tree
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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 x 20 x 120 cm?. 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 70-100 kg/m?, high water retention
capacity of 600-800 % due to its porous structure, and an organic content of 20-30 %
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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 1600-1700 kg/m?, a fineness modulus of 2.3-3.1, and particles that passed through a
4.75 mm sieve, with low water absorption, typically around 1-2 %.

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 um 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 1450-1550 kg/m?, and a specific gravity of
2.65-2.75. Its water absorption was low, at 0.5-1.0 %, 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 s150-s200. 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
100 500 400 760-800

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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Fig. 3. Cocopeat after wetting Fig. 4. Cocopeat after mixing Fig. 5. Combine the cocopeat
with 100 ml of water with 100 g of cement 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): (@) 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).

o

i ._@tﬁémg
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.
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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 Label Stirrup Mcocopeats Sand, Cocopeat, | Cement, | Stone, | Water,
groups spacing % kg kg kg kg L
D1 5150-s200 0 22.00 0.00 12.96 4399 7.38
Group 1 D2 5150-s200 20 17.60 4.40 12.96 4399 7.38
Fig. 7(a) D3 5150-s200 50 11.00 11.00 12.96 4399 7.38
D4 5150-s200 100 0.00 22.00 12.96 4399 7.38
D5 s150 0 22.00 0.00 12.96 4399 7.38
Group 2 D6 s150 20 17.60 4.40 12.96 4399 7.38
Fig. 7(b) D7 s150 50 11.00 11.00 12.96 4399 7.38
D8 s150 100 0.00 22.00 12.96 4399 7.38
Group 3 D9 5100 50 11.00 1100 | 1296 | 4399 | 7.38
Fig. 7(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 28 -day-old 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.

CIIRC 5.00kV 7.7mm Xx4/00k SE ' St 10.0pm

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. 14-16 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.
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In Group 2, observations from Figs.17-19 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.
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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



Structural behavior of reinforced concrete beams incorporating cocopeat as a partial sand replacement 45

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.
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Effect of stirrup spacing on vertical displacement of beams

In normal concrete, the beam with a stirrup spacing of 150 mm demonstrates Lless
displacement compared to the beam with a stirrup spacing of 150-200 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 150-200 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.
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The displacement observed in the reinforced concrete beam with stirrup spacings of
150-200 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 Dé.
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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 €., = 3.5 % for normal concrete).
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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.



50 T.0.K. Lam, M.T. Nguyen, H.K. Lam, K.S. Sreekeshava

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 today’s
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, products’ 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.’ [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]
Propert Density, Young Poisson Cellulose, Hemicellulose, Lignin,
perty g/cm? modulus, GPa ratio wt. % wt. % wt. %
Rice straw 16 2427 1.0 38.94 20.95 6.922
fiber
Baf:';:r“ 0.9 35-46 0.35 423-49.1 241-277 | 23.8-26.1

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/cm? 1.10-1.41
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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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 x 150 mm?. 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

SZ S::ndfe Stacking sequence Rice s?rzjvr Wt.B/;mboo Resin, wt. %

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 x 12 x 4 mm? 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 x 12 x 4 mm?* 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.

14
12
[
& 10
=
% 8
g =— RR100
2 6 —— RB110
2
n
2 0 2 4 6 8 10 12

Strain, %
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 12.7 11.8 121 135
stress, MPa
Ultimate 3.38 139 1.09 8.11
strain, %
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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.

14
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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
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Sample id RR100 (S1) RB110 (S2) RBR143 (S3) BRB214 (54)
Ultimate stress, MPa 8.35 6.49 5.49 8.3
Ultimate strain, % 3.262 1.056 1.87 3.734
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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.
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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.
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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 today’s 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 stress-strain
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 - 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 - 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 - 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 - 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 1SO 10993-4:2017 [17],
namely: ABS-M30i [18,19], PC-ISO [20,21], Ultem 1010 resin [22-24]. 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, PC-1SO 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 10993-4:2017. In particular,
the following thermoplastics were considered: polyacrylonitrile-co-butadiene-co-styrene
(ABS-M30i, Stratasys Ltd.), polycarbonate (PC-ISO, 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 Systemes 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 AG-
Xplus HS equipped with a pantograph and a 50 kN AG-50kNXD 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.

€)) "
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Fig. 1. Specimens: (a) sketch with relevant dimensions in mm; (b) geometric model,;
(c) 3D-printed specimens
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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: ABS-M30i (polyacrylonitrile-co-butadiene-co-
styrene), PC-1SO (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) ABS-M30i specimens; (c) PC-1SO specimens;
(d) Ultem 1010 resin specimens

As a result of experiments, stress-strain 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] 3040 [22] 3500 [28]
Elastic modulus 2203 (-8.2%) | 2094 (+4.7 %) 3257 (+7.1 %)

(experiment), MPa Sd 38 Sd 165 Sd 92 )

Tensile strength, MPa 36 [18] 57 [20] 79.2 [22] 94 [28]
Tensile strength 28.4 (-21.1 %) 49 (-14 %) 88.6 (+11.9 %) _
(experiment), MPa Sd 0.3 Sd 0.3 Sd 4

Elongation at break, % 4 18] 4 120] 41[22] 5128]
Elongation at break 7.7 (+92.5 %) 5.3 (+32.5 %) 4.35 (+8.8 %)

(experiment), % Sd 1.1 Sd 0.2 Sd 0.4 )

As shown in Table 1, the experimentally determined elastic modulus for all studied
3D-printed thermoplastics correlates well with manufacturer datasheet values. The
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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).
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Fig. 3. Experimental stress—strain curves of investigated thermoplastics: (a) ABS-M30i; (b) PC-1S0;
(c) Ultem 1010 resin

The experimentally determined tensile strength values for ABS-M30i and PC-1SO
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 ABS-M30i and PC-1SO
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.
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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 stress-strain
curves. As a result of the analysis of the stress—strain 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 Systemes SE) finite
element analysis software system [29-31]. Figure 4(a) shows a finite element model of a
standard (ISO 527-2:2025) thermoplastic specimen, which contains about 10* 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
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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)).
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Fig. 5. Stress-strain state of specimen (in case of the Ultem 1010 resin): (a) 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 ABS-M30i, PC-1SO 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.

100

w—ABS-M30i (numerical)

Stress, MPa

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

Strain, %

Fig. 6. Experimental and numerically calculated stress-strain curves of investigated thermoplastics:
ABS- 30i, PC-1S0O, Ultem 1010 resin

From all considered thermoplastics ABS-M30i has the lowest tensile strength. All
things being equal, this circumstance does not allow ABS-M30i to be recommended for
critical and loaded components of mechanical systems in terms of ensuring strength
requirements. It should also be noted that ABS-M30i 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, PC-1SO has the most nonlinear stress—strain curve compared to other
considered thermoplastics. PC-1SO has a significantly higher tensile strength compared
to ABS-M30i, 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 PC-1SO 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.



Experimental and numerical determination of mechanical properties of porous thermoplastic 74

Conclusions

In the presented research paper, the mechanical properties of certified
(ISO 10993- 4:2017) thermoplastics ABS-M30i (polyacrylonitrile-co-butadiene-co-
styrene), PC-ISO (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 stress—strain
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:
ABS- M30i, PC-1S0O 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
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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 ELl-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
AL,Os or CuO, Zn0, and TiO,, 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 Al-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 Al,Os /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 SiO, and ALOs
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 [30-32]. 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 AL,Os—MWCNT enhancing heat transfer by up
to 79 %. Their complex behavior challenges standard numerical methods, making
multiscale modeling and Al-based techniques such as ANN, CNN, and RNN essential for
predicting thermophysical stability and optimizing performance. Integrating
experimental results with computational and Al-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 xy 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 T, and
T,at z=0 and z =d respectively with (T, > T,). The system is given a small
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temperature difference, |Z—§| and the nanofluid has a constant heat source inside it, Q,.
The system is also affected by a gravity field, g(0,0, —g) which can be seen in Fig. 1.

Jeffrey nanofluid layer ====
with internal heatlng ---=

il :
SFRRT R R o

Pol(P1 = $q) Ty (T, < Tp) Co(€y = Cq)

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 Darcy’s 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 [13,20,36-40]:

q= 0 (1)
[ +2(q-7q| = [ppp + (1L = IprA1 = BT = To) + B'(C = C)}]g = VP — o i )
2 +2(a-1 =7.|Ds7 +2VT] (3)
( PO 5+ 2L (q - IT = V. Uep. VT) + (pC), VT [DVy + 22 VT | + Qo )
(PO m 2 + @( V)C = V. (k.. VC). (5)

Different symbols in the above equations stand for different amounts of matter.
Here, q, g, T, C, p,&, A pp, pr, @, B, B, ks and u 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,
(pc) £,(pC)p,(pC)m, Dp, K7,k and Dr 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
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thermophoretic diffusion coefficient. Dufour type and Soret type diffusion are not taken
into account. Adding a term called "Q," 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:

w=0,T=T, C=C, Dg ¢+?‘3—T_0 atz=0,
(6)
w=0T=T, C=C, DBaa¢+ﬁ3—T_0 atz = d.

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:

(xyZ) _4a _ om x _ (@n=do)
(x%y%27) = 4" = am 9 od? sazls Pn (p1-¢0)’ (7)
c_tecp) o _(T-T) . pky
== T =
Qa’ qd, == 7 P T

we can write Eqg. (1) through Eq. (5) in a form that doesn't involve dimensions by changing

T oto LM and AT to T, — Ty:

Am (pS)f (pc)f

V-q=0, (@)

—{“’+ 7}q: o= = Up — Ry — Ry + ReT =25, 9)

o dt sq q 1+)L P = fn Le

< + —( V)T = \72T + 2 (Vs VT) + =22 ”A”B (VT.VT) + H,, (10)

1 a¢ _ 12 Na g2

R CRO ¢+an T, (11)

S+i(q-MC=LrRC 12)
Here R, [¢°pP+(ta¢°)p]gdk1 is the basic density Rayleigh number,
_ P9PBdki(Co—Cq) . . _ _Dr(To-T) . e

R, = = e is the thermal Rayleigh number N, Do To (b0 is the modified

e(pc)p(Pp1—o) -
(po)y

D, = —1, the Darcy number, B. = —, the Prandtl number, V, = —, the Vadasz number,
d? pa Da

diffusivity ratio, Nz = is the modified particle density increment. We have

m

Ln:Z—m, the Lewis number, Le:i_’ the Lewis number due to salinity,
B

R“:W’ the thermal Rayleigh number and R, _ (pe- pf)i:il Pogdks

concentration Rayleigh number. The dimensionless internal heat parameter is shown by
Qod?
kr (T1=To)’

the

The dimensionless internal heat parameter is shown by H; =
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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

Eqg. (12) lead to this state:

qp = (0,0,0),p = pyp(2), T = Tp(2), ¢ = Ppp(2), C = C,(2). (13)
Using Eq. (13), Egs. (8)-(12) give:

0°Ty | 9Ty (Npdby | NaNpOTY Ly _

0z2 0z (Ln dz + Le az) +H; =0, (14)
9°T 9%¢

VI (15)

la Cp _

Loz = O (16)

When you do a single integration of Eqg. (15) with respect to variable z and include
the boundary surfaces (6), you get:

Ny 24 20—, (17)
When you plug in Eq. (17) into Eq. (14), you get:
02 Tb (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:

Ty=(2-1)z-222+1. (19)
Putting Eq. (19) into Eq. (17) and integrating gives us:

¢y = —2(—2— 2Hsz + Hy), (20)

Cp,=—2z+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:
q=qb+qI'T=Tb+TII¢=¢b+¢,'6=6b+cl’ (22)
where ¢" = (W, v, w"), T, C'and ¢’ are the changes in physical quantities.

By using Egs. (19)-(21), along with perturbations from Eq. (22) in Eq. (8)-(12), we
get the non-dimensional linear perturbed equations that look like this:

(ot = ~1 7P~ Rad + Ra T‘_e 22
ot (Hy =2 = 2Hyz) = VAT + 32 (Hy — 2 = 2H,2) 52 + A2 (Hy = 2 = 2H,2) 3, (24)
ii‘fn (1—Hy +2H z)NA=—V2¢+”AV2T (25)
¢ _a_1p2

ot s_LeV C. (26)

We get the following expression when we take variable p out of Eq. (23):
2
{ﬁ% + = 7?w = (—R,VZ¢ + R, VT — BIC). 27)
To get exact answers for Egs. (23)-(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:
[[W,T',C", ¢l =[W,0,¥,®|(2) exp{st + i(kex + kyy)}, (28)

where k,, kyand s all mean what they're supposed to.
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Using Eq. (28) along with Egs. (23)-(27) and making sure that conditions (19), (20),
and (21) are met, we can get the following set of stability equations:

1 2 _ 2 2 2 _ RSaZC

(U—Vas 1”) (D? — a)W = [{R a?¢ + Rya?T — 2= }] (29)
SO +— (H —2-2Hz) = [(D2 —a?)o + = (Hy =2 = 2H;2)De + N;LNB (H, —

" (30)

—2- ZHSZ)D@],
sW —= == (D2 - a®)¥, (31)
~s® + = (1+ 2H,z — H)N, = — (D2 — a?)® + =2 (D% — a?)0. (32)
The boundary conditions (6) change to:

W=D*W=0,Dd+NDO=0,0=0¥=0, DY =0atz=0andz= 1. (33)

There is a linear eigenvalue problem for the temperature Rayleigh number that is
made up of Egs. (29)-(32) and boundary conditions (33). We use the Galerkin method to
find exact solutions to Egs. (29)-(32) that don't are easy and meet the boundary
conditions (33). For example:

W =A;sinmtz, @ =B;sinntz, ® =—-C;Nysinnz, ¥ =D,sinmz, (34)
where A4, B;, C; and D;are unknown coefficients.

We can find the thermal Rayleigh number for stationary convection by putting s = 0
in Egs. (29)-(32) and integrating each equation separately over the range of 0 <z<1

while applying the boundary conditions (33). There, we have it:
(r?+a?){a?+n?}e{(n?+a?)Ly+HsNaANg(1+Na)} . Ni{-(m?+a?){1-Ly}+HsNaANB}Ry

S —
Ra = a2(1+){(w2+a?)+Hs;N3Ng} {(m2+a2)+HsN3Np} + 75
(n +a?){(n?+a?)Ly+HsNANB(1+N 4)}Rs (35)
a?Lp{(m2+a?)+HsN5Np}

Now special cases arise:
Case (I): for case (l), if the fluid base is very thick and doesn't have any heat sources
inside it (A = 0,Hy = 0,) Eq. (35) reduces to:
s (n +a?)’ _ (Le*+&)NaRn | Rs
Ra="—3 ot (36)
the results found are very similar to those of the previous study by Yadav et al. [20].
Case (ll): If there are no nanoparticles or salt, i.e,R; = 0,R, = 0,N, = 0, Eq. (36)
gets even smaller, to:
(m? +a2)
RS =——, (37)
the result that was seen is in line with what Lapwood [41] found.

N

R‘;) = 0 to find the critical wave number
a/a?=q?

: . d
We use a mathematical expression (a

and its corresponding critical stationary thermal Rayleigh number Rj. This gives us a
polynomial equation with the variable a2as:
el (a®)* + 21%(a2)3e(n? + H,NZNg) + (a?)?H,L,NZNg[{eH;N,(1 + N,)Ng +
+L,(m?*(3)e + (1 + HNZR,)} — (1 + D{m?L,, + H,N,(1 + N,)Ng}R, —
—HNyNgL,{(1+ Ny)(m?e) + (1 + A)NZR,, — (1 + A)N,Rg}] — 2a?m?{L,m? + (38)
+H;NyNg (1 + NOYm2el, + (1 + D} — 2 {m? + HyNEN (L, m? +
+H;NyNg (1 + Np))(m%ely, + (1 + AD)R)} = 0.



Double diffusive convection of non-Newtonian nanofluid in porous layer under internal heating 84

If the fluid is reqular and there is no salt in it or any internal heating, i.e, Ny = R, = 0,
R, = 0 and H; = 0, then Eq. (38) gives us the critical wave number (a. = ) and the critical
thermal Rayleigh number (Ra, = 4m2), which is very close to what Lapwood [41] suggested.

The effect of the dimensionless parameters Hg, A, R,, R,, and L, on the stationary
ORy, OR5 ORS ORj ORy,

0Hg’ 91 ' ORs 'Ry, and oLy’ If you

convection for Jeffrey nanofluid is studied by figuring out

plug in Eq. (35), you get:
ORG _ (a?+m2)[{1+(1-Lp)N }IN 4N [(a?+7?)e+a?(1+A)N? oRy |
OHs a2(1+/1){(a2+1t2)+HstlNB}2 )

From Eq. (39) we can see that ZI:,Z >0or<Oforl1>L,orl<L, Butl>L,isnot

N

possible with the parameter numbers that were chosen. Because of this, an internal heat

source makes a machine less stable.
Equation (35), which gives:

oR; _ (a*+m?)[(a?)]e[(a®+m?)Ln+HsNANB(1+N 4)]

oA a?(1+2)2{(a?+n2)+HsN2Ng) ’

(39)

(40)

where Eq. (40) demonstrates that % > 0. As a result, the Jeffrey constant makes the

system under consideration more stable:
oR _ (a?+m?)(1+b)[(a?+m?)Ln+HsN4Np(1+N 4)]
Rs a?Ly{(1+b)(a?+m2)+Hs;N3Np}

, (41)

where Eq. (41) shows thatg—? is positive for all wave numbers. Thus, the Rayleigh number

due to salinity enhances the stability of system.
ARG _ Ni[(a?+7m2)(Lp=1)+HsNpN 4] “2)

ORy {(a2+n2)+H;NpN3}

N
That means Z%is positive for L, greater than 1. In this way, the concentration
n

Rayleigh number makes a system more stable:
ORS, Ln{(az+n2)2{a2+n2}s+a2(1+/1)(a2+n'2)Nfan} (a2+n2)2(1+A)Rs
Ly a2(1+)Lp{(a2+m2)+NgH N5} a2(1+A)Lp{(a?+m2)+NgHsN5} (43)
_ (a®+n?)[(a*+7m?)Ln+HsNaNp(1+Na)|Rs
a21?,{(a2+n2)+NpHsN5}

b

where Eq. (43) shows that Z—f‘slis positive for all wave numbers, which implies that L,, 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
number—and hence the characteristic cell size—remains 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. 2-8 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, Rg on stationary thermal Rayleigh
number R}, in relation to the wave number a 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, R, stabilizes
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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 Hg; and the
thermal Rayleigh number R in the study. The results indicate that a decrease in the
internal heating leads to an increase in R;. 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,
R; and the Jeffrey fluid parameter, A 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 RS. 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.
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Figure 5 and 6 present the relationship between the modified particle density
increment Nz and the concentration Rayleigh number R,, respectively, with R;. 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™
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 R, 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.
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In Fig. 7, the impact of medium porosity, € on the system stability framework is
depicted. As the medium porosity increases, the stationary thermal Rayleigh number R
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
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values of modifieddiffusivity ratio N,



Double diffusive convection of non-Newtonian nanofluid in porous layer under internal heating 88

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, N, on R;. 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
[14,23,42-45] 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 Al-
assisted prediction techniques, alongside experimental validation for practical systems.
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ABSTRACT

A numerical method for solving the Landau-Lifshitz-Gilbert equation for an ensemble of
superparamagnetic nanoparticles within the mean-field approximation is presented. The classical fourth-
order Runge-Kutta 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 Landau-Lifshitz-Gilbert (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 dipole-dipole
interactions between them [2-5].

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//; (/s is the spontaneous magnetization)

takes the form [6]:

® ®
a% —ym® x H(l) + am® x 22 1)
where y is the gyromagnetic ratlo, a is the dimensionless Gilbert damping parameter;
Hyis the effective field acting on the magnetization of the i-th particle. The effective
field is defined as:

@ _ 10u®
Herr == om® (2)
where UY is the total energy density (energy per unit volume) of the j-th particle.

The total energy density of the j-th particle can be written as:

O] @ (l)
v =u + U +U; (3)
Here, U.«is the energy in the external field, Uais is the magnetocrystalline anisotropy

energy, Uy is the dipole-dipole interaction energy:

Uy = —I;m®© - Hey, 4)
vl =K, (1 (m® - e ) (5)
Uy = —21;m® - Hg. 6)

In equations (4)-(6), the following notations are used: H,,; is the external magnetic
field, K, is the effective anisotropy constant, e, is the unit vector along the uniaxial
anisotropy direction of the particle, H; is the dipole-dipole interaction field
(demagnetizing field).

Accurate evaluation of dipole-dipole interactions remains the principal
computational bottleneck in micromagnetic modelling. A brute-force summation of all
pairwise interactions require O(N?) operations for a system of N magnetic moments [7].
Two acceleration strategies are now most widely employed: the fast multipole
method (FMM) [8-11] and convolution techniques that exploit the fast Fourier
transform (FFT) [12-14]. 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 ~ 10® 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 device-scale problems.

According to Eq. (2)-(6), the effective field acting on the magnetization of the
i-th particle is defined as:

HEYy = Hop + 52 (m© - e Jell + S Hy, 7)

eff
In this study, the magnetic material is modeled as an ensemble of dipole-dipole
interacting superparamagnetic solid spheres with diameter do, and volume W, 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 Hex is applied along the Oz-axis, which is aligned with the cylinder’s 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 T = 0. The resulting equation for the /-th particle takes the following form:

@ ()
om0 ym® x B + am® x 22 ®
HZ?} H (l}f + Hg;L)erm (9)

Here HO%.. is the stochastic thermal field [17-23], modeled as a Gaussian random
process with zero mean and a correlation function that satisfies the fluctuation-
dissipation theorem. The stochastic thermal field acting on the /-th particle can be
expresses as [24-26]:

@ 0 20kgT
cherm - ylsv(i)At’ (10)

where n®is a vector, whose components are normally distributed random variables with
zero mean, uncorrelated in both space and time; ks is the Boltzmann constant, At is the
time step.

Within the framework of the considered model, the components of the effective
field acting on the magnetization of the /-th particle in the Cartesian coordinate system
are defined as:

ext (0 0, HO) (11)
where Hy is the magnitude of the external magnetic field.

The components of the magnetocrystalline anisotropy field are then given by:

HO, =2 (m® - eD)e?,

anis,x I
® 2K @) ,®

H sy = 52 (m® - e)es?, (12)
® 2Ky ®),®

Hanis,z T (m(l) €y ) €z

where ¢,, e,, e; are the components of the unit vector along the uniaxial anisotropy axis.

To account for the influence of dipole—-dipole interactions between particles in the
ensemble, this work proposes the use of a mean-field method based on the statistical
approach developed in [2]:

8 3
Hy, = ——”cls (1 —Ecosemax)i, (13)

(=3, m® (14)
where ¢ is the volume concentration of particles, 0,,,, IS the maximum angle between
the position vector of a particle and the Oz-axis of the cylinder, C 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:

(a;r;x - 1+az [(my + amym; YHegp, — (M, — amymy YHesgy, — a(mf +mZ)Hepr ],
% 1+o(2 [(mz + amymx )Heffx (mx - O(mzmy )Heff,Z - (X(mg + mJZC)Heff.y] ’ (15)
a;zz - 1+o(2 [(ms + amumy YHeppy = (my — amumy, YHepp e — a(mi +m§)Heyry,,]

When thermal fluctuations are taken into account, the components H%g in Eq. (15)
are replaced with the components H*%.; 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 Runge-Kutta method [27-29]
was employed with a time step of 10-12 s, which satisfies the stability criterion. After each
integration step, the magnetization vector m® was renormalized to ensure that the
condition Im®| = 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 a
chosen according to [24]. The characteristics are listed in Table 1.

Table 1. Key parameters used in the simulation

Parameter Value
Saturation magnetization /s, emu/cm?® 480
Anisotropy constant K,, erg/cm? 135000
Particle diameter do, cm 10-¢
Cylinder height d, cm 104
Cylinder radius R, cm 0.5-10*
Volume concentration ¢ 0.3
Damping parameter a 0.1
External magnetic field Ho, Oe 100...600

The easy axes of magnetization of the particles were uniformly distributed along the
six coordinate directions (* x, ¥y, *2z), 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 7T=0 K and Ho = 600 Oe is shown in Fig. 1. Figure 2 presents the results for
the averaged magnetization vector of the ensemble.
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Fig. 1. Time dependence of the components of Fig. 2. Time dependence of the components of the
the normalized magnetization vector of the j-th ensemble-averaged magnetization at 7= 0 K and
particle with its easy axis aligned along Ho = 600 Oe
the x-axis, at T=0 K and Ho = 600 Oe
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The obtained results (Fig. 1) demonstrate the relaxation of m, toward an equilibrium
state and the gradual decay of m, and m,. 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
n® updated at each time step. The results of numerical modeling of the magnetization
dynamics of the /-th particle, whose easy axis is aligned along the x-axis, in an ensemble
of superparamagnetic particles at 7= 300 K and for H, equal to 100, 200 and 300 Oe are
presented in Figs. 3, 4, and 5, respectively.
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Fig. 3. Time dependence of the components of the Fig. 4. Time dependence of the components of the

normalized magnetization vector of the j-th normalized magnetization vector of the j-th
particle with its easy axis aligned along particle with its easy axis aligned along the x-axis,
the x-axis, at T =300 K and Ho = 100 Oe at T=300 K and Ho = 200 Oe
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Fig. 5. Time dependence of the components of the Fig. 6. Time dependence of the components of the

normalized magnetization vector of the i-th normalized magnetization vector of the i-th

particle with its easy axis aligned along particle with its easy axis oriented opposite

the x-axis, at 7= 300 K and Ho = 300 Oe to the z-axis, at T=300 K and Ho = 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 7= 300 K and for Ho equal to 100, 200 and 300 Oe are
presented in Figs. 6, 7, and 8, respectively.
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Analysis of the time dependencies of the magnetization vector components
(Figs. 3-8) 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 dipole-
dipole interacting superparamagnetic nanoparticles based on the Landau-Lifshitz-
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 Runge-Kutta method, which ensures numerical stability and accuracy at a small-
time step (time step 10712 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 Landau-Lifshitz-Gilbert 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, microcracks,
microcavities). 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.l 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.etal. [13] carried out
mathematical modeling of processes. Sugihara T.etal.[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 AK.[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.A. 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 150-125 ym. 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 1.2-2.5
times, increase in labor productivity up to 50 %, improving working conditions and
production culture, reduction of processing costs by 1.5-2.0 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 (20-25)-10'? on an oil film area of 1 cm?. 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 [11-13]. 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
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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 100-200 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 x 12.7 x 3.0 mm?* (brand "Borsinit", hardness of
38-40 GPa) and a cylinder & 7.5 x 5.0 mm? (brand "Composite 05IT", hardness of 18-20
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).

7

Fig. 1. External appearance of ceramic samples Fig. 2. Scheme of operation of a single grain at
(38-40 GPa) 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— o-Cut, (1)
where C, is the tool life coefficient, t is total operating time of magnetic powder.

Then amount of removal Q. of workpiece surface during time t (taking into account
wear of powder) can be found using the equation:

AQ. = A4V, = [aharctghtaﬂ - rozsinacosa] akchlzﬂ (1—e Cut), (2)
Area of ellipsoid segment of cutting grain in axial section is equal to:

Siegm = aharctg% — r&sinacosa, a = arctg%. (3)
With regard to taking into account all factors influencing processing, it is necessary

to introduce a coefficient that depends on formation of chips k. 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
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k. is determined from reference books on abrasive processing operations.
Then material volume removed from surface of workpiece by one cutting grain will be:

Ve = Scak. = [aharctghi% — rozsinacosa] ak.. (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]:
akchNTTrnp

(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.

htga .
Q=V,= [aharcthg — rozsmacosa]

0,05
1

2

0 20 40 Processing time T, min

Remove of
material Q,
mg

o

Fig. 3. Dependence of removed material on processing time: 1 - processing with small addition of
artificial diamonds; 2 - 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:

_vae
=", %

where At is contact time of abrasive and sample surface.
Area of elementary contact patch is determined by the equation:

M, = 1”—6V2At2. (8)
Contact area of abrasive and sample during movement can be calculated:

A =n'AA, = 1£6V2At2n', ©)
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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).

| |
\l/ Ppress \l/ Ppress

A Q990 s
Abrasive WW material
material

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 (A;s) and hard (A,») abrasives and results were compared:
0.9-0.022 0.9-0.028 314 , o 2 _ c 5
dy = = 0.05 mm, d;=———— = 0.062 mm, AAh——09 -0.022% =7.6-10° mm?,
AAs=>20.92-0.0287 = 1.2:10* mm?, Ay = 5-220.92.0. 0222 = 3.9-10* mm?,

3.14
314-

As=7- —092 0.028%2 = 8.7-10* mm?2.

Analyzmg 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 [23-25]. 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-UDM;2 - AC6; 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].

oo

£ 0,015

= / 0,003 Q mg
(]

>

g 001 0,002

g

= 0,005 M—’f/ 0,001

% 0 T T T 0

2 0 1 2 3 4 5

Abrasive used

Fig. 6. Material removal from applied abrasive Fig. 7. Influence of diamond powder
material (mixture): 1 - monocorundum; concentration in suspension on amount of
2 - monocorundum + white corundum:; material removed during ceramic processing:
3 — monocorundum + 15 % ASM 20/14; 1 - UDM (15, 10, 5 %, respectively);
4 - monocorundum + 15 % AC6; 2 - AC6 (15, 10, 5 % respectively);
5 - monocorundum + 15 % UDA 3 - ASM (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

AR

i 20 a0 &0 &0 100 120 140 160 180 200 220 240 260 280 300

Fig. 9. Surface profiles after (a) 10, (b) 30, and (c) 40 min of processing. R, = 0.21x 103, 0.19x 103 and
0.13x 103, respectively

(b)

Fig. 10. Optical microscopy images of sample surface (x500) 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
Rq (3) = 0.11 pm 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 R, = 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 (x10%) 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 R, =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 kl/mol. It was found that the Bell-Boudoir reaction is a limiting factor
in the process.
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topokinetic approach e graphite e dispersed iron-graphite waste ¢ cast iron ¢ carbothermic self-healing
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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 um. 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 [4-6].
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 (os) depending on chemical composition of dispersed liquid carbon dioxide
is in range from 22 to 45 A-m%*/kg and specific electrical resistance (p.) is in range of
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(4.18-0.46)-10* 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 o5 increases to ~ 180 A-m%*/kg while
maintaining low value of p, ~ 2:10*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 um) 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 — 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 impuirities). Initial dispersed DIGW of mixing section with fraction
of less than 160 um 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 — 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 O (initial state) to 168.5 A-m?/kg after its complete completion after 40 min [2].

Figure 1(a) shows set of curves of recovery degree of wustite (&) 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 N, CO, H; [13], and in [14] during reduction of hematite
with a gas mixture of CO-CO..

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/CO; 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.
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Fig. 1. Kinetics of CTSH of "wustite-graphite” sample [11] (a) 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 °C maximum rate of wustite reduction was 0.022 min™ and it was
achieved between the 20" and 25 min from beginning of the experiment; at 990 °C the
maximum rate was 0.026 min™ and it was achieved between the 15" and 20" min from
beginning of the experiment; at 1030 °C the maximum rate was 0.044 min™ and it was
achieved between the 10" and 15™ min from beginning of the experiment; at 1050 °C
the maximum rate was 0.085 minand it was achieved between the 5" and 10" 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 [13-15].
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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 [16-18]. 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)) [21-23] equations were used in turn to compare results
of the analysis:

= el &
a=1-—exp(—pth), 2)

where « is degree of conversion, da/dt 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(a*?) 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 Eqg. (1) for all experimental temperatures and their natural
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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

T,°C k Ink

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 E..

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: E; = 216.16 kl/mol. It should be noted that such a level of E, 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 °C. 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 ko in equation is determined:

k = kyexp(—E,/RT) . (3)
From Eq. (3) taking into account found value ko, = 2.6:10* expression is obtained:

k=26-10*exp(—216.16/RT) 4)
Rate of the process according to the Roginsky-Schulz equation:

W =26-10*exp(—216.16/RT) a?/3. (5)
From Eq. (5) degree of transformation:

a = [0.867 - 10* exp(—216.16 - 103 /RT) 7]3. (6)

To evaluate obtained result, experimental points (exp) and points calculated
according to Eq. (6) (calc) are plotted on graph of a(r) 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 f 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 In(-ln(1-a)) on Int was constructed and analyzed (Fig. 5(a)). From Fig. 5(a)
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(b) comparison of data obtained during the experiment and in calculations using the Avrami-Erofeev equation;
(c) dependence of [-In(1-a)]1/n on T under experimental conditions

Table 2. Results of calculations of coefficients of the Avrami-Erofeev equation

No T, °C n Ing 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 In(-ln(1-a)) on Int 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 = 1.4 indicates that process of FeO
reduction occurs in kinetic region.

For further calculations the Avrami-Erofeev equation is transformed into form [13]:
[—in(1—a)]Y/™ = kr. 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. T, °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 E, graph in
Arrhenius coordinates was constructed based on data in Table 3 (see Fig. 6). Calculation
of E, 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 [24-26].
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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
Eq is 444 kI/mol. At the same time for complete understanding of the process kinetics
[28-30], 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 [31-33]. 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 £, is equal to 141.34 kl/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 Zn0 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. UV-Vis 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 10%* cm. 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
(E; > 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 TiO,, ZnO, NiO, Sn0O,, and Ga;0s. 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
107 Q-cm at room temperature [2-4]. 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 [5-7]. Consequently,
heterojunctions employing ZnO or NiO are being actively investigated for optoelectronic
applications [8-10].

Zinc oxide (ZnO) is an n-type semiconductor belonging to the II-VI group, exhibiting
a hexagonal wurtzite structure with space group P6smc and lattice constants a = 3.25 A
and ¢ =5.20 A [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 [11-16]. 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 10'® - 10 cm>[17]. This procedure
causes high resistivity, significantly limiting the performance of the device. To overcome
these problems, group IlIA 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 [18-20]. 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, metal-organic chemical vapor deposition, and
atomic layer deposition.

Nickel oxide (NiO) is a highly promising material for forming p-n junctions with
ZnO0. It crystallizes in a face-centered cubic rock-salt structure (space group Fm-3m) with
a lattice constant of a~4.17 A [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 3.4-4.0 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
Ni** content, which serves as a source of free carriers. This approach enabled the carrier
concentration to exceed 10* cm [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 x 10'® and
4.29 x 10 cm~3, mobilities of 2.26 and 6.02 cm?/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 RK. 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 x 10'® and
6.5 x 10° 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 Norde’'s 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 [27-31].

In this work, we fabricated a p-n NiO/AZO heterojunction via RF magnetron
sputtering-a 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 J-V characterization, which points to
possibilities for the potential for practical device applications. XRD, UV-Vis, 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 x 107 Torr
to completely remove impurities and moisture. The AZO film deposition process was
carried out at a temperature of 200 °C 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 x 107 Torr, an RF power of 70 W, and an
Ar:0; 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).

RF-magnetron
RF-magnetron Sputtering

Sputtering ﬂ ﬂ
H ﬂ ﬂ NiO (250 nm)
AZO (280 nm) AZO (280 nm)

Fig 1. The process of fabricating a p-NiO/n-AZO heterojunction using the RF-magnetron sputtering method

NiO (250 nm)
AZO (280 nm)

Glass Substrate

Glass Substrate
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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 /-V 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
260=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 a;) determined to be 5.19 A
[33]. Meanwhile, the diffraction pattern of NiO thin film shows the appearance of two
main peaks: (111) at 26 = 36.43° and (200) at 26 =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 ai) estimated to be
approximately 4.25 A [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:

Aa — 2(al—a2) , (1)
a£+a22)
__ 4(at+a3
_ 14z
o \/E(a1+a2) ’ (3)

where a,, a, represents the lattice parameters of the contacting material, N, is the
minimum concentration of surface states at the heterojunction, x 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 | 26,° (hkl) Lactice parameter Aa,% | x107cm | N 103cm?
ai, A a, A
AZO 3454 | (002) - 5.19
36.43 111 ]
Nio (111) 425 B 19.92 1.65 3.7
4273 | (200)

The lattice constant deviation between NiO (cubic) and AZO (hexagonal) was
calculated to be -19.92%, 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 x 101> cm2. 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]:

- 1
a=d|n(3)], (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 (E;) was then determined using Tauc’s
formula [36]:
ahv = A(hv — E,)", (5)
where «a is the absorption coefficient, A is the band edge constant, hv is the photon
energy, and k = 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 x 10 cm and 0.9 cm?/V-s, respectively, while for the NiO thin
film, they were 2.36 x 10¥ cm® and 1.02 cm?/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

Thickness, T %, Optical Carrier Carrler' Mobility,
Sample am 400-800 nm bandgap, tvpe concentration, cmV-s Ref.
eV yp 10 ¢m™3
AZO 280 92 3.36 n -2.19 0.9 [33]
NiO 250 52 3.45 p +2.36 1.02 [34]
15
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Fig 2. Linear (a) and semi-logarithmic (b) J-V characteristics of the NiO/AZO diode
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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 J-V characteristics in the dark
mode and the changes in characteristics under illumination are shown in Fig. 2(a) (lLinear)
and Fig. 2(b) (semi-logarithmic), with the open-circuit voltage V.. (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 J-V 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]:

J=Jo"exp (e~ 1. (6)

Here g is the electron charge (1.6 x 10 (), Kz is Boltzmann constant (J-K?),
T is the absolute temperature (K) and J, is the reverse saturation current:

Jo = AA' T%exp (-q%)’ (7)

KgT
where A is the area of the diode (1 cm?); A" is the Richardson constant of the p-NiO/n-ZnO
heterojunction (0.062 A cm2-K?) [39].

The effective barrier height is determined [24,38]:
=S ®
with Jo determined from the extrapolated results in the linear region of the In(J) curve
with respect to V at the time V= 0.

In()) is determined:

14
Inj = nl‘iBT +1InJ,. )
The ideal factor (n) is determined:
-4 (10)
KpT dinj

Under dark light, the ideality factor (n) and effective barrier height (¢s) 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 —= 3.0 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 (V,,) 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/Zn0O/Au PLD ~0.35 4.10 [26]
Al/NiO/Zn0O/AlL Sputtering ~3.00 - [25]
Au/ZnO/NiO:Li/ITO PLD 1.00 2.00 [22]
Pt/NiO/Zn0O/ITO Sputtering 0.5-1.1 1.36-1.41 [42]
C/Zn0O/NiO,/Au Inkjet printing 2.20 - [43]
Au/NiO/Zn0O/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"-h") 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.
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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 (y) 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 (AE;) and valence band offset (AEy)
are determined according to equations [35]:
AEc = Ecy —Ecz = X2 — X1s (11)
AEy = Eyy — Ey, = (it Eg1) — (X2 + Eg2)- (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 Il (type-Il 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 Il, 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"—h"). 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, nn=2.36 x 10 cm™, u,=1.02 cm?/V:s) and the AZO thin film
(T % =92 %, Eq=3.36 €V, n,=2.19 x 10*° cm?3, u, = 0.90 cm?/V-s). The J-V 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.
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AHHOTALMUSA

OnucaHbl TEXHONOTMM W3rOTOBNEHWUS KOMMO3WTOB C MOBLIWEHHOW W3HOCOCTOMKOCTbIO Ha OCHOBE
dToponnacta-4 (MTM3), nonyyeHHbIX BBEAEHMEM B KayecCTBE HAMOJHUTENEN MeXaHOAKTMBUPOBAHHbIX
CNOUCTBIX CUAMKATOB (KAOAUHWT, CEprneHTUH, BEHTOHWT) M LINUHENM MarHus, OCHOBHbIE pe3yNbTaTbl MO
UCCNefOoBaHWMI0 M3HOCOCTOMKOCTM, CTPYKTYPbl M XMMMYECKOTO COCTaBa MOBEPXHOCTM TPEHUS METOoAAMM
3/1eKTPOHHOM MUKpOCKonuu 1 UK-cnekTpockonuu, U AaHHbIE MEXAHUYECKUX UCTIbITAHWUI: CEMENCTBA KPUBbIX
PacTHKEHMS C Pa3HbIMM CKOPOCTAMU [0 PA3PYLIEHWUS, KPUBbIX HAFPY>XXEHUSI M Pa3rpy3kM C pasHbIMM
CKOpPOCTSIMU U KPUBbLIX MOM3Y4YECTU M BOCCTAHOBAEHUSI /1Sl Pa3HbIX YPOBHEN HaMpsKeHWs, NMosyYeHHble B
ucnbiTanmsax MTMO3 M wect KOMNO3UTOB, AUCNEPCHO-HAMONHEHHbIX CEPMEHTUHOM U LUMMHENbI0 MArHUs C
mMaccoBoi poner oT 1 4o 5 %. lNpoBefeH NepBUYHbLIA aHaNW3 BbIPAKEHHOCTM HACNEeACTBEHHbIX CBOMCTB
MaTepuanoB, B YaCTHOCTM CKOPOCTHOM YyBCTBMTENbHOCTM, CMNOCOOHOCTM K TEYEHUK MpU MOCTOSAHHOM
HanpsHKeHUU, MON3Y4eCTU U BOCCTAHOB/IEHUIO MOCAE Pa3rpy3ku, U BAUSHUS HA HUX COCTaBa, COCTOSHUA U
ponv HanonHutenei. OnpeneneHbl 6a30Bble XapaKTEPUCTUKM MaTepuanoB: MTHOBEHHbIA MOAYNb, Npenen
TEKY4YeCcTH, HanpshkeHue u aedopMauus Npu paspbiBe B 3aBUCMMOCTM OT CKOPOCTM HarpyxeHus. ocne
MEXaHWYEeCKMX WCMbITAaHUMA Ha CKaHMPYHOLWEM 3NEKTPOHHOM MWMKPOCKOMEe WCC/efoBaHbl W3MeHeHUs
MWUKPOCTPYKTYpbl MTM3 M KOMMO3UTOB C pasHbIM COAEPXaHWEM HaMOJIHUTENEN B 30HAX pa3pyLleHus
06pasuoB (MO CPAaBHEHUIO C UCXOAHOM CTPYKTYpOH). [pn aHanm3e HakonJIeHHOro 06beMa AaHHbIX UCNbITAHWI
oOHapy)XeHbl BbiCOKas [Ae(dOpPMATUBHOCTb MATepUaNioB, BbIPAXEHHbIE HAC/EACTBEHHbIE CBOWCTBA,
CNOCOBHOCTb MaTepuanoB MoA3TM (TeYb) NPM MOCTOSAHHOM Harpy3ke W HakanauMBaTb HeobpaTuMyto
(nnactuueckyto) aedopMaLmio, 04EHb BbICOKAS CKOPOCTHAs YYBCTBUTENbHOCTb, CUMJIbHOE BAMSIHWE MasibiX
[ONIe HANoOAHWUTENENM HA CTPYKTYpYy M MeXaHW4eckue CBOMCTBA. XOTS M3HOCOCTOMKOCTb MOJYYEHHbIX
KOMMO3WUTOB 3HaYMTENbHO Bbile, YeM MNTd3 (B 2000 pas), ux KpuBble 4ePOPMUPOBAHUS KaYECTBEHHO Mao
oT/IM4aoTCs oT KpuBbIX MTMI: Ha BCeX KPUBbLIX €CTb AJIMHHAA MIOLLAAKA TEKYYECTU U CTafUs YNPOYHEHUS
nocsie Hee, HaNPSKEHMUS PacTyT C POCTOM CKOPOCTU PACTSKEHUS, MPUYEM Npeaes NPOYHOCTM ropa3ao cnabee
33aBUCUT OT CKOPOCTH, YEM Mpefen TeKyyecTu 1 aedopmauus npu paspylleHnn. B ucnbiTaHUax Ha Harpysky-
pa3rpy3ky 06Hapy>eH MHTEpPEeCHbIN GU3nMYecknii SMOEKT: Ha KPUBbIX Pa3rpy3ku Npu AOCTAaTOMHO HGonbLIMX
MaKCMManbHbIX HaMNpsHKeHWUSX MPOLOIKAETCS 3aMeTHblM pocT AedopMauMM M Ha HayalbHOM 3Tane
pasrpysku, MakCMMyM AedopMaLMm 3anasibiBaeT Mo CPABHEHMUIO C MUKOM HArpy>XeHUs. ITOT "MHEPLUOHHBIR"
3¢ deKT CBUAETENBCTBYET O CUNbHO BbIPAXKEHHOW MAMSATU UCTOPUM HArpY>KEHUS U HABMOAAETCS KAK Y YUCTOrO
MTM3, Tak U y BCEX UCMbITAHHbBIX KOMMO3UTOB.

KJTKOYEBDIE CJIOBA

nonuteTpadToOp3TUAEH ® HAHOKOMNO3UTHI * ddeKTbI ] MoAenu BA3KOYNPYronaacTM4HOCTH,
KBA3MCTAaTUYECKUE MCMbITAHUS ® AMarpaMMbl 4ePOpPMUPOBAHUS ® CKOPOCTHAs YYBCTBUTENIbHOCTb, KPWBbIE
Harpy3Ku-pasrpy3ku ¢ KpMBbIE MNOA3Y4ECTM M BOCCTAHOBNEHUS ® KPMBbIE peflakcaLmm
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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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BeepeHue

[laHHaa cTaTbs — npsMoe npoJosiXeHue (BTopas 4actb) ctatbu [1]. B [1] onucaHbl
TEXHONIOMMU U3rOTOBNIEHMUS KOMMO3UTOB C MOBbILEHHOM M3HOCOCTOMKOCTbID HAa OCHOBE
MTM ¢ pa3HbIMM MENKOAUCNEPCHBIMU HAMOIHUTENSMU U OCHOBHbIE pe3ynbTaTbl PaboT no
MCCNefoBaHUIO CTPYKTYPbl M XMMUYECKOr0 COCTaBa MOBEPXHOCTU TPEHUS MeToAaMu
3N1eKTPOHHOM MUKpockonun n MK-cnekTpockonuu 1 NOBbILWEHUK M3HOCOCTOMKOCTU 3TUX
MaTepuanoBs 3a cyeT 06pa3oBaHMS NIEHKM NEPEHOCA U BTOPUYHbIX CTPYKTYP B pe3ynbrarte
TPMBOOKMCANTENBHBIX NpoueccoB. ONUcaHbl Lenn n cuctema NporpamMMm KBasmcTaTuyeckmx
MCMNbITAaHUMA  NONIMMEPOB WM KOMMO3MTOB AN BCECTOPOHHEro  WM3y4YeHus  UX
BS3KOYNpPYroniactMyeckux CBOMCTB (COBOKYMHOCTM BCeX HabMOAaeMblX B MCMbITAHUAX
3¢ eKTOoB), BOSMOXHOCTU IMHENHOTO onpeaenstouiero cootHoweHus (OC) Ba3koynpyroctu
e(t) = [, 1(t — 1) do(2), o(t) = [, R(t — 7) de(7), t > 0 (1)
n 4yeTblpex 6onee obwmx dusnyeckn HenmHerHbix OC BA3KOYyNpyronaacTMYHOCTU C
WKMPOKMMKM 06NacTaMmM NpuUMeHMMocTn [2-13] (0AHO M3 KOTOPbIX YYMTbIBAET B3aMMHOE
B/MSIHWE 3BOMIOLMM CTPYKTYpbl MaTepuana u npouecca gecdopmuposaHua [11,12]) no
OMMCAHMIO YKa3aHHbIX 3PHEKTOB U METOA0/I0MMS aHANM3a AAHHbIX UCMbITAHUI U BbIOOPa
afeKBaTHbIX OnpefensolWmx COOTHOLWEHWUA ANg UxX MoaennpoBaHus. B yactHoctH, B [1]
paccMOTpeHbl MpuU3HakKuM GU3NMYECKOM HeNMHEeMHOCTM NOBeAeHUs MaTepuanos, T.e.
MHOMKATOpbl HenpuMeHuUMocTn nuHenHoro OC (1) ¢ npou3BONAbHBIMU  DYHKLMAMMU
nonsyyecty u penakcaumm I1(t) v R(t) (3TM MmaTepuanbHble QyHKLMM HE HE3ABUMCUMDI, A
CBSI3aHbl YC/IOBMEM B3aMMHOW 06paTHOCTM onepatopoB (1) B BMAE WHTErpanbHOro
ypaBHeHus BonbTeppbl [4,9]), KOTOpble MOXHO OBHApPYXWTb B MCMbITAHUAX MO Pa3HbIM
NporpamMMaM HarpyxeHus,, crnocobbl o4YepTUTb [AManNa3oH JIMHEMHOCTU MOBeAeHUs
BA3Koynpyroro matepuana. OnucaHbl MCNbITAaHUS ANS  IKCNPecc-AMarHOCTUKM  TUNa
NnoBeLEeHNS MaTepuana, ec/iv XapakTepu3oBaTb €ro KaTeropusamMu yrnpyruim, BasKoynpyrum,
BS3KOMNACTUYHbIN, YNPYrOBA3KOMIACTUYHBIN, U METOA0M0rMS BbI6Opa afeKkBaTHOW MoAenu
AN ONUCAHUA NOBEAEHNS KOHKPETHOro Matepuana.

Bo BTOpOM YacTu cTaTbm NPUBOASATCA AAHHbIE UCMbITAHUIA HA PACTSXKEHUE NO Pa3HbIM
nporpamMmaM Harpyxenus obpasuos MNTAMD M KOMNO3MTOB HAa €ro OCHOBE: CEMEWCTBA
AMArpaMM paCTSKEHUS C Pa3HbIMU CKOPOCTAMM A0 Pa3pyLUEHMS, KPUBbIX HArpyxeHus u
pa3rpy3ku C pasHbIMU CKOPOCTAMM, KPUBbIX MON3YYeCTU U BOCCTAHOBAEHMUS AN Pa3HbIX
ypoBHel HanpshkeHus. bypetr uccnepoBaHa BbIpaXXEHHOCTb HACNeACTBEHHbIX CBOWCTB
MaTepuanoB (CKOPOCTHas YyBCTBUTENIbHOCTb, CMOCOOHOCTb K TEYEHWMK0 MpU MOCTOSAHHOM
HanpsxeHun, pecypc AePopMaTMBHOCTM M CNOCOBHOCTb K BOCCTAHOBNEHMIO nNocCne
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pa3rpy3ku, 0COBEHHOCTU KPUBOM pasrpysku), onpepeneHbl MIHOBEHHbIM MOAY/b, npeaen
TEKYYeCTU, HanpspkeHne u gedopmauus nNpu paspbiBe B 3aBUCMMOCTU OT CKOPOCTM
Harpy>xeHus, HayaT aHaAu3 BAWMSHMS HA HUX COCTaBa, AOM W Pa3MEpPOB YaCTUL,
HanonHuTenen. JKCnepuMeHTasbHble KpuBble OyayT CONOCTaBfieHbl C MOAENbHbIMU
KpuBbiMK [1, Puc. 5-16], nopoxagaembiMu pasHbiMu OC [2-13] npu HarpyxeHusx no Tem
Xe nporpammam.

3ap4ayun BCECTOPOHHEr0 3KCMEePUMEHTANIbHOrO U3YYeHUs BS3KOYNPYronnacTuyecknx
CBOMCTB MaTepuanos (MOAMMepoB, METAJIIOB U CMNJIABOB, KEPAMUK, KOMMO3UTOB C Pa3HbIMU
TMNAaMK MaTpUL, U HAMONHWUTENEN) NPU Pa3HbIX TEMMEPATYPaX U PEXMMAX HarpyxeHus,
co3paHua (ynobHoro ans nonb3oBartenen) 6aHka 3TMX CBOMCTB B BuAe HAabOOPOB KPUBbIX
MCMbITAaHMMA NO pa3HbiM  63a30BbIM M ChNeuuManbHbiIM MPOrpaMMaM  HarpyxeHus W
Habnwpaembix 3QPeKToB, a He TONbKO HECKOJIbKMX MNPOCTENLMX  CKANSPHbIX
XapaKTepucTnkK (MOAynb YMNpyroctu, npenen npoYHOCTU MpPU PACTSHKEHUWU, CKATUKU UK
nsrnbe, nedpopmaumsa npu paspyweHmm), npobnema Boibopa afeKBaTHOIO onpeaensoLLero
cooTHoweHus (OC) M HagexHoro MoAenupoBaHWS NpoLeccoB AedOpMUPOBAHUSA U
pa3spyweHuns, [AUTENbHOW MNPOYHOCTM W [ONITOBEYHOCTM  BA3KOYMPYromniacTUYHbIX
MaTepPMaNoOB M 3/IEMEHTOB KOHCTPYKUMM C YYETOM (HU3MYEeCKOM WU reoMeTpuyeckom
He/IMHEeMHOCTEeN, HacneacTBEHHOCTM WM CKOPOCTHOM YYBCTBMTENbHOCTM MO-MPEexXHeMy
OCTAKOTCS AKTYaNbHbIMU B MEXaHWKe, MaTepuanoBefeHMM M MPAKTUKE MHXEHEPHbIX
pacyétoB. M3-3a ObICTPOro pocCTa KO/AMYEeCTBA HOBbIX MaTepuanoB M Mogenem png
OMMUCAHUS UX MOBEAEHMS M MNOBbIWEHUS TpeboBaHWMM K Becy, pa3Mepam, YAenbHOM
NMPOYHOCTU, [ONITOBEYHOCTU, HALEXKHOCTU U IKOHOMUYHOCTU 31EMEHTOB KOHCTPYKUMUIA U
MeXaHM3MOB, NePBOCTEMNEHHYH POJib UTPAKOT BOMPOCHI NOCTPOEHMS UK BbiGOpa (M3 COTHM
cywecTtByowmx) ageksatHbix OC, aHanun3a 1 nacnopTM3aLmm MX CBOMCTB, BO3MOXHOCTEN U
obnactm  npuMeHUMocTH, cdep BAMSHUS UX MaTepuanbHbiX  QYHKUMM (MD) U
heHOMEeHONOrnyeckMx orpaHnYeHnin Ha Hux. C 3TMM BOMPOCAMMU TECHO CBSI3aHbl 3a4auu
pa3paboTkn MHPOPMATMBHbBIX, HO IKOHOMMYHBLIX KOMMIEKCHbIX MNPOrpaMM MCMbITaHUM
obpa3uoB MaTtepuana (KenaTeNbHO He CAUWKOM OJIUTENbHbIX UM MHOFOYMCEHHBIX),
MEeTOAMK ONnpeaeneHuns MatepumanbHbiXx napaMetpoB U @yHkuuin OC no mx pesynbTatam
(noenTudukaumm) n sepudukaumm OC (cMm. ctatbmn [2-13] u Ap., NOCBSLLEHHbIE AaHANN3Y,
arrectauum n umaeHtupukaumm nmHerHoro OC (1) m natm Gonee o6wmx dm3mMyecku
HennHerHbix OC  BA3KOYNPYronnaCcTMYHOCTM C  MPOM3BOJIbHBIMM - MaTepUanbHbIMU
byHkunamm (MO).

MonutetpadtopatuneH (NTD3, dToponnacrt-4) — WKMPOKO UCMONb3yEMbIA BO BCEM
MUpe nonuMep, oH obnapaet 60/bWMM HAabOPOM NoNE3HbIX (M BO MHOTOM YHWUKasbHbIX)
XUMUYECKUX U PU3NKO-MEXAHMYECKMX CBOUCTB [14-86]: 1) oueHb HU3KMIN KOIPDULMEHT
TpeHus, 2) rmapo@obHOCTb M OTCYTCTBME HANMMAHUA APYrMX MaTepuanos, BKIKOYAS U
aaresumBbl, K noBepxHocT wsgenui u3 [TA3, 3) HU3KMEe BOAONOMNOLLEHNE U
ra3onpoHMLAEMOCTb, BbICOKAs CTOMKOCTb K arpeCcCMBHbIM CpeaaM, K BO3AEWCTBUIO BOAb,
cgeta, Y®-usnyyeHus, NpuUpPOAHbIX 3arps3HeHui, 4) BbicokMe [edOpMaATUBHOCTb U
NNacTMYHoOCTL (0becneymBatolLme Wmpokoe npuMeHeHue MTMOI B kauecTBe MaTepuana ang
YNJIOTHEHUN W repMeTukoB [14-22,26,27]), 5) ¢usnonornyeckas HeEMTPanbHOCTb,
6) COXpPaHEeHWe MHOMMX LEHHbIX (U3MKO-MEXAHMYECKMX CBOWCTB M  BO3MOXHOCTb
3KCMyaTaumm Npu HU3KMX U KpUOreHHbIX TemnepaTypax (ot -260 go +260 () [20,22,24,27].
Bbnaropapsa 3tmum ceoictBam MTMD MMeeT WMPOKUIA CNEKTP MPUNOXEHMI B PasHbIX
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0TpPacNsAX NPOMbIWIEHHOCTU U TEXHUKWU: MAWMHOCTPOEHUNU, TPAHCNOPTE YrNeBo40pOaOB,
CTPOUTENbCTBE, JNIEKTPOTEXHMKE, MeauUMHe, NULLEBOM, LWBEMHOW, XUMUYECKOM
NPOMbIWNEHHOCTH, BOEHHOM M a3pokocMuyeckon TexHuke. MTM3 ocobeHHO 3ddekTnBeH
B KayecTBe YNJOTHUTENbHOro U TpuboTexHmnyeckoro matepuana [14-22,26,27,51-86].

MN3-3a HM3koro kosdpopuumeHta TpeHuns MNTAOD WMpPOKO NPUMEHSETCS B KayecTse
OCHOBbl KOMMO3UTOB ONS1 M3rOTOBNIEHUS OEeTaner CaMblX OTBETCTBEHHbIX Y3/10B TPEHUS
(nogwunHMKoB, onop MoctoB M T.n). [14,17,20,22,31-86]. OH He 3amMeHMM B y3nax
«CYXOro» TPeHUs, MOCKONbKY HEe TONIbKO UMEET HU3KUI KO3DDULMEHT TPEHMS NO CTaNU, HO
n obnapgaeT camocMasbiBaOWMMK cBoncTBaMU. OfHO M3 OCHOBHbIX NpenmMywecTs MNTMI un
KM Ha ero ocHoBe nepepn Apyrmmu noaumepamm — obecneyeHne pabotocnocobHOCTH y3na
TpeHus 6e3 NpMMEeHeHUs CMa3ku B YCNIOBUAX LMKINMYECKOro 06pa3oBaHUS U yAaNeHUs
nneHkn nepexoca [85]. [letanu, M3rotoBneHHble Ha 0cHoBe TaknMx KM, nMelT MeHbluyto
MacCy M CHUXAKT TPAHCMOPTHbIE PacxoAbl, He 6OATCS HU3KMX TeMNepaTyp M arpeCcCUBHbIX
cpen, pabotaloT npaktuyecku 6HecwyMHO, obnagatoT gemndupyrowen cnocobHOCTLH,
MOBbILLAKT HAAEXHOCTb U AONTOBEYHOCTb (XOPOLLO CNPOEKTUPOBAHHbIX) Y3/10B MALUMH.

OpHako y MT®D ecTb M HeaOCTaTKU: OH 00/M1aQaeT HU3KOM WM3HOCOCTOMKOCTbIO,
6onbwuM  KOIPDUUMEHTOM  JIMHEMHOrO  TEPMWMYECKOro  paclIMpeHus,  BbICOKOW
nedbOpMaTUBHOCTbIO (3TO CBOMCTBO nonesHo B npumeHeHuax [MNTAO3 B kayecTse
YMNNOTHEHWI U TEPMETUKOB, HO BPeAHO BO MHOTUX APYrnx 061acTsax npumeHeHus) u bbicTpo
HakKanaMBaeT NAacTUYeckyo aedopMaLmio Kak Npu NOCTOSHHOM, TaK U MPU LMKINYECKOM
Harpyskax: noABepXeH NoN3yyYecTu (X1a40TeKyvyecTi) U pITYETUHTY AaXe NPU HeBObLLMX
Harpy3kax B HOpPMasbHbIX ycnoBuax. Ons ynydweHus CBOWCTB M pacwmpeHus obnactu
npumeHenus B NNTAMD BBOAAT pasHble HanonHuTenun [17-86]: yrnepoaHble u CTeKNsHHbIe
BOJIOKHA, OKCUAbl METANN0B, CMIMKATbI, AETOHALMOHHbIE HAHOA/IMa3bl, MOPOLLKM BPOH3bI,
avcynbdumpa mMonubaeHa, rpaduTa, KOKca, Caabl, Megu, HUTpuaa 6opa. bonblwMHCTBO
NPOMbIWNEHHO BbIMYCKAEMbIX MaTepuanoB Ha ocHoBe MTM3 - KOMMNO3MLMK C BbICOKOM
ponen HanonHutenewn (6onee 15-30 %), yTO NpMBOAUT K M3BBITOYHOMY MOBLILIEHWUIO
YEeCTKOCTU M XPYNKOCTM MaTepuana. Ha pbiHke Poccuu WiMpoko npeactaBneHbl cnegyrowme
mMapkn KM Ha ocHoe MTM3: ©®-4K20, ®-4K20M5, ®4C15, ®nyboH-15 n ®nyboH-20
[22,26,32]. 3T BblicOKOHanonHeHHble KM o06napatoT NOBbIWEHHbIMU U3HOCOCTOMKOCTHIO
(3o 1000 pa3 no cpaBHeHMIO € UCxoaHbIM MTM3) u MoayneM ynpyroctu, HO 3HAYUTENBHO
MeHbLLeN NoAaTAUBOCTbIO U pecypcoM AedOpMaTUBHOCTH, YTO CHUXKAET UX 3PDEKTUBHOCTD
B YN/JIOTHEHUSIX.

B pabotax [34,36,65-81] nokazaHo, YTO 3aMeTHOEe MOBbIWEHWe W3HOCOCTOMKOCTM
[OCTUraeTcsq nNpu BBEAEHMM MANoro KonauyectBa (80 5 %) HanonHuTenem (CepneHTuH,
KaO/IMHUT, BEPMUKYNUT, BEHTOHUT, LLEOSIUT, OKCUA, aNKOMUHUS, OKCUL, MArHWs, OKCUL KPEMHMUS,
6a3anbToBOE BOJIOKHO, YrnepogHoe BOJIOKHO) Mpu 3TOM AedhOopMaLMOHHO-NMPOYHOCTHbIE
XapakTepuctnkm nonyyaemoro KM coxpaHstotcs Ha ypoBHe unctoro [MTM3 nnm nosbiwakoTcs
(cM. Huxe). B pabotax [65-70,73,74,76-80] noka3aHo, 4TO BBeLeHWE MWUHEPaNbHbIX
CNonCTbIX cunmkaToB B [MTM3 npuBoauT K cHUXKeHuo usHoca B 700-2000 pas.

BonokHucTble HanonHuTenn npuaatot KM Ha ocHose MNTM3 npoyYHOCTb, XECTKOCTb U
nsHococtonkoctb [51]. B pabotax [70-72,77] ycTaHOBNEHO, YTO BBEAEHME 5 % KOPOTKMUX
YyrnepoAaHbIX BONOKOH MOBbiwaeT mu3HococTorkocTb KM B 70-80 pa3 no cpaBHEHWIO C
ncxogHoiM MTM3. OCHOBHOM HEAOCTAaTOK YrNepoOAHOro BOJIOKHA — €ro BbiCOKas LeHa (B
3aBMCMMOCTM OT TMMA M KayecTBa YrNepoaHOro BOJIOKHA, OT CMPOCA HA HEro B pasHbiX
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CerMeHTax pbIHKA ero LeHa MOXEeT CYLLEeCTBEHHO pa3nnyathbes). A cbipbe Ans NpoM3BOACTBA
MOXeT ObITb B 5-25 pa3 gopoxe, 4eM y CTeKN0BONOKHA. Bo3MOXHbIM Bonee pelueBbil
HanonHutenb ans MNTO3 - 6a3anbToBble BOMOKHA [50,81]: OHM 06napatoT BbICOKMMM
MeXaHUYeCKUMU XAPAKTEPUCTUKAMU U TEepMUYECKOM U XMMWUYECKOW CTOMKOCTbK, HO
TEXHONOMUS UX MPOM3BOACTBA 3HAUYMTENIbHO TMpPOLWE W MEHee >SHeproemka, Cbipbe
(NPUPOAHOro MPOUCXOXAEHUS) HE OFPAHUYEHO M 3HAYUTENbHO JAelleBne, a oTpaboTaslime
BOJIOKHA He 3arps3HSOT OKpyXawwyt cpedy. [lepsble wucnbiTaHus nokasanu [81],
4yTO BBeAeHUM 5 % KOpOTKMX 6a3anbTOBbIX BOJMIOKOH (aMameTpoM 8-10 MKM) CHuaeT
nsHoc KM B 55 pas no cpaBHeHnuto ¢ MNTO3.

HeobxoanMoCTb OCBOEHUSI pernoHOB APKTUKM pOXAAET MOBbIWEHHbIM CNPOC Ha
pa3paboTKky M MpUMEHeHue B TeXHUYECKMX YCTPOMCTBAX MOPO30CTOMKMX MaTepuanos C
ANUTENbHBIM CPOKOM cnyx6bl. [MTMD n paspabartbiBaemble KM Ha ero ocHoBe OYeHb
nepcnekTUBHbI AN pelleHns 3TuxX 3agad. [lepcnekTMBHbIM NpeacTaBAsSeTCcs U CoYeTaHue
YKa3aHHbIX HAanonHUTenen ¢ MeToaoM paauaunoHHon mogndukaumm MNTO3 obnyyeHnem
ManbiMW 403aMKM B pacniase (Y4yTb Bbille TemMnepaTypbl naasneHns kpuctannmrtos 327 °C),
KOTOpOe W3MeHsieT HagmonekynsapHyw cTpyktypy MNT®3 [41,42,46,83]; paboTa B 3TOM
HanpasneHun Bepetcs B coTpyaHundectse ¢ C.A. XatmnosbiM. Takum 06pasoMm, co3gaHue
KM Ha ocHoBe TMT®3 c ynyylweHHbIM KOMMIEKCOM 3KCMAyaTaUMOHHbIX CBOMCTB
npeacrasnseT 60MbWOW HAYYHbIM U NpakTUyYeckmi nHitepec. Mccneposanmsa KM Ha ocHoBe
MNTM3, npuMeHeHMe HOBbIX HAMOAHWUTENeW AN NOBblWeHUS (GU3NKO-MEeXaHUYeCKnX
CBOMCTB M pa3BuUTUE TEXHONOMMI n3rotosneHnss KM — BaxkHble 3a4a4u, pelueHme KOTopblxX
TpebyeT KOMMNIEKCHOro N0AX0A3, BKIOUAOLLEro MaTepuanoBenyeckme, TeXHONOrMYecKme,
MeXaHUKO-MaTeMaTuyeCckne u 3IKOHOMUYeCKme acnekTbl.

JTa pabota - BBOAHAA CTaTbsl UMKAA CTaTel, MOCBAWEHHbIX BCECTOPOHHEMY
3KCMEPUMEHTANIbHOMY  UCCNEeAOBaHUID  BSA3KOYMPYroniacTMyeckMx  CBOWCTB MU
MOAENMPOBaHMI0 NoBeaeHns dToponnacta-4 n HeCKoNbKUX ceMencts KM ¢ noBbIlWEHHOM
M3HOCOCTOMKOCTbID HA €ro OCHOBE, MOAyYeHHbIX B nocnegHue 20 net B nabopatopumsax
"TexHonormMm nonMMepHbIX HaHOKOMNO3uTOB" M ‘lMonnmepHble KoMno3uTel ang Cesepa”
CeBepo-BoctouHoro ¢enepanbHoro yHusepcuteta uM. M.K. AMMocoBa BBegeHuEM B
KayecTBe HAMoONHUTENe CNOUCTbIX CUIMKATOB (MEXAaHOAKTUBMPOBAHHbIE KAONMHUT W
CEepPNeHTUH, LWMMHEeNb MarHug) M KOPOTKMX 6a3anbTOBbIX MAW YrNepoAHbIX BOJIOKOH
[34,36,65-81]. B paHHOM uukne u3 8-10 craten BHMMaHuWe OyAeT COCpeAoTOYEeHO Ha
CUCTEMHOM MCCNefOBaHMM BCEro KOMMAEKCa BA3KOYNpyronaactuyecknx ceoncts MTMI u
YKa3aHHbIX HAHOKOMMO3UTOB (@ HE UX OTAE/NbHbIX XapaKTepUCTUK) U pa3paboTke cUCTeMbI
NporpaMM KBasuUCTaTUYECKMX TEPMOMEXAHUYECKUX UCMbITAHWUMA, NO3BONSKOWMX MONYUYUTb
MaKCUMMaNnbHO MONHYK WMHMOPMALMIO O pPeonorMyeckMx CBOMCTBAX MCCAedyeMblX
MaTepuanoB (KOTopblie B AanbHenwem OyayT ucnonb3oBaHbl Anga nacnoptusauumn KM um
nonbopa onpefensitowero COOTHOWEHUS WM MOAENUPOBAHUA UX AedOpMUPOBAHUS U
pa3spywenus [2-13,87-93]). B paHHOM cTaTbe, cocTaenswowen ¢ [1] eouHoe uenoe,
npuvBefeHa 4YacCTb MOMYYEHHbIX 32 nocnefHue Tpu rofda AaHHbIX MCNbITaHW 06pasLoB
MT®3 n KM Ha ero ocHoBe: ceMencTBa AMarpaMM pacTKeHUs C pa3HbIMU CKOPOCTIMU A0
pa3pylweHns, KPWBbIX HArpyXeHUs M Ppasrpy3kM C pasHbiIMUM CKOPOCTSMW, KPWBbIX
Mof3y4yeCTn U BOCCTAHOBNEHMSA ONS Pa3HbIX YPOBHEW HanpskeHus. B panbHerwem bynet
noApo6HO NpeacTaBneH BeCb HAKOMIEHHbIV 06beM AaHHbIX UCMbITAHWUI U OBHAPYXXEHHbIX
abdekToB, OyayT OeTanbHO MPOAHANM3MPOBAHbI M COMOCTAB/IEHbI CEMENCTBA KPWUBBIX
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nedbOpMUPOBAHUA MPU PACTSXKEHUU HECKONbKMX ceMencTB KM, KpuBble HarpyxeHus u
pa3srpysku, UX CKOPOCTHAs YyBCTBUTENbHOCTb M 3aBUCUMMOCTb OT TeMnepaTypbl, KpUBble
NoN3y4yeCTM M BOCCTAHOBMIEHMS MPU Pa3HbIX YPOBHAX HAMpsHXKeHWUs U TemnepaTypbl M
npoBefeH CPaBHUTENbHbIM aHANU3 CTPYKTYPHbIX M3MeHeHun uccnepyembix KM nop
LENCTBMEM Ppa3HbIX NporpamMm HarpyxeHus. [lo ceMencTBaM MNOCTPOEHHBLIX KPUBbIX
AedOpMUPOBAHUS, HArpyXXeHUs U pasrpysku M MON3y4yecTu, U BOCCTAHOBNEHUs Oyaer
OCyLeCcTBNATLCA  BbIGOP M NpoBepka WHAMKATOPOB MPUMEHUMOCTU K OMUCAHUIO
AedOpMUPOBAHUS  MCCIeAYEMbIX MaTepuanos natm  ¢usndeckn HenumHenHbix OC
BA3KOYNPYronaacTMYHOCTU, NOCTPOEHHbIX U OETaNbHO M3YYEHHbIX paHee B LMK/e CTaTeu
[2-13,91,92] v pp.

Pesynbtatbl ucnoitanuii o6pasuos NTMPD Ha pacTaxeHue Ao paspbiBa

Llenecoobpa3Ho HayaTb 3KCMepuMeHTaNbHble nccnenoBaHms ¢ ucnbitannin MTO3 n KM Ha
pacTshkeHne no nporpamme &(t) = at fo paspywenus obpasua u noctpoenus O c
MOCTOSIHHBIMW CKOPOCTSIMU, TOYHEE — C Pa3HbIMU MOCTOSHHbIMU CKOPOCTSIMU ABUXEHUS
TpaBepCbl, MOCKONbKY (MMHMMANbHbIE U MAaKCUManbHbIE) HAaNpsXkeHus u gedopmMaumm npu
pa3pyweHnn MNOCNYXAT BAXKHbIMU OpPUEHTMPAMM NPU MNAHUPOBAHWUM MUCNbITAaHMI Be3
pa3pyweHusa obpasua, Npu Bbibope napaMeTpoB Honee CNOXHbIX MPOrpaMM HarpyxeHuw
(Ha HarpysKy-pasrpysKky, nofi3y4yectb M BOCCTAHOB/IEHME, CTYMEHYaTOe M LMKIMYeCcKoe
HarpyxeHue n ap. — cM. Puc. 6-16 ctatbu [1]). lNo pe3ynbTatam 3TUX UCMbITAHUA MOXHO
MccnefoBaTb HanMuMe MOLAAKM TeKy4YeCTW, OLEeHWMTb XKEeCTKOCTb, MPOYHOCTb, pecypc
NNAaCTUYHOCTM MaTepuana M ero CKOPOCTHYK YYBCTBMTENbHOCTb [88]: BblpaXEHHOCTb
3aBUCMMOCTU AMarpamm, MrHOBEHHOrO M KacaTenbHOro MOAyns, npegena TekyyecTw,
HanpsxeHua u gedopMauumn Npu paspyweHnn OT CKOpoCcTu AedopMUpPOBaHUA (CKOPOCTH
ABWXEHMS 3axBaTa) nNpu  (GUKCUPOBAHHbLIX BEMUYMHAX TeMmnepaTypbl; WMCCNenoBaTb
CyliecTBOBaHWe (HeHyneBoM) paBHOBECHOM JAuarpaMMbl (NpefenbHOM Mnpu CKOPOCTU
nedbopMupoBaHus, cTtpemallencsa K Hynto) [1,88,90,92].

B 2022-2023 rr. A.B. XoxnoebiM, A.B. babanuesbiMm 1 O.C. BoTMHOBOM nNpoBeageHbI
HECKOMIbKMX CEepUi KBa3UCTAaTUYECKMX WCMbITAHMM HA pacTsXKeHUMe C MOCTOSIHHbIMM
CKOPOCTSIMM ABWXEHUS TpaBepcChbl (A0 pa3pylweHns) obpasuos 13 ymuctoro MTAOS n pesatu
KOMMO3MTOB Ha ero 0CHOBE C NOBbILIEHHOW M3HOCOCTOMKOCTbH, NOJTyYEHHbIX B NOCNEAHME
roobl B CBOY um. M.K. AMMocoBa BBeLEHMEM B KayecTBe HAMOJHWUTENEW CNOMUCTbIX
CUIMKATOB (MEXAHOAKTUBUPOBAHHbIE KAOAMHWUT U CEPMNEeHTUH), LWNUHEAN MarHus WU
KOPOTKMX YrnepoaHbIX nnn 6a3anbToBbiX BONOKOH [34,36,65-81]. O6pa3ubl umenu dopmy
nonaTtok ¢ AnuHomn paboyen yactu 70 Mm, TonwmHon 3 = 0.1 MM 1 (cpepgHen) naowanbio
nonepeyHoro cevenmss 31.8 £ 0.8 Mm% UcnbiTaHMS NpoBOAMAMCH HA YHUBEPCANbHOW
anekTpoMexaHuyeckomn mMawmHe Instron 5969, cHabxxeHHOM NporpaMMHbIM obecneveHrem
Bluenhill, KOHTaKTHbIM 3KCTEH30METPOM Instron 2620-602 SN:3301 u
BMOEO3KCTEH30METpOM  (2663-821 SN:5478) ¢ nonem o0630pa 60 x 500 Mm%
Mcnonb3osancs patumk Harpysku ¢ 50kN 2210-920 Expansion Channel Module, no
M3MEPEHHOMY YCWUIMIO BbIYMCASNIOCb HOMMUHANbHOE HAMNpshKeHWe o [eNeHMEM Ha
HayanbHyl naowanb ceyeHus. [puMeHSIAUCb NHEBMaTMYeckMe 3axBaTbl OOKOBOro
pnevicteua ¢ rybkamu 25 x 25 MM? ¢ npope3sMHEeHHOM MOBEPXHOCTbI. HarpyxeHue
NpOBOAMNOCH C MOCTOSIHHbIMU CKOPOCTAMM ABmKeHus Tpasepcbl V = 0.6; 6; 60; 600 MM/MUH 1



KomnnekcHoe uccnedosaHue 853koynpy20n1acmuyeckux caolicme HaHOKOMNO3UMO8 C NOBbILUEHHOU U3HOCOCMOUKOCMbH 138
Ha ocHose @moponnacma-4. Yacme 2

V=1;15;150; 300; 450; 600 Mmm/MKH.  [Ona n3MepeHus nedopmaumm BUOEO-
JKCTEH30METPOM Ha obpasue CTaBMAMCb MeTKM NO CTaHAapTHOMY TpadapeTy ¢ 6a3oi
pasHoi 20 mMM. lepep ncnbiITaHMEM OCYLWECTBAANIOCh MpeaBapUTeNIbHOE HArpyXeHue Ao
7 H, npu 3TOM Harpy3ke NnpoBoAMnach 6anaHCcMpoBKa BCcex cpencTs uameperuin (ASTM E4,
DIN 51221, 1SO 75001).

Pe3synbTtatbl ucnbiraHui MTO3 co ckopoctamu V= 0.6; 6; 60; 600 MM/MUH (CpeaHne
no BpEMEHMU Z pabouew 4actu obpasua CKOpOCTH fedopmaumu:
a=0.143; 1.43; 14.3; 143-10° c’!), npuBeaeHbl Ha Puc. 1: HayanbHble y4acTku rpaduKoB
HOMWHANIbHOIO HanpsKeHus oT Bpemenu o (t, a) (Puc. 1(a)) n 3aBUCMMOCTU HANpPSXKEHUS OT
pedopmaumm, T.e. auarpammbel gedopmupoBanma (L) o(e,a), KoTOpbie NoAy4arTCs
UCKOYEeHUEeM napameTtpa t = g/a B 3aBucumocTax o(t,a) ¢ Puc. 1(a). Ha scex AL ectb
A/IMHHAS NNOWAAKA TEKYYECTU U CTaams ynpodHeHus nocne Hee. C yBenyeHneM CKOpoCTH
pacTaxeHus rpadukmn o(t,a) v O o(g,a) cMewarTcs BBepX (HANpSHXKEHWUS pacTyT),
3HaYMTENbHO YMEHbLIAETCS abCoNTHOE YAMHEHUE MPU paspbiBe U BpeMs Mpu paspbiBe.
HedopMauuu 1 Hanps>keHMs B MOMEHT pa3pbiBa &, U 0, U Npeaesbl TeKYy4eCTu BUAHbI Ha
Puc. 1: 0,(a) NnpakTMyeckn He 3aBUCUT OT d U NexuT B amanasoHe 18 <+ 20 Mlla, npenen
TeKy4eCTU CUNbHO 3aBMUCUT M MOHOTOHHO Bo3pacTtaeTt no a (Ha 70 %), a €,(a) ybbiBaeT no a
(noutn B 2 pasa). Bpemsa o paspbiBa npu V=0.6 MM/MUH (4epHasi KpuBas) COCTaBWUNO
27600 ¢, npu V=6 MM/MuH(ronybas kpusas) — 2108 ¢, npn V=60 MM/MWH (KpacHas
kpugag) -172 ¢, a npu V=600 MM/MUH (3eneHas kpusas) — 14.7 c.
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Puc. 1. HauanbHble y4acTkm rpadumkoB oft,a) (a) v auarpammel AedopmmpoBaHus o(g,a) (b) obpasuos MNTA3 gns
ckopocrtelt Tpagepcbl V = 0.6; 6; 60; 600 MM/MUH (YepHas, CUHAS , KpAaCHAs U 3eneHble KpUBbIe), T.e. 4Ns
CpeaHux no BpeMeHu 1 pabodeit yactu obpasua ckopocteit gedopmaumu a = 0.14; 1.4; 14; 143-10° 1/c
Fig. 1. Initial sections of the graphs o(t,a) (a) and stress-strain curves o(g,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; 143-103 1/s

MNpoBeneHsbl ewe 14 ucnbitaHmii 06pasuoB-nonatok MTMI Ha pacTsakeHue Ao pa3pbiBa
co ckopoctammu Tpasepcbl V=0.6; 6; 60; 600 MM/MUH (COOTBETCTBYHOLLME CPeAHUE MO
BpeMeHU 1 paboueit yactn obpasua ckopoctn aedopMaumnn: a = 0.14; 1.4; 14; 143-10°3 ch).
Mo nonyy4yeHHbIM AaHHbBIM OblNM NOCTPOEHbI Tabnanua Bcex pasamMepoB 06pasLOB A0 M nocne
MCNbITaHUIM (He NPUBOAUTCS B 3TOW CcTaTbe), Tabn. 1 ¢ BpeMeHaMu, HOPManbHbIMKU CUIAMMU,
nedbopMaumaMu, HOMMHANIBHBIMM U WUCTUHHBLIMM HAMPSXKEHUSIMM B MOMEHT pa3pbiBa
(t.,&4,P.,04,S,) B 3aBUCMMOCTM OT CKOpPOCTU Tpasepchbl V, rpadwmku HanpshkeHnus o(t,a)
(Puc. 2(a,b)) v 04 o (g,a) (Puc. 3).
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Tabnuua 1. BpemeHa, nepopmauum 1 HanpsxeHus Npu paspbise obpasua MNTMOI B 3aBUCMMOCTH OT ckopocTu V

Ne |4 t, Al, P, o, g, S,

UCMbITaHUSA MM/MUH C MM H MMa % MTla
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
12 450.0 244 183.0 581.0 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 20.4 255.0 724
18 600.0 14.7 147.0 593.0 19.1 209.0 59.0
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Puc. 2. Tpaduk 3aBucumoctet o(t,a) B 3aBUCMMOCTU OT CKOPOCTU: (a) B nHTepBane f0 840 c (oo pa3pyLweHus
obpazua npu V=15 mM/MuH), (6) oo 80 c (yBenuueHbl o(t,a) npu 60NbLWIKMX CKOPOCTAX)
Fig. 2. Graph of the dependences o(t,a) with different strain rates: () in the interval up to 840 s (until the
specimen failure at V=15 mm/min), (b) - up to 80 s (magnified graphs o(t,a) at higher strain rates)
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Puc. 3. lnarpammsbl gedopmuposanms MTDI o(e,a) co ckopoctamu a = 0.23; 3.6; 36; 71; 107; 143-103 1/c
Fig. 3. Stress-strain curves of PTFE o(g,a) at strain rates a = 0.23; 3.6; 36; 71; 107; 143-103 1/s
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Y o6pasuos MNTM B onbiTe HAa OAHOOCHOE pacCTsHXKEHUE A0 paspbiBa HabnoaaeTcs
6onbwoe otHocuTenbHoe yanuHerue: ot 200 po 340 % (cm. Tabn.1 wm Puc. 2, 3). C
yBe/IMYEHUEM CKOPOCTU pacTsxkeHus rpadukun o(t,a) v O o(e,a) cMewarTcs BBEPX
(HanNpsKeHWa pacTyT, pacTeT U Npeaen TeKy4ecTu), 3HaUUTeNIbHO YMEHbLUAKTCS YAIUHEHME
Al,, nedpopmauma g,(a) v Bpems t, Npu paspbiBe.

HoMuHanbHoe HanpsbkeHune o,(a) npu pas3pbiBe Yy BCEX MWCMbITaHHbIX 06pasLoB
Haxogutcs B pgmanasoHe 15.5 = 20.0 MIMa (cpepHee 3HauveHue paBHO 18 MMMA), o,(a)
npakT1yecku He 3aBncuT ot d (Puc. 1, 3). UctuHHoe HanpsixkeHue npu paspebiee s, = (&, + 1)o,
n3MeHsietTcs B guanasoHe 55-87 Mlla (cpegHee no obpasuam ybbiBaeT € poCTOM a U
cTabunusmnpyetca Ha yposHe 60 MIMa npu V = 15 MM/MUH, T.e. a = 3.6-10 ct). Mpu manoi
ckopoctn TpaBepcbl V=1mMM/MuUH (a = 2.3-10*c?) Bpems u pedopmaums npu
pa3pyLleHnn o0YeHb Benunku: gedopmaumsa npm paspeise (&, = 340 %) — noytn B ABa pasa
6onblwe, yem npu V=600 MM/MUH (g, = 200 %), a BpeMsa npu paspbiee AByx 06pasuos
paBHo 15125 c (6bonee 44) u 17556 ¢ (okono 54), 1.e. B 20 pa3 6bonbwe, yeM Ang
V=15 mMM/MuH (ronybas kpusas), noutn B 250 pa3 6onbwe, yem gna V=150 Mmm/MuH
(bnonetoBble kpueble), B 850 pa3 6onbwe, yem pna V=450 MM/MUH (TP KpacHble
kpuBble), 1 noytn B 1000 pa3 6onbwe, yeM npu V=600 MM/MuH (a = 0.143 ¢, 3eneHble
KpPUBbIE), KOF4a OHO NEeXMT B Auana3oHe oT 15 go 21 ¢ (cM. yeTbipe nocneaHnx CTpoKu
Tabn. 1). MosToMy Ha Puc. 2(a) nse opaHxeBblie Kpusble ans V=1 MM/M1UH 06pe3aHbl Npm
t = 840 ¢ (OHM KaYeCTBEHHO MOXO0XM Ha ronybyw Kpueyto ans V =15 MM/MWH C BpeMeHeM
paspbiBa 820 c: mocne NOKanbHOr0O MakCMMyMa W TeYeHWUs MpuU MOYTM MOCTOSSHHOM
HanpsxeHnn HabnaaeTcs AMHHBIA YY4ACTOK YNpOYHeHUs npen pa3pbiBoM). Ha Puc. 2(b)
npuseneHsl Te xe rpadukn o(t, a), Ho Ha uHTepsane Ao 80 ¢, YTobbl yBENUUUTL rpaduKu
npu 60/bLIMX CKOPOCTSIX.

Ha Puc. 1(b) n Puc. 3 npusegeHbl anarpammbl gedopmupoanus MTO3 a(g,a) (nocne
UCKNOYEeHUs napaMeTtpa t B 3aBucumocTax o(t,a) ¢ Puc. 2). Ha Hux HabnwogaroTcs Tpu
XapaKTepHbIX Y4acTKa: BO3PACTAlOWMM BbIMYKbIM BBEPX A0 JIOKAJbHOrO MaKCMMyMa
(BA3KOYNpYrui), OJMHHbIA MOYTU TFOPU3OHTANbHBLIA YY4aCTOK TeYeHUs Npu MOCTOSAHHOM
HanpsKeHWu (NoLLaaKa TEKYYeCTH) NPU BCEX CKOPOCTSAX M BO3PACTAOLWMIA BbIMYK/IbIA BHU3
YY4aCTOK YCKOPEHHOro ynpo4yHeHus (0COBEHHO BbIPAXEHHbIW MpPU ManbliX CKOPOCTHX).
OTt™eTtuM, yto [1[], nepecTpoeHHble B UCTUHHbIX HanpskeHusx u gedopmaumsax s = (¢ + 1)a,
p=In(e+1) (oHM OyoyT NpOaAHANM3MPOBAHbI B MOCNEAYHWMX CTaTbIX LUMKIA),
MOHOTOHHO BO3PacTaloT (He MMEKT IOKANIbHbIX MAaKCMMYMa U MUHMMYMaA), HO COXPaHSOT
BbIPXKEHHYIO NIOLAAKY TEKYYeCTM M TOUKY nepernba B Hayane y4actka ynpoyYHeHUs.

Takum o6pa3oMm, B WCMbITAHUSX NEpPBOM Cepuum  YCTAHOBNEHA  BbICOKas
nedopmatneHocTb [MTM BO BCEM AMana3oHe KBAa3UCTaTUYECKMX CKOpoCTen aedopMaumm
(kpaTHOCTb pacTskeHus no 4.5 npu ckopoctax a=1.4-10% n a=1.4-10*c?, kpaTHOCTb
pactsokeHuss okono 3 npu a=0.143 c¢?), BblpaxeHHble HACNeLCTBEHHblIE CBOWCTBA,
CNOCOBHOCTb K TEYEHUIO NPU NOCTOSSHHOM HArpy3Ke 1 HakomnIeHUo 601blo HeobpaTMMoN
(nnactnyeckon) pedopMauMM UM OYEHb BbICOKA CKOPOCTHAs YyBCTBUTENbHOCTb
MaTepuanoB: Npu yBenuyeHuu ckopocTu pactsxenus MNTO3 B 600 pa3 msMepseMble
HanpshkeHus (B YaCTHOCTU, Npeaenbl TeKy4ecTH) yBenmunnmcb npumepHo Ha 70-80 % (npu
O0OMHAKOBbIX Aedopmaumsx), a aedopmaums Npu paspywieHnn &, YMEHbLIKUAACh MOYTU B
ABa pasa (c 340 po 200 %). Bbicokasi CKOpOCTHas YyBCTBMTENbHOCTb TOPMO3WUT W
OCTaHaBAMBAET Nlokanusaumio aedopMaumu, 3a4epXMBAET M OCTaHABAMBAET pa3BuTME
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werkn mn obecneynBaeT BbLIPAKEHHYK MIOWAAKY TEKy4eCTW, AOBOMbHO AJIUTENbHbIN
Yy4aCTOK YNPOYHEHMS 3a Hel W, B wuTore, GONbLION pecypc MAaCTUYHOCTU (6onbLuyto
nedopmaumio npu paspywenumn). CTpyKTypHble KOPHM 3TUX CBOWMCTB (M HAKOMNEHMUS
HeobpaTumon aedopmaumm MpU NONA3YYECTU U UMKIMYECKOM HArpyXXeHuu C ManbiMu
Harpyskamm - CM. HWXe) — naMennsgpHoe cTtpoeHue KpuctanamtoB [NTMD u Hu3kas
NMPOYHOCTb KPUCTANMUTOB HA CABUI (M pACTSXKEHUE), U3-3a KOTOPOM KPUCTANUTbI HE MOTYT
npensaTcTBOBaTb Pa3BUTMIO AedopMaumn (CKONbXEHUKO W nepecTponkam dubpunn).
[edopMaTMBHOCTb MaTepuanoB ABASETCS MNPEMMyLWEecTBOM Mpu  MUCNOMb30BaHUU B
YMNOTHEHMSX, HO 3TO HeA,0CTATOK, eCnun NpuMeHsTb [TMI B y3nax TpeHMs CKONbXEHUS, rae
Heo6X0AMMbl A0CTAaTOYHAS XECTKOCTb U BbICOKAsh M3HOCOCTOMKOCTb. MI3MepeHHble B 3TOW
CepUM UCMbITAHMI HanpsxeHue n gedopmaums npu paspbiBe (AMANA30HbI UX U3MEHEHUS
B 3aBMCMMOCTM CKOPOCTU PaCTsKeHus — CM. Tabn. 1) cnyxart BaXXHbIMU OpUEHTUPaMM NpU
3a[laHUM NapaMeTpoB Oosiee CNOXHbIX MPOrpamMM Harpy>XeHwin B NOCnefyrLwmx cepuax
MCNbITAaHUM (MCMBbITAHMS HAa NON3y4YeCTb W BOCCTAHOBNEHME, HA Harpy3Ky-pasrpysky-
BOCCTAHOBMIEHUE U AP. — CM. HUXKE).

Pe3ynbTathl ucnbiTaHUii KOMNO3MTOB Ha ocHoBe MNMTM3 Ha pacTaxeHue Ao
pa3pbiBa

[poBefeHbl UCMbITAHUS HA PacTKEHME C Pa3HbIMM CKOPOCTSMM 4O paspbiBa 06pa3LoB-
nonatok w3 wecth KM Ha ocHoBe [TM3 ¢ wecTblo pasHbIMK  COAEPXKAHUAMM
HanonHutenen: obpasubl Matepuanos KMc-1, KMc-2, KMc-5 copepxann 1, 2 nnn 5 %
cepneHTMHa (no Macce), a B obpasubl Matepuanos KMcw-1, KMcw-2, KMcw-5 6bina
nobaBneHa elle WnuHenb MarHus (CyMMapHoe cogepxaHue HanonHutenen — 1,2 u 5 %)
1 oHn umenu coctas: KMcw-1: MT®3 + C0.9% + UM 0.1%; KMcw-2: NTdS + C1.5% + LIM 0.5%;
KMcw-3:NTP3 + C 3.8% + UM 1.2% (UM - wnuHenb Maruus, C — cepneHTuH). MicxoaHble
mMaTepuanbl UM TEXHONOrMUS  WM3rOTOBMEHUS  3TUX  OUCMEPCHO-HANONHEHHbIX KM,
nccnefoBaHue nx Ko3OPUUMEHTOB TPEHMS, CKOPOCTEN M3HOCA, CTPYKTYPbl U XUMUYECKOTO
COCTaBa NOBEPXHOCTU TPEHUS METOAAMM 3NEKTPOHHOM MUKpOCKonuu 1 MK-cnektpockonuu,
BMSHUA 0,06aBOK MUKpockonuu u MK-cnekTpockonuu, BAMSHUS A06ABOK LINUHENN MarHus
Ha MK-cnekTpbl KOMNO3MTOB C CEPNEHTUHOM, Ha YCKOpeHWe TPUBOOKMUCIUTENbHBIX NPOLLEeCCOB
M 3HAUYUTENIbHOE CHUXKEHWE M3HOCA KOMMO3MTOB NPUBEAEHbI B MepBOM YacTu cTaTbm [1].

[0 [AaHHBIM UCMbITAHWUIA HA pacTsXeHWe Bbinn NOCTpoeHbl Tabnuua BCcex pasmepos
obpa3uoB A0 M nocne MCnbiITaHui, Tabnuua C BpeMeHaMu, HOPMaNbHbIMWU CUNAMM,
nedbopMauMsIMU, HOMUHANbHBIMU M UCTUHHBIMU HAMNPSXKEHUSIMWU B MOMEHT pa3pbiBa
(t.,&4,P,,04,S,) B 3aBUCMMOCTU OT CKOpPOCTWU Tpasepcbl V, aHanornmyHas Tabn. 1l (oHW He
NPUBOAMTCA B 3TOW CTaTbe A9 KPATKOCTH), U rpadmKM HaNpsXKeHUsa OT BpeMeHu a(t, a)
(Puc. 4, 6) v A o(g,a) (Puc. 4-7).

Ha Puc. 4 npuBeaeHbl HayanbHble y4acTku rpadmkos a(t, a) (Puc. 4 (a,c,e)) v A o(g,a)
(Puc. 4(b,d,f)) matepunanos KMc-1, KMc-2, KMc-5 ansa ckopocten V=0.6; 6; 60; 600 MM/MWH
(4epHas, CUHAS, KPACHAs M 3eneHas KpuBble — Kak Ha Puc. 1), T.e. ang cpeaHx No BpeMeHu
M paboyelt yactu obpasua ckopocTter apedopMaumm a= 0.143; 1.43;14.3; 143-103c "
(a,b) KMc-1, (c,d) KMc-2, (e,f) KMc-5 (Ha atux puc. npuBeaeHbl ABE YepHble KpuBble MO
pe3ynbTaTaM ABYX UCMbITAHWUA C MUHUMANbHOM CKOPOCTbIO).
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Puc. 4. HavanbHble yyactku rpadukos o(t,a) (a,c,e) u guarpammbl necdopmuposaHus o(g,a) (b,d,f)
KOMMNo3uTOB C cepneHTMHOM KMc-1, KMc-2, KMc-5 ans 4 ckopocTeit TpasepcChbl
V=0.6, 6, 60, 600 MM/MUH (YepHas, CUHSS, KPACHas U 3efieHble KpUBbIE), T.e. AN CPeAHUX CKOpOCTe
nedopmaumn a = 0.14; 1.4; 14; 143-10°3 1/c: (a,b) KMc-1, (c,d) KMc-2, (e,f) KMc-5

Fig. 4. Initial sections of the graphs o(t,q) (a,c,e) and stress-strain curves o(g,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; 143-103

1/s: (a,b) CMs-1, (c,d) CMs-2, (e,f) CMs-5

Ha Bcex [ ecTb AnvHHAg nNnowaaka TeKy4yecTu U CTaams YyNpovyHEeHUs Nnocse Hee,
Kak ny MT®3 (Puc. 3). C ygennyeHneM cKopocTu pacTsxkenuns rpadumkm o(t, a) v 41 o(g,a)
CMeLLAlTCa BBEPX (HanpshKeHUs pacTyT, KeCTKOCTb MaTepuasnoB MOBbIWAETCS, pacTeT
npenen TeKy4yecTu), 3HAUMTENIbHO YMEHbLLAETCS BPEMS NMpu paspbige (Kak y umctoro MNTMI).

Nedopmauun n HanpsxKeHUs B MOMEHT paspbiBa &,(a) u o,(a) BuaHbl Ha Puc. 4(b,d,f)
n Puc. 5. Npepen npoyHoctu o,(a) y Bcex KM npu Bcex CKOPOCTAX HEMHOMO HUXE, YeM Y
MT®3, 1 [eMOHCTpMpPYET TEHAEHLMIO K NOBbIWEHUIO C pocToM a (y KMc-1 HabnwopaeTcs
HEMOHOTOHHOCTb 0,(a)) O0COBEeHHO SpKO BblpaxeHHyto y KMc-5, y kotoporo o, (a)
Bo3pactaeT oT 9 go 15 MIrla (y umcroro NTA3 oH cnabo 3aBMCUT OT a U y BCex 06pasLOoB
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Puc. 5. CpaBHeHMe HavyanbHbIX y4acTKOB rpadumkoB o(t,a) (a) u amarpamm gedopmupoBaHus o(g,a) (b,c)
unctoro MTM3 (MyHKTUPHbIE MHMK) M KoMno3uToB KMc-1, KMc-2 n KMc-5 (cnnowHsle, WTpuxoBble U
WITPUX-MYHKTUPHBIE IMHWUM) C Pa3HbIMU JONSIMU CEPMNEHTUHA AN 4 CKOPOCTei TpaBepChl
V=0.6, 6, 60, 600 MM/MUH (4epHble, CUHWE, KPACHbIE W 3e/eHble KPUBbIE
Fig. 5. Comparison of initial sections of the graphs o(t,a) (a) and stress-strain curves o(g,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

HaxoauTca B AnanasoHe 15+20 MIMa - Puc. 1, 3). lpu 3tom npepen Tekyyectn y MNTAOI u
Bcex KM MOHOTOHHO BO3pacTtaeT ¢ yBenuyeHunem a Ha 40-60 % (Puc. 4, 5). Jedopmauus
npu paspbiBe &,(a) BegeT cebs No pa3HOMY C pOCTOM CKOPOCTU PaCTSKEHMUS, B
3aBUCUMOCTU OT COAEPXKaHUS cepneHTuHa: y ymctoro MTM3 ¢,(a) ybbiBaet no a ot 340 no
220 % (cm. Puc. 1, 3n Tabn. 1), y KMc-2 n KMc-5 - HaobopoT Bo3pactaet ot 200 go 250 %
(Puc. 4(d,f)), a y KMc-1 dyHkums &,(a) HEMOHOTOHHA (HbipsieT BHM3 npu a = 0.0014-c* u
npu a=14-ct - <M. Puc. 4(b)). 3aBucumoctb &,(a) KM u BAusiHMe Ha Hee n[onu
HanonHutens TpebyeT u3yyeHus B GonbleM KonmMyecTBe OnbIToB, cbopa M 06paboTku
cTaTUCTUKK. Bpemsi no paspeia npu V=0.6 MM/MKH coctaBuno 21700 ¢ gna obpasua
KMc-1 (Ha 20 % ™MeHbLwe, yem y yuctoro MTMI: 27600 c), 22880 c ana obpasua KMc-2,
9140 c pna obpasua KMc-5. BpemeHa po paspbiea npu V=6 mm/mMuH (ronybele A1) ans
KMc-1, KMc-2 u KMc-5 coctasmunmn 1050, 1543 n 1406 c, 1.e. Ha 25-50 % MeHblue, yem
y[T®3 (2108 ¢), a npu V=60 Mmm/Mnu - 178, 206 n 162 ¢, 4TO NOYTM COBMNaZaeT C



KomnnekcHoe uccnedosaHue 853koynpy20n1acmuyeckux caolicme HaHOKOMNO3UMO8 C NOBbILUEHHOU U3HOCOCMOUKOCMbH 144
Ha ocHose @moponnacma-4. Yacme 2

00 {6, Mila 10,
150 -

; ! 00 T T T | . y
0 10 20 30 40 l, ¢ 0 10 20 30 m 8, o

(@) (b)

Puc. 6. CpaBHeHMe HavaNbHbIX Y4acTKOB rpadukoB o(t,a) (a) u auarpamm gedopmupoBaHus o(g,a) (b) MTOI
1 koMno3sutoB KMcw-1, KMcw-2, KMcw-5 ¢ pasHbIM cogepxaHMeM CepneHTUHA U WINUHENU MarHua ang
4 ckopoctei Tpasepchl V=1, 15, 150, 600 MM/MUH (YepHas, CUHSAS, KPaCHAa U 3eNeHble KpUBbIE),

T.e. N9 CpeaHnx ckopocTei aedopmaummn a = 0.14, 1.4, 14, 143-103 ¢?

Fig. 6. Comparison of initial sections of the graphs o(t,a) (a) and stress-strain curves o(g,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, 143-103 1/s

BpemMeHeM paspbiBa MNTAD, paBHbiM 172 ¢ (COOTBETCTBEHHO 6M3KM M aedopmaumm Npu
paspbie: 252, 259, 244 u 246 %). [pn V=600 MM/MUH BpeMeHa [0 paspbiBa 7.6, 18.4,
16.3 1 14.7 c, a pepopmaumn — 111, 255, 245 n 209 %.

Ha csogHOM Puc. 5 coBMelueHbl Ong CcpaBHEHWS HadvanbHble Y4acTKM rpadumKoB
o(t,a) (@) v 40 o(g,a) (Puc. 5(b,c)) npu ckopoctax V=10.6; 6; 60; 600 MM/MUH (4epHble,
CUHME, KpacHble U 3efeHble KpuBble — Kak U Ha Puc. 1 n 4) ana obpasuos m3 yeTbipex
MaTepuanoB C pa3HoW Aonew cepneHtuHa: yncrtoro MTM3 (NyHKTUPHblE NnMHMKM), KMc-1,
(cnnowHble nuHUK), KMc-2 (wTpuxosble), KMc-5 (WTpux-nyHKTUpHbIE MHUK). Ha Puc. 5(c)
npuBeneHbl nonHble A1 oo pa3pyweHuns, a Ha Puc. 5(b) yBennueHbl nx HayanbHble y4aCTKM
(MO HMM MOXHO KaYeCTBEHHO OLEeHUTb 3aBMCMMOCTb MIHOBEHHOrO MOAYNs W npenena
TEKYY4eCTU OT CKOPOCTU U OT COAEPXKaHUS HAMONHUTENS).

Komno3utel KMc-1, KMc-2 u KMc-5 ¢ cepneHTMHOM He yctynatt MNTOD B
nedopMaTMBHOCTM Npu ckopocTax aedopmaumm, 6onbwmx a = 0.014 ¢ (kpacHble 1 3eneHbl
[0 Ha Puc. 5), Ho npowurpbiBatoT no BenuunHe &,(a) 20-50 % B AManasoHe ckopocTen
a < 0.0014 c? (4epHbie n cuume O Ha Puc. 5). Bce KM yctynatoT MTAMD no npo4YHOCTM B
nmanasoHe ckopocteit a < 0.0014 ¢, rae y Hux a,(a) < 12 Mrla, uyto npuMepHo Ha 30-
40 % Hwke, yem y MT®3. B gnanasoHe a < 0.0014 c? otnmume no BenuumHe o,(a) He
npesocxoaut 20-25 %. (CambiMM NpoyHbIMM  OKaszanucb obpasubl KMc-2 (Puc. 4(d)), B
AmanasoHe ckopocteit a < 0.0014 ¢ oHum gaxke npes3ownm NTM3 kak no €, (a), Tak M no a,.(a).
Mpu yBenuueHun onu cepneHTmMHa Ao 5 % &,(a) npakTMueckn He uaMenunacb (Puc. 5(c)),
npefen npoyYHoctu o, (a) noHmsmncs Ha 20-30 % npu Bcex CKOPOCTAX pacTskeHus, a Ha [[1
nossuncsa "3y6 tekydectn” (Puc. 4(f) n 5(b)), kotoporo He 6bino y MTM 1 ocTanbHbIX KM.
Hedopmaumnn n HanpsXkeHUs B MOMEHT pa3psbiBa &,(a) 1 g,(a) ob6pasuos KMcw-1, KMcw-2,
KMcw-5 BnaHbl Ha Puc. 7. OHM MeHSI0TCS NPUMEpPHO B TOM e AuanasoHe, kak u'y KMc-1,
KMc-2 n KMc-5 (tabnuua Bcex BEIMUMH HE MPUBOAMTCS, YTOObI HE yBENUYMBATL O0ObEM
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CTaTbM). YCNOBHbIM Npeden NpoYyHocTu o,(a) npu Bcex ckopocTsax y 6onbwmnHctBa KM Ha
Puc. 7 HemHoro Huxe, yeM y MTA3 (Ha 10-15 %) HeMHoro Bbiwe (Ha 10-15 %), yem y
6onbwmnHcTBa 06pasuos KMc-1 n KMc-5 (Puc. 5); Hanpsikenne o.(a) y KMcw, Kak n 'y
yucroro MNTM3 (Tabn. 1) npaktMyeckn He 3aBUCUT OT a (pasnuume onsa kaxporo KM He
npesbiwaet 10 %) 1y Bcex ucnbiTaHHbIX 06pa3uos KM HaxoauTca B AManasoHe 13...18 Mlla.
Mpu 3TOM Npepen TeKy4ecT CyLweCcTBEHHO BO3pacTaeT C yBennyeHnem a (npumepHo Ha 50 %
y NT®3 n KMcw-1 n Ha 30 %y KMcw-2, KMcw-5 - Puc. 6(b), 7). Aedopmauus npu paspbise
g.(a) y KMcw-2 n KMcw-5 Huxe, yem y MNTAO3 n KMcw-1, n BoobLie roBops, NOHUXKaETCs
C YBEIMYEHMEM O0/IM HAMONHUTENEN U C poCTOM a (cM. cnnowHble A KMcw-1 Ha Puc. 7).
Tonbko y KMcw-2 ¢&,(a) okasanacb He 3asucsillen OT ckopocTu: &,(a)=145%7 %
(wtpmxosble O[] Ha Puc. 7), HO pe3ynbTaToB €OUMHUYHBIX UCMbITAHUM NMOKA HEA0CTaTOYHO
ANS onpeneneHHOro BbiBOAA — NPOBOAATCS NOBTOPHble ucnbiTaHms. KMcw-1 (cnnowHslie
[0) He yctynaet MTM3 no BennuunHe &,(a) BO BCeM Anana3oHe ckopocter. KMcw-2 u
KMcw-5 npowurpbieatot MTM3 no gepopmMaTMBHOCTM BO BCEM AMana3oHe CKOpOCTeW
40-60 1 35-75 % COOTBETCTBEHHO.
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Puc. 7. Juarpammbl fedopmupoBaHus o(g,a) no paspbisa NMTAOI n komnosuto KMcw-1, KMcw-2, KMcw-5
ons 4 ckopocter Tpasepcol V =1; 15; 150; 600 MM/MUH (Kak Ha Puc. 6)
Fig. 7. Stress-strain curves o(g,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 1/s (as at the Fig. 6)

bonee nogpobHoe npeacTaBneHme Bcero 06bemMa AaHHbIX UCMbITAHMI HA PacTKeHue
[0 pa3pbiBa (B YacTHOCTM [1[1 B MCTUHHBLIX HanpskeHusx u aedopmauumsax, Tabauubl
OCHOBHbIX MeXaHW4YeCKMX XapaKTepucTUK B 3aBMCMMOCTM OT OONAM HanoJHUTENen U
CKOpOCTEN PaCTKEHUS), CUCTEMHOE UCCiefoBaHUe BA3KOYNPYroniaacTMY4eckmx CBOMCTB
3TUX 1 apyrux KM ¢ pasHbIM copepkaHWeM HanonHuTenem (CKoOpoCTHOM YyBCTBUTENIbHOCTH,
3aBUCMMOCTEN MOAYNS YNPYrOCTU, HAMPSHXKEHUS TEYEHUS, HANPXKEHUS U aedopMauumn npu
pa3pbiBe OT CKOPOCTM PACTSKEHUS U OT BUAA M COAEPXKAHUS HAMOMHUTENS, 0COBEeHHOCTeN
nokanusauuMmM U penokanusaumm  gedopMauMu M paspyweHus) U U3MEHeHuM
MUKPOCTPYKTYpbl KM B 30Hax paspyweHus o6pa3LoB Ha CKaHUPYHOLWEM 31eKTPOHHOM
MMKPOCKOMeE, a TaK)Xe UX AeTabHbli CPAaBHUTENbHbIM aHANU3 1 OOHapYXXeHWe Koppensauun
C U3HOCOCTOMKOCTbIO — TEMbI MOCAEeAYOLWMX cTaTen umkna B 2024-2025 rr.
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MepBMYHBIM aHanU3 nokasan, yto ceoncrea [ komnosutos KMc-1, KMc-2 n KMc-5
n KMcw-1, KMcw-2 n KMcw-5 Ka4ecTBEHHO HE OTAMYAKTCS U KONMYECTBEHHO OIM3KM K
A0 unctoro MTM3 (Puc. 3-7), xoTa naHococtonkoctb KM 3HauntenbHo Bbiwe. [penen
npoYyHoCTM o,(a) nNpu Bcex ckopocTsax y 6onbwmHctBa KM HemHoro Huxke (Ha 10-30 %),
yem y MTO3 (kpome KMc-2, y koTtoporo Bbiwe). C yBenMyeHneM A0NM HanonHuTenen Ao
5 % Habnwopaetca cHuxkeHue BennuuHbl &,(a) Ha 20-50%, Ho MHOorMe KM He ycTynatoT
MNTd3 B aedopmMaTUBHOCTH B ONpeaeNieHHbIX Anana3oHax ckopocten gedopmaumm. Taknum
06pa3oM, paspaboTaHHble TexHonormm nonyyveHmnsa KM BegyT K usmeHeHuto ceoncts KM B
HYXHOM  ans TpUBOTEXHMYECKMX  MPUNOXKEHUM  HAMpaBlAEHUMM W ciegyeT  uX
COBEpLIEHCTBOBATb M OnpenensTb ONTUManbHble COAEPXaHUS HAMONHUTENEN U peXUMbI
TepMoMexaHuyeckorn 06pabotkm KM Ha cTagmm nonyveHus.

MUcnbitTanua MTA Ha HarpysKy-pasrpysKy-BOCCTaHOB/IEHNE

[porpammbl UCMbITAHWUA UMEKT BUA NO TPEXCTAAUMHBIM MPOrPaMMaM HarpyxeHus:

o(t) =btnput € [0;t1],0(t) = —bt + 2bty npu t € (t1; 2t1), 0(t) = 0nput > 2t;, (2)
M COCTOSAT U3 TpeX CTaAWN: Harpy>KeHne Co CKOPOCTblo b = b; (ANNTENbHOCTb HArpy>XeHus t;)
A0 MAKCUMA/IbHOTO HanpshkeHus 4&; = b;ty, NONHAs pas3rpy3ka C TOM >Xe CKOPOCTbIO,
BOCCTAHOB/IEHWE TNPWU HYNEBOM HAMpshkeHun (B TeyeHue 3 4). 3afjaHHble napaMeTpbl
HarpyxeHus t; u 6; (Puc. 8(a)): anutenbHocTM cTagmu Harpyxenus t; = 300; 900; 1500 c;
0; =i0,/10,i =1,...,6,0, = 16 Mla (MMHMManbHOE HaNps>KEeHME NPU pa3pbiBe, HAMAEHHOE
B ucnbitaHuax n.l), t.e. 6; =1.6;3.2;4.8;6.4; 8.0; 9.6 MlNa (nomaHble 1-6, /-12 n 13-18).
Mcnonb3oBanucb NHeBMATUUYeCKMe 3axBaTbl OOKOBOro AencTBus € rybkamm 25 x 25 mm? ¢
npope3MHEHHOM NOoBepXHOCTbIO. [ledpopmaumns o06pa3yoB  uM3Mepsinacb KOHTAKTHbIM
akcTeH3oMeTpoM Instron 2620-602 SN:3301, otBevatowmint TpebosaHuam ISO 9513,
BS 3846 u ASTM E 83, c norpewHocTblo u3mepeHuii He 6onee 0.15 %. [na pukcaumm
nedopmaumii Ha obpasLe CTaBUAMCb METKM MO CTaHAAPTHOMY TpadapeTy ¢ 6a3oi 25 mm.

UcnbitaHbl  obpasupl cemu Martepuanos: uuctoro [MTP3  (Puc. 8,9), NMNTO3,
HanNnoONHEHHOro CeprneHTMHOM A0 maccoBor gonn 1, 2 uam 5 % un MNTMI, HanONHEHHOrO
KOpPOTKMM 6a3anbTOBbIM BONOKHOM A0 1, 2 nnu 5%. [inga KM c cepneHTMHOMM 6a3anbTOBbIM
BOJIOKHOM MPOrpamMm MUcnbITaHui 6bi10 MeHbwe (Puc. 10(a)): AAUTENbHOCTU HarpyXeHus
t; = 300; 900; 1500 c; 6; = i0,/10,i = 1,...,5 (0, =16 MIlla — MMHUMaNbHOE HaNpsXKeHUe
npu paspbiBe, HawdeHHoe paHee), T.e. §; =1.6;3.2;4.8;6.4;80MIla gna t; =300c
(nomaHble 1-5), 6=4.8;9.6 onsa t; =900 c (nomanbie 11,12) u 6=28.0 pna t; = 1500 c;
CKOpOCTb Harpyxenus b, = 5.33-10° Mla/c opguHakoBa pAana nporpamm 1,11,15 a
b, = 10.67-107 MIMa/c - pns nporpamm 2 u 12).

Ha Pwuc. 8(a,b) npuBepeHbl nporpamMMbl UCMBbITAHWIA HA HArpy>XeHue-pasrpysky u
BocCcTaHoBneHue [TM3 npu pasHbiX CKOPOCTAX HATPYKEHUS U Pasrpy3km u rpaduku
n3MepeHHon pedopmaumm 06pa3uoB OT BpeMeHu &(t;t;,b;): kpuBble 1-6 o(eg;ty,b;)
COOTBETCTBYHOT HarpyxeHusaMm (2) ¢ t1 = 300 ¢, kpusble 7-12 - c t1 = 900 ¢, kpuble 7-12 - ¢
t: = 1500 c. Ha Puc. 8(c) yBennueHbl CTaamMmn Harpy3Kku-pasrpysku Tex xxe rpadumkos &(t; t1, b;),
NMOMeCTMBLUMECS B AMana3oH € < 2 %,t < 3600 c. [Nocne nckntoyeHns napaMeTpa BpeMeHu
NMOCTPOEHbI KpUBbIE HarpyXXeHus-pasrpy3kun n socctaHosneHus (KHP) a(g;ty, b;) npu pasHbix
t; n 6;: Ha Puc. 8(d) npusenenbl KHP o(gty,b;) 1-6 pna Harpyxenun ¢ t1 =300 c,
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Puc. 8. [porpamMMbl UCMbITaHWUI Ha Harpy>XeHne-pasrpy3Ky-BoCCTaHOBNEHME (2) Npu pasHbIX ti, 6; (a),
rpadukun namepeHHou gedopmaumnmn ob6pasuos MNTAI ot BpeMeHu £(t;t1,b) (b,C) M KpuBbIE HArpyKeHUs-
pasrpy3Ku-BOCCTaHOBNEHUS d(g;t1,b)) B ucnbiTaHuax 1-6 (d)

Fig. 8. Loading programs for loading-unloading-recovery test (2) at different values of loading parameters
ti, 6; (a); measured strain of PTFE samples over time g(£;t1,b) (b,c), and loading-unloading-recovery curves
o(g;t,bi) in tests 1-6 (d)

g 0, Mla

0 0,5 1 1,5 2

Puc. 9. KpuBble HarpyxxeHusi-pa3rpy3ku-socctaHoBnenus NTM3 o(g;ty,b) (Mcnbitanus 1-18 Ha Puc. 8(a,b)) B
auvanasoHe € € 2%, o < 8.5 MlMa
Fig. 9. Loading-unloading-recovery curves o(g;t1,b;) of PTFE (tests 1-18 in Fig. 8(a,b)) in the range of
€< 2%,0<85MPa
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a Ha cBoaHOM Puc. 9 npuseaeHbl ygenuuerHbole KHP o (g;t;, b;) 1-18 npu pa3Hbix napameTpax
HarpyxeHus t; u 4;, TOMeCTMBLUMECS B AManas3oH € < 2 %, o <8.5 MTla.

PucyHok 8(c,d) nonesHo cpaBHutb ¢ Pwuc. 8(c,d) n 16 cratbm [1], Ha KOTOpbIX
npuBeneHbl kpueble &(t;t;,b;) n o(g;ty, b;), nopoxpaemble HennHerHbiM OC Tuna
Makceenna [6] u OC, yunTbiBalOLWMM B3aMMHOE BAUSHUE 3BOIOLMU CTPYKTYPbI M NpoLecca
necdopmuposanug [11,12,93].

OTknukn  obpasuos [MTAO3 Ha TpeyronbHblii  MMNynbC Harpysku (Puc.8) ¢
fedbopMaument, Npoao/MHKAOLWLEN pacTU U B Ha4Yane pasrpysku, U ¢ 60bWINMMKU OCTATOYHbIMU
AedOopMaLMaIMM  KAuyeCTBEHHO BeCbMa CXOAHbl C HabnOAeMbIMM B UCMbITAHUSAX
acdanbTobeTOHOB, TBEpPAbIX TOMAMB M APYrMX MaTepuanos. ITOT 3d@deKT He CBsizaH C
HEe/IMHEMHOCTbIO MOBEAEHMS MaTepuana: ero onucoiBaet gaxe nuHenrHoe OC (1), maxe
npocrenuas nMHeHas mogenb Makceenna [6]. KHP, nopoxaaeMbie HenmHeHbiM OC Tmna
Makceenna [1,6] u HennHeHbiM OC Ong TMKCOTPOMHbIX CPeA, YYMTbIBAIOWMUM 3BOOLMIO
cTpykTypbl [1,11,12,93], kauectBeHHO cxoxmn no dopme ¢ KHP MTM3 1 KoMNo3MTOB Ha ero
OCHOBE, MO3TOMY (NoCne NPOBEPKU CUCTEMbI MHAMKATOPOB No KHP 1 no KprBbIM Nonsyyectu
[6,91]) 3t OC MOXHO NpUMepuTb K onucanunio nosenenns MTO [1].

UcnbiTaHna Ha Harpysky-pasrpysKy-BocctaHoBneHue MMTdD-komnosutos ¢

cepneéHTMHOM

B 3Tom paspene npuBeneM AaHHble UCMBITAHUIM HA PaCTSXKEHME No NporpamMmaM Buaa (2)
obpa3uoB-nonatok komnosutoB KMc-1, KMc-2 u KMc-5, T.e. MTMO3, HanonHeHHOro
MeNKOAMCNEPCHbIM CeprneHTMHOM A0 ™MaccoBon gonm 1,2 wmnmn 5 % [1]. Ouarpammsl
nedbopMupoBaHus oo paspywenuns 3tux KM npuseneHbl Ha Puc. 4, 5. O6pasupbl Kaxanoro
KM wucnbitbiBannce no 8 nporpaMmam HarpyxeHus (2) € pasHbIMU MpU  PasHbIMU
napamMeTpamu t; U &; = b;t; (TeMu e, 4TOo M B uCNbiITaHuax [MTM3, HO B MeHblueM
KONM4ecTBe); OHU n3o6paxeHbl Ha Puc. 10(a).

N3mepeHHble 3aBnCMMOCTM aedopMaumm oT BpeMeHu &(t; ty, b)) pna MTMO3 ¢ 5%
CeprneHTUHa B UcnbiTaHusx no nporpammam Puc. 10(a) npuseaeHsl Puc. 10(b). Ha Puc. 10(c)
yBenu4yeHbl kpusble 1-5 gna t; = 300 ¢ Ha 6onee y3koM uHTepBane BpeMenn 4t; = 1200 c.
KHP o (g;ty, b;) 3TOro KOMNO3MTa NpU pasHbIX NPU pasHbIX t; U G; npuBeneHbl Ha Puc. 10(d).
Ha Puc. 8,9 n 10(b-d) xopowo 3aMeTeH UHTepecHbIn usnyecknin 3pdekT Ha KpUBbIX
pa3rpysku: nNpuv AOCTAaTOYHO OOMbWMX HANPKEHUSIX & MPOLOSIKAETCS 3aMETHbIW poCT
AedbopMaumMm U Ha HAYanbHOM 3Tane pasrpysku (Kpueble 4-6, 10-12, 15-18, Ha Puc. §, 9
n kpusble 4, 5,12, 15 Ha Puc. 10, T.e. npu 6 = 0.40,), MakcMMyM &(t) 3anasgbiBaeT Mo
CPaBHEHMIO C NUKOM HarpyeHus (3Ta "MHEPUMOHHOCTb" MaTepuana CBUAETENbCTBYET O
CUNIbHO BbIPAaYKEHHOM NaMSATU NPeabICTOpUM HarpyxxeHus). IToT addekT HabnaaeTcs Kak
y umuctoro MNTM3, Tak u y BCex ucnbiTaHHbix KM Ha ero ocHoee (Puc. 11), npuuem
3anasgblBaHMe MakcuMyma gedopMaumu MpUMEpPHO OAMHAKOBO A4S BCEX YeTblpex
MaTepuanoB: OHO COoCTaBnsieT npumepHo 40 ¢ ana HarpyxxeHui ¢ t; = 300 ¢ n npumepHo 120 ¢
Aans Harpyxenun ¢ t; =900 ¢ 31oT adpdekT 6b1 paHee oOHapyKeH Yy MOAENbHbIX KPUBbIX
Harpy>XeH1s-pasrpysky, MOPOXAAEMbIX KaK (QU3MYECKUM HENMHENHbIM  ONpeaenstowmM
COOTHOWeHMeM Tuna Makceenna [6], Tak U NMHENMHbIMU MOLENSAMWM BA3KOYMPYroctn rnpu
orpeaeneHHbIX OrpaHUYeHNsaX Ha MatepuanbHble dyHkuum (Puc. 8(c,d) ctaTbm [1]).
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Puc. 10. VicnbiTaHus Ha HarpysKy-pasrpysKy M BOCCTaHOB/IeHME No nporpamMMme (2): (a) Harpyxenus (1) c
pasHbIMK MapameTpamu t1, bi, &; (b) uamepeHHble 3aBUCUMOCTH g(t;t,b) pna MTMOI ¢ 5 % cepneHTMHa npu
t; = 300, 900, 1500 c n 6; = 1.6, 3.2, 4.8, 6.4, 8.0, 9.6 MIa; (c) yBennyeHHble kpmBble 1-5 anga t; = 300 c;
(d) Kp1BbIe HarpyxeHus-pa3rpy3ku U BOCCTaHOBNEHUS a(g;t;,b) npu t; = 300, 900, 1500 c u pasHbIx b;
Fig. 10. Loading-unloading and recovery tests according to program (2): (a) loadings (1) with different
parameters t1, b, ; (b) measured strain €(t;t1,b) for the composite CMs-5 (PTFE filled with 5 % serpentine)
at &, =300, 900, 1500 s and 6; = 1.6, 3.2, 4.8, 6.4, 8.0, 9.6 MPa; (c) zoomed curves 1-5 for t; = 300 s;
(d) loading-unloading-recovery curves o(g;t1,b)) at t1 = 300, 900, 1500 s and different rates b;

Ha ceBogHOM Puc.11(a) npuBeaeHbl M3MepeHHble 3aBUMCMMOCTM Aedopmauum OT
BpeMeHn &(t;ty,b;) ona Harpyxenun (2) ¢ t1=300Cc w© nATbIO  pa3HbIMK
0; =1.6;3.2;4.8; 6.4; 8.0 Mla (no nporpammam 1-5 c Puc. 11(a)) ans 0bpasLos U3 yetbipex
mMatepuanos: [NTM3 (nyHkTUpHble nMHKKM), NTO3 ¢ 1 % cepneHTMHa (CnnowHble nMHKKM), NTO3
C 2% cepneHTMHa (wTpuxosble), MNTMO3 ¢ 5 % cepneHTMHA (WTPUX-NMYHKTUPHbIE NIUHWUW).
Cragms BOCCTaHOBNEHUS (ee AMTENbHOCTb — 3 4) 0bpe3aHa, YToObl YBENIMUUTL HAYaNbHbIN
YYaCTOK KPUBbIX HarpyxeHus-pasrpy3kn. Ha ceogHoM Puc. 11(b) npvBeneHbl aHanornyHble
3aBuMcMMOCTH ans HarpyxeHun ¢ =900 ¢ n t = 1500 c(no nporpammam 11,12,15). BugHo
HACKONbKO CYLLLECTBEHHO Pa3/IMYaoTCs KpuBble &(t) Npy pasHOM COAEPXKAHMMU CepreHTUHa.

Ha csogHoM Puc. 12(a) npuseneHbl (cootseTcTBytowme Puc. 8) KHP a(g;tq, b;) npu
pa3HbIX CKOpPOCTAX b; Aang HarpyxeHun (2) c¢ £t =300Cc w natbl0  pasHbiMU
0; =1.6;3.2;4.8; 6.4; 8.0 MlMa (no nporpammam 1-5 Ha Puc. 10(a)) ona obpasuos u3
yeTblpex MaTepuanos: MNTAD (nyHKTUPHbIE NnHKK), NTA ¢ 1 % cepneHTUHaA (CNNOLWHbIE
AHum), NTAO3 ¢ 2 % cepneHTUHa (WTpuxoBble AnHKUK), MTA ¢ 5 % cepneHTMHa (WTpUX-
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MyHKTUPHblEe nnHuMM). Ha Puc. 12(b) npuBeneHbl aHanorMyHble 3aBUCMMOCTU AN
HarpyxeHui ¢ t; = 900 cu t; = 1500 (no nporpammam 11, 12, 15).

51 &%

450 6000 he

Puc. 11. U3mepeHHble 3aBUCcMMOCTM aedopmauum oT BpeMeHu g(t;ti,b)) ANg Harpy>xeHuin No nporpamme
(2) c t1 =300 ¢ u naTbto pasHbiMK §; (@) M ¢t =900 c n t; = 1500 c (b) Lns 06pa3uoB M3 yeTbipex
matepuanos: [T (nyHkTMpHbIE AMHKMKM), NITOD c 1 % cepneHTuHa (cnaowHble AuHum), T3 ¢ 2 %
cepneHTuHa (wTtpmxosble NuHun), NTO3 ¢ 5 % cepneHTHA (LWUTPUX-NYHKTUPHbIE TMHUK)
Fig. 11. Measured strain dependences on time g(t;t1,b;) for loadings according to program (2) with
t: = 300s and five different values of maximal stress 4; (a) and with t; =900 s and t; = 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)
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Puc. 12. KHP o(g;t1,b) npu pa3Hbix CKOpOCTAX b; png HarpyxeHui (2) ¢ & = 300 ¢ n naTbio pasHbiMK §; ()
mct; =900 cumt;=1500 c (b) ang 06pasLoB M3 YeTbipex MaTepuanos: NTMI (NyHKTUPHbIE NMHUK),
MaTepuanos: MNT®3 ¢ 1 % cepneHTUHa (cnnowHble AnHUK), MTAI ¢ 2 % cepneHTUHA (LWTPUXOBbIE IMHUM),
NTM3 ¢ 5 % cepneHTMHA (LUTPUX-MYHKTUPHbIE TMHUM)

Fig. 12. Loading-unloading curves o(g;t1,b) at different rates b; for programs (2) with t; = 300 s and five
different values of &; (a) and with t; = 900 s and t; = 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)

MoapO6HbIM  CpaBHUTENbHbLIA ~ @HANU3  KPUBBIX  HArPYXXEHWUS-pasrpysku U
BoccTaHoBneHna MNTA3 n KM Ha ero ocHoBe — B noc/ieayowmux CTaTbsx.
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UcnbitTanna o6pasuos MTAD Ha nonsyyecTb U BOCCTAaHOBNEHUE

Ncnbitanmna o6pasuos MTO3 u KM Ha non3yyectb 1 BOCCTAHOBEHME NMPU PACTSXKEHUU C
Lenblo MOCTPOEHUS ceMencTBa KpuBbIX nonsyyectn u BocctaHosnenus (KMNB) e(t;0,T)
nNpoBOAMAUCL (MPM KOMHATHOM TeMnepaTtype) Ha YHMBEPCANIbHOM 3N1EKTPOMEXAHUYECKOM
ncnblTaTeNbHOM MawmHom Instron 5969 no nporpammam BuAaa:
o(t) =d6[h(t)—h(t—-T)],6 >0,T >0, (3)
C T = 4 4 1 pasHbIMKU YPOBHAMMU Harpy3ku: ¢ = io,/10,i = 1,...,7, g, = 16 Mla gnsa MNTO3,
T.e. 6; =1.6; 3.2; 4.8; 64; 8.0; 9.6; 11.2 Mla (npomonbHble cunbl P; = iP, /10, i =1,...,7,
P, =500 H - MnHMManbHoe ycunue paspbiBa 06pasua, onpeaeneHHoe B CEpUM UCMbITAHUM
[0 pa3pbiBa — cM. Tabn. 1 v Puc. 1, 3). O6pa3ubl mMenu Gopmy 10MNaToK C ANMHOM paboyen
yactu 70 MM, TONWMHOW 3 + 3 MM (CpefHen) nioWanblo MOMEPEYHOro CevyeHus
31.8 + 0.8 MM2. 3apaBanacb 06LWAa NporpaMMa HarpyXeHus no pacTarMBatollen cune, a
HanpsxeHne ¢ ANa Kaxaoro obpasua pacCcyMTbiBANOCh MO HAYanbHOWM MAOWAAM €ero
NMOMepeyHoro CevyeHus, u MNOTOMY MX pa3bpoc cocTaBnsn okono 5-7 % ot uenesbix
BennumH ¢. [na ytouHenus nosepeHus KMB npoBepeHbl MCNbITaHWS M Ans Harpysok
P =175; 225; 275 H (6 = 0.350,,0.450,,0.550,). nutenbHOCTM CTagui Nonsyvyectu npu
MOCTOSIHHOM HAMPSXKEHUU G U CTaAMM BOCCTAHOBNEHMS MpPU HyNeBOW Harpyske (npu
TexHuyeckoMm Hyne 0.01P,) — no 4 4 (B IMTENbHOCTb KXA0ro UCNbITaHUS — YyTb 6onee 8 u).
NcnbimaHms npu KaykaoM YpoBHE Harpy3ku NpoBOAMAMCH MO Cieaytowein nporpamme (Puc. 13):
0. MNpepa-Harpy3ka 7 H ans Boibopa nodTtos no NOCT 18197-2014 "Mnactmaccel. MeTop,
onpepeneHus Non3yvecTn Npu pacTKeHun".
1. Tpu npenBapuTeNbHbIX TPEYroNbHbIX LUMKAQ HArpy>XeHWs C MOCTOSSHHOM CKOPOCTbHO
10 H/c (c npumepHo cpenHen ckopocTbio gedopmaumnn 0.0001 ¢?) po 3apaHHOM Manow
Harpysku P, 1 NONHOM pa3rpy3ku (40 TEXHUYECKOro HYAS) C TOM Xe CKOpocTbio (Puc. 13a)).
Nns obpasuos-nonatok w3 [TMO3 6bo 33agaHo P, =150H B wucnbiTaHuax ¢
P; > 150 (pnauTtenbHocTb Kaxporo umkna - 30 c¢). B wucnbiranHuax npu Manbix cunax
P =50;100 H amnautypa P. = 25H (HwkHas kpuBas Ha Pwuc. 13(a)). Ota cragums
Harpy>xeHns o6wwas ans BCex MCNbITAaHWUM CepuM C pa3HbiMM P, OHa no3BonseT Habpatb
CTAaTUCTUKY OJ19 OCpeOHEHUSI SKCNEPUMEHTANIbHbIX BEIMYMH MOAYNS YNPYroCTU U OLEHUTD
pa3bpoc cBoWcTB 06pa3yoB M3 nNapTMM  (KOHTPO/IMPOBATb UX  OTHOCUTENbHYHO
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Puc. 13. [TporpamMmbl Harpy>xeHus ¢ 3ajaHMeM pacTArMBatoLLen Cunbl Kak QYHKLMU BPEMEHMU:
(3) TPM LMKNA HArpyXXeHUs M pasrpy3ku HavanbHOM cTaamu, (b) Ha CTaAMAX NON3YYeCTU U BOCCTAHOBNEHMS
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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CTabunbHOCTb). Moaynb ynpyroctu E Kaxgoro o6pasua BblYUCASETCS Kak cpepHee
3HaYeHWe No TPeM LMKIAM Harpy>XeHus, a MOAy/b MaTepuana — eue u oCpefHEHMEM Mo
BCEM WCMbITaHHbIM 06pa3uam.

2. beicTpoe HarpyxeHue (co ckopocTbto 10 H/c) a0 LeneBoro ypoBHS Harpysku P Bblaepka
B TeYeHMe 4 4 Npu NOCTOSAHHOM HArpy3Ke Ans UCCnefoBaHUs Nonsy4vyectu

3. bbicTpas pasrpyska (co ckopoctbto 10 H/C) mO noyYTM HyneBOW Harpysku (mo
TEXHMYECKOTO HynS).

4. Boipepxxka B TeyeHune 4 4 npu Hyneson Harpyske (B 7 H) aonsa namepenus gedopmaumu,
T.€. Ang HabnwoaeHnsa adpdekTa BOCCTaHOBNEHMS (06paTHOM Non3yyecTy).

5. bbICTpoe yBennyeHme Harpy3ku C NOCTOSIHHOWM CKOPOCTbIO TpaBepchbl 15 MM/MUH [0
pa3pyweHus obpasua, 4Tobbl CPaBHUTb, KAK BOCbMUYACOBOE UCMNbITAaHWE HA NON3YYecTb U
BOCCTAHOBNIEHWE BNMseT HA Moaynb KOHra, HanpshkeHne n aedopMaumio Npu paspyLieHnn
(CpaBHUTb C AAHHBIMM UCMBITAHWUMA HA HarpyxeHne € MOCTOSHHOM CKOPOCTbIO A0 pa3pbiBa
n3 Tabn. 1). Ota PuHanbHAg CTaamMa OAMHAKOBA Ans BCex 06pasuos. [locne ucnbiTaHus
NPOBOAMAUCL WMCCNEAOBaHUS M3MEHeHWH MUKpPOCTpykTypbl [TM3 u KM B 30Hax
pa3pyLweHns 06pa3L0B HA CKaHUPYHOLWEM 3N1EKTPOHHOM MUKPOCKOMNe (CM. HUXeE).

Mo nonyyYyeHHbIM AAaHHBIM NOCTPOEHbI TabnumLbl BCEX pa3mepoB 06pa3LoB A0 M nocne
MCMbITAHUIM U OCHOBHbIX M3MEPEHHbIX XapaKTepUCTUK aedopmaLmm (He NpUBOASTCS B 3TOM
CTaTbe), U rpadukn U3MepeHHoM oceBor aedopmaumm OT BpeMeHu, T.e. ceMenctso KI1B
e(t;0,T) (Puc. 14). Bo BCex UCNbITAaHUAX Aaxe Mpu CaMblX Manbix Harpyskax B ¢ = 0.1a,
Haba0anace nosi3yyecmes MpU MOCTOSAHHOM HArpy3ke M HAKOMJeHMe HeobpaTUMbIX
pedopmaumii: 6bICTpbiM pocT aedopmaumnit 6e3 3aMeTHOro 3aMeineHns M BbiIXOAa Ha
aCUMNTOTY, HENOJIHOE BOCCTAHOB/IEHME C BbIXOAOM HA HeHynesyt acumnToTy (Puc. 14(a)).
CTpyKTypHble KOpHM 3TUX CBOMCTB — NaMennsgpHoe cTpoeHue KpuctanautoB [TOD u
HW3Kasi NPOYHOCTb KPUCTANIUTOB Ha CABMUT (M pPacTsXKeHMeE), M3-3a KOTOPOM KPUCTANAUTI
He MOryT npenaTCTBOBATb pPa3BUTUIO AedopMaumn (CKONBbXKEHUID, PACMpsSMAEHUID WU
nepectpovikaM ¢opunbpunn).
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Puc. 14. Kpusbie nonsyuyectu u BocctaHoBneHus MNTM3: (a) npu pactarnsatowmx yeunmax P < 0.5P,,
T.e. P=50; 100; 150; 175; 200; 225; 250 H; (b) npu 6onbwmnx ycunusax P=275; 300; 350 H
Fig. 14. Creep and recovery curves of PTFE: (a) under tensile forces P < 0.5P,, i.e., P =50; 100; 150; 175;
200; 225; 250 N; (b) under greater forces P = 275; 300; 350 N

Kak u cneposano oxuaatb, cemenctso KIB &(t; 3,T) MOHOTOHHO BO3pacTaeT no
napamMeTpy ¢, npuyemM o0COBeHHO ObICTpbid pocT gedopmauumn  (MHTeHcudukaums
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non3yyecTn) HauYMHaeTCs € Harpy3ku P > 0.45P, = 225 H (kpacHag KpuBas); B YaCTHOCTH,
BO3pACTalOT CpefHss CKOPOCTb MOM3Y4YeCTU M OCTaTouyHaa (nnactuueckasn) aedopmaums
nocne CHATUS Harpys3ku 1 BblAepXKK B TedeHue 4 u. KIMNB npuBeneHbl Ha aByx Puc. 14,
MOCKO/bKY MaKCMManbHble aedopmaumm Npu ypoBHSAX Harpyskn P < 0.5P,, 1.e. P < 250 H
(Puc. 14(a)), He npeBocxogat 9 % (u KIB umewT 06bluHYyHO ¢dOpMy, TUMUYHYO [NS
HOoNbWKMHCTBA BA3KOYNPYronnacTuyHbix Matepuanos) [1,4,8,92], a npu 6onblimx ycunumsx
P > 0.5P,, T.e. P =275, 300; 350 H (Puc. 14(b)), npesbiwatot 80 % u gocturatot 300 % ans
P = 0.7P, = 350 H (BepxHas kpuBasi Ha Puc. 14(b)), a octatouyHas pedopmaumsa nocne
CHATUS HArpy3kn WM BbIAEPXKKM B TedeHue 4 4 npesbiwaer 60 % wn pocturaer 230 %.
Ona P < 0.4P, octatoyHas pedopmaumsa He npesbiwaeT 3 % (buonetoBas Kpueas Ha
Puc. 14(a) - ans P = 0.4P,).

Mo Pwuc. 14(a) xopowo BuaHO, uto Yyxe npu P = 0.3P, = 150 H Habnwopaercs
3aMeTHOe OTKIOHEeHMWE OT NoA06MS KPpUBBIX MON3yYecTn (MX MPONOPLUMOHANIBHOCTM YPOBHHO
HanNps>keHns U OAHOM U TOM e (dYHKUMM BpeMeHu); 3TO 03HavaeT, yto [1TdPD MoxHO
CYMTaTb JIMHEMHO BA3KOYNPYrMM NULWLb MPU Harpyskax, He npesblwarowmx ¢ = 0.20, (Mam
MEHEee) U MOXHO MOMbITaTbCs OMWUCbIBATb 3aBMCUMMOCTb AedopMaumm £(t) OT MUCTOpUM
HarpyxeHus o (t) NMHENHbIM MHTErpanbHbIM onepaTopoM (nnHerHbIM OC) BA3KOYNpyrocTy,
a NposBAeHMIMU GU3MYECKON HEIMHEMHOCTM MOXHO NpeHebpeyb (3TO rMnoTesa, KOTOpYHo
TpebyeTcs NoATBEPAUTb 3HAUUTENIbHO BONBLWKMM KOIMYECTBOM UCMbITaHuI). Mpu 60nbwmnx
HanpshkeHmax (ycunmax) Henbss npeHebperatb addektamm GU3NYeCKon HeNMHENHOCTH
npu MOAENMPOBAHMM M HAAO BblbMpaTb pusnyeckn HennHerHoe OC.

Mpn P = 0.55P, = 275 H «kpuBbie nonsydyectn [TMOD ™MeHawT cBOW dopmy
(Puc. 14(b)): nosiBnsieTcs TpeTbsa CTagMs NONA3Y4eCTM C pacTywen CKOpOCTbo (ee He Bbino
npu Harpy3kax P < 0.5P,) n pedopmaumm pesko pactyT. O4eHb MHTepecHa GpopMa KpMBbIX
nonsyyectn P = 350H (Puc. 14(b)): nocne TpeTben cTagun noA3yvyectu CHOBA
HabnooaeTcs ynpoyHeHue, pe3koe NOHMXKEHME CKOPOCTM NON3y4ecTu (KpUBbie NoN3yyecTu
Takon (GOpMbl BCTPEYAKTCS KpalHe peako M CBUAETENbCTBYOT 00 OYeHb BbICOKOM
CKOPOCTHOM 4yBCTBUTENbHOCTM M 6oNbWOM AedOpMaUMOHHOM pecypce MaTepuana).
OTtMeTuM, uTo Npu BONBWKX HArpy3Kax M3MEHEHUS pa3MepOoB MOMNEPEYHOro CeYeHns npu
NON3yyect BeNUKM (TONWMHA yMeHblumnacb € 3 Ao 2 MM, wupuHa - ¢ 10 go 6 mm,
naowanpb ¢ 30 o 12 MM?), T.e. UCTUHHOE Hanps)KeHWe (Npy NOCTOSAHCTBE YCUANS) 3AMETHO
pacTeT ¥ B KOHLE CTaAMM NON3y4YecTu NpeBbIWaeT HOMUHANBHOE NOYTU B TPM pasa (HO Bce
Xe Matepuan ctabunmsunpyet BbICTpoe HapacTaHue aedopMaumm U CKOPOCTb MON3YYecTu
YMEHbLIAeTCs Ha NocNeaHeN CTaaun NoYTHU 0 HyNS).

OTMeTUM, YTO yXXe Ha NpeaBapUTENIbHON CTaAMM LMKINMYECKOTO HArpy>XeHUs C Manow
amnnutygon umkna P. = 0.3P, = 150 H, T.e. 6. = 4.8 MIla, n nepuogom B 30 ¢ (Puc. 13(a)),
SIBCTBEHHO HabNOAAETC HaKoMneHue BA3KOMAACTUYECKMX AedOopMauMi C  KaXAbiM
UMKNOM y Bcex obpasuos (Puc. 15) u uckpusneHne BeTBu pasrpysku (Puc. 15(b)). Ha
Puc. 15(a) npuseneHbl HavanbHble y4acTKu OTKANKOB £(t; 0, T), t < 240 ¢, ona HarpyxeHum
c P =150; 175; 200; 225; 250; 275 H, Bktoyas OTKAMK HA Tpu nNpeaBapuTeNbHbIX LMKNA
HarpyxeHns ¢ ¢ukcuposaHHon amnamtygon P.=150H, a Ha Pwuc. 15(b) -
COOTBETCTBYHOLLME KPUBbIE LUMKINMYECKOrO HarpyxeHusa o — & ans obpasuos N29 u N210
(OTHYNeBOM UMKA, CKOPOCTb HarpyxeHus u pasrpysku pasHa 10 H/c). daxe npu Hu3kol
Hazpyske U Maaeix CcKopocmsax 0epopmuposaHus HabnwoOarmcs SpKO BbIPAXEHHbIE
Heynpyaue ceoticmea [1T@®3. MNpu 3TOM NoCae NepBOro UMKAA HArpy3ku y BCEX AECATH
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0o6pa3uoB HabnwAaNoCh 3aMeTHOE YBENUYEeHWME XKECTKOCTU (yBeNMYeHWe KacaTeNlbHoro
moayna npu ¢ = 0), yMeHbLeHWe NpUPaLLEHUS OCTAaTOYHON U AedOopMaLMU U CYyXKeHUe
neTnu rmctepesmnca Ha KaxaoM umkne (Puc. 15(b)).
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@ ' )

Puc. 15. (a) HavanbHbie yyactkn oTknukos (t; 6, T), t < 240 ¢, Ans HarpyxXeHun ¢
P=150; 175; 200; 225; 250 H, Bkntoyas OTKAMK Ha TpU NpeaBapUTENbHbIX LUKIA HArPyXKeHUs

¢ amnantypon P.= 150 H (6, = 4.8 MIMa) u aautenbHocTtblo 30 ¢; (b) AMarpamMmbl MATKOro LUKIUYECKOrO
HarpyxeHus o-g 06pa3uoB8 N29 1 N210 (oTHyneBoW LMK, CKOPOCTb HAarpy>XeHus U pasrpy3ku pasHa 10 H/c)

Fig. 15. (a) Initial sections of responses £(t; 4, T), t € 240 s, for loadings with P = 150; 175; 200; 225;

250 N, including the response to three preliminary loading cycles with the amplitude of P.= 150 N
(6. = 4.8 MPa) and duration of 30 s; (b) stress-strain curves o-g 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)

O6HapyXeHue B UCMbITaHMSAX BblpaXXeHHbIX 3O (PEKTOB MON3Yy4eCTU U BOCCTAHOB/EHUS
MOKa3bIBAET, YTO NPU KOMHATHOM TeMnepaTtype 1 Harpyskax > 0.1ad,, g, = 16 MTlla (naxe
LOCTAaTOYHO MasblX MO CPAaBHEHWIO C MpeaenoM MPOYHOCTM NpU pacTskeHun) MNTOD (m
nccnenoBaHHble KM Ha ero 0CHOBE) Heslb3s cHumame ynpya2um uau ynpy2onaacmu4eckum, a
Heobxo0uMO y4umsl8ams Hacae0CmeeHHsble caolicmsa u 3¢pekmesl (NaMaATb, 3aBUCMMOCTb OT
NCTOPUWN HArpYXXeHWs, CKOPOCTHYK YyBCTBUTENbHOCTb, CMOCOOHOCTb K MOA3y4YecTn W
penakcaumu), T.e. modenupogames [1TMI kak es3Kkoynpyzonaacmuyeckul u y4umel8amse
¢u3uyeckyto HesuHelIHocmes €20 peono2uyeckux cgoticms [1,92].

bonee noppobHoe npeacrtaBneHne Bcero ob6bemMa AaHHbIX UCMBbITAHWI (B YACTHOCTU
kpublx nonsyyectu [MTM3 u KM B UCTUHHbIX HanpsxeHusax U pedopmauusx) wu
obHapyxeHHbIX  3(PPeKToB  (3aBMCMMOCTM  CPeAHUX  CKOpPOCTEM  MoA3yvyectu MU
BOCCTAHOBJ/IEHWUSA M OCTAaTOYHOM AedopMaLmmn OT YPOBHS HArpy3ku 1 OT BUAA U COAEPXKAHUS
HanosiHMTeNs, 0CO6eHHOCTEN NOKanu3auuu M aenokanusaumm gedopmaumm u ap.), mx
LeTaNbHbIA CPaBHUTENbHbIN aHaNM3 U 0BHapyXXeHne Koppensauuin C MU3HOCOCTOMKOCTbIO —
TeMbl Nocneayowmx craten umkna 8 2025-2026 rr.

Mukpockonus 30H paspyweHus MTPI n KOMNO3MTOB Ha ero 0CHOBE Npu
pacTskeHum
MNocne MexaHUYeCcKUX UCMbITaHUA nposoanInCb nccnenoBaHUA U3MEHEHUN MUKPOCTPYKTYpblI

NT®> u KM B 30Hax paspyweHus 06pa3LoB Ha CKAHMPYHKOLEM 31EeKTPOHHOM
mMukpockone (C3M) Jeol JSM-7800F (JEOL, InoHus) B pexxume BTOPUYHBIX 31EKTPOHOB.
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Ha Puc. 16 npuseneHbl dotorpadum (c ysennyenmnem B 1000 pas) 30H paspyLieHuns
obpasuos MNTAMD B MCMbITAHUAX HA PACTSKEHWE CO CKOPOCTSMWU [ABWXKEHUS TpaBepChl
V=1;15; 150; 600 MM/MUH (COOTBETCTBYIOLIME CpefHME NO BpeMeHu M pabouert yYactm
obpasua ckopoctn aedopmaumn: a = 0.23; 3.6; 107; 143-10-3c?). CBeTnble NSTHA-BbLICTYMbI
no BceMy penbedy - 00OOpBaHHble GUOPUANbLI, @ KPACHbIMM KpyraMuM OTMEYEHbI
MUKponopbl (Mx cpegHui pasmep - 5...20 MKM).

Puc. 16. MukpodoTorpadum 3o+ paspywenus NMTAI npu YyeTbipex pasHbiX CKOPOCTIX AedOPMUPOBAHUS
a=0.23;3.6;107; 143-10° 1/c (a-d)
Fig. 16. Microphotographs of fracture zones of PTFE samples in four tests at different strain rates
a=0.23;3.6;107;143-10° 1/s (a-d)

PaspyweHune obpasuos MNTMD npu KOMHATHOM TeMnepaType M YKa3aHHbIX (Manblx)
CKopocCTsX aedopMauum NpoTekaeT Mo BA3KOMY MeXaHM3My, C HaKoMmneHuem BOsbLumX
nnactnuecknx pgedopmaumin (Puc. 1, 3, Tabn. 1). Npu pactsxeHun obpasua no Bcemy
obbeMy npoucxoamT obpa3oBaHME MHOXECTBA MMUKPOMOP, KOTOpble NOCTENEHHO PacTyT,
nonnMep Mexzay cocefHMMM NOPaMU BbITATMBAETCS B HAaNpaBieHWUM Harpy3ku, 06pasyoTcs
bmnbpunnspHble  MOCTMKM, obnagalwme  MOBbIWEHHOM  XECTKOCTbl  bGnaropaps
OpUEeHTUPOBaAHHOCTM Uenei. Dopmuposanne bubpunn npenctasngser coboi npouecc
pacnyTbiBaHWS  KPUCTANIMYECKMX [OOMEHOB C 00pa3oBaHWEM  OpUEHTUPOBAHHOM
NEeHTOBMAHOM KPUCTAN/IMYECKOW CTPYKTYypbl B HanpasneHuun Harpysku [86,94]. C poctom
Harpy3kuM W JIOKanuM3aumm HanpskeHus dubpunnbl Bce 6OMblie pacTArMBalOTCA M
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Puc. 17. MukpodoTtorpaduu 30H paspyweHuns obpasuos n3 KMcw-1 (c HanonHeHnneM 0.9 % cepneHTUHa u
0.1 % wnuHenu MarHus), LOBELEHHbIX [0 pa3pbiBa NOCAE UCMbITAHUIA Ha NON3Y4YeCTb M BOCCTAHOB/IEHUE:
(a,b) npu Harpy3ke 100 H (o6pasew, N242); (c,d) npu Harpy3ke 150 H (o6pasev, N243); (e,f) npu Harpyske

250 H (obpazeu N245); ysennuenne B 150 pa3 Ha pparmeHTax (a,c,e) n B 1000 pa3 — Ha pparmeHTax (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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Puc. 18. MukpodoTtorpadpum 30H pa3pyweHns o6pasuoB u3 KMcw-2 ¢ HanonHeHuem 1.5 % cepneHTunHa u
0.5 % wnuHenu mMarHus, LOBELEHHbIX [0 pa3pbiBa NOCAE UCMbITaHUIA Ha NON3Y4YeCTb M BOCCTAHOB/IEHUE:
(a,b) npu Harpy3ke 50 H (o6paseu N261); (c,d) npu Harpy3ke 150 H (o6paszeu N263); (a,e) npu Harpyske

250 H (o6paseu, N265); yenuueHue B 150 pa3 Ha ¢parmenTax (a,c,e) u B 1000 pa3 - Ha dparmeHTax (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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Puc. 19. MukpodoTtorpadum 30H paspyweHns obpasLoB u3 KMcw-5 ¢ HanonHeHueM 3.8 % ceprneHTUHA U
1.2 % wnuHenn MarHus, LOBeAEHHBIX A0 pa3pbiBa NOC/AE UCMbITAHMI HA NON3Y4eCTb U BOCCTAHOBNEHME!
(a,b) npu Harpy3ke 50 H (o6paszew N281); (c,d) npu Harpy3ke 150 H (o6pa3zeu, N283); (e,f) npu Harpyske

250 H (obpa3zew, N285); ysenuuenue B 150 pa3 Ha dpparmeHTax (a,c,e) n B 1000 pa3 - Ha pparmeHTax (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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OPUEHTUPYIOTCSH, MNOTOM HAYMHAKT pBaATbCS, COCEAHME MUKPOMOPbl CAMBAKTCH WU
YKPYMHSAOTCA (pa3pbiB COCEAHUX CTEHOK-MOCTUKOB NMPUBOAMUT K NPOLECCY, aHANOrMYHOMY
"paccTerMBaHui0 MonHMK"), 0Bpa3ylTCs TpewMHbl B MAOCKOCTWU, NepneHAUKYNspHOM
HanpaBNeHWUIO PACTKEHUS; OaNbHelee pPACTSHXKEHME Bbl3blBAET Pa3pbiBbl OCTABLUMXCS
bunbpunn, 3amMeanaoLWmMX pa3BUTUE TPELLMH, U POCT TPELLMH NPUBOAMT K pa3pbiBy 0bpasua.
Ha Puc. 16 xopowo BuAHbI 060pBaHHblEe KOHLbl GUOPUNNSPHBIX MOCTUKOB (CBET/blE
BbICTYNbl N0 BCeMY penbedy). [oBepXHOCTM pa3pbiBa NpY Manon ckopocTu AedopMMPOBaAHUS
a=0.2310%c* wm a=3.6-10°c (Puc. 16(a,b)) xapaktepusyioTca 60nee BbITAHYTHIMU
bUbpUnNapHbLIMK BbICTYNaMu, Yem npm 6onbLumx ckopoctsax a = 107; 143-103ct (Puc. 16(c,d)),
3TO CBUAETENbCTBYET O NMOCTENEHHOM OXPYNYMBAHMM MaTepuana C yBeIMYeHNeM CKOpOCTH
pacTskeHus. Ha MakpoypoBHe 3TO Bblpa)KaeTcs B pe3KOM yMeHblueHun aedbopmauum npu
pa3spbiBe (Puc.1,3 wn Tabn.1l). Kak u“3BeCcTHO, NpoLecc CKOPOCTHOrO OXPYynyYuMBaHMUS
NpuMBOAMUT K TOMY, 4YTO Npu 6onbwMX CKOpPOCTAX AedopMMpPOBaHMS (3a npepenamu
nccnegyeMoro  KBasuCTaTMYeCKOro [AManasoHa) NpoucxoauT ropasgo Gonee  peskoe
oxpynumnsaHue MTM3 n paspyLeHre CTaHOBUTCS XPYMKUM.

Ha Puc. 17-19 npuseneHbl MukpodoTorpadmm 30H paspywenus obpasuos 3 KM
Tpex COCTaBOB (PAaCCMOTPEHHbIX paHee) C pasHbIM codepaHueM HanonHuutenen: KMcw-1
(c 0.9 % cepneHtmHa 1 0.1 % wnuHenn MarHna no Macce), KMcw-2 (c 1.5 % cepneHtuHa u
0.5 % wnuHenn marHmng) n KMcw-2 (c 3.8 % cepneHtnHa u 1.2 % wnuHenu marHus).
O6pa3upbl foBefeHbl 00 paspylleHMs MOCAe OMUCAHHbBIX MCMbITAHUIA Ha MON3yyecTb U
BOCCTAHOBNEHME (B TeyeHue 4 + 4 4) npu pasHbix Harpyskax ot 50 go 250 H, T.e. o1 1.6 no
8 Mla (cm. Puc. 13, 14). B neBom ctonbue - CHUMKM € yBenmyeHunem B 150 pas, B npasom
- B 1000 pas, xentble paMku 0603HAYaKOT 30HbI yBeNUYEeHUS. KpacHble CTpeNikm yKa3bliBatoT
4acTULbl HanonHuTenemn; ronybole — HanpasneHue Gpubpunn.

Puc. 20. HagMonekynsipHas ctpyktypa [T (a) u KM ¢ 1.5% cepnerTtuHa 1 0.5% wnuHenn Marius (b)
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

HapMonekynspHas cTpyktypa ucxogHoro [TM3 xapaktepusyetcs ¢opMuMpoBaHueEM
NeHTOYHOo-nonocyaton cTpyktypbl (Puc. 20(a)). Beegenuve B [TMOI cepneHTUHA M WNUHenu
MarHus cnocobcTeyeT TpaHCHOPMALMM HALMONEKYNSAPHOW CTPYKTYpbl B HanpaBieHUu
obpasoBaHusa cdeponutoB (Puc. 20(b)). Ha mukpodoTorpadusx BUOHO, YTO YaACTULbI
HanonHuTeNnem CAyXxar LUeHTpaMu  KpucTanausaumu, OT  KOTOpbIX  MAET  pocT
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cheponnTonofobHbIX 06pas3oBaHMi (3eneHble Kpyru). B pesynbrate u3MenbyeHUs w
MeXaHOAKTMBALMMN HAMNOMHUTENEW B MeNibHMLE MpU OaNbHEeMWeM CYXOM CMeLMBaHUK C
MNTd3, npeccoBaHMM u TepMoobpaboTKe aKTUBHblE CErMEHTbl MAaKPOMOJIEKY
aAcopoupyoTCS Ha MOBEPXHOCTU HAMONHWUTENS, BbI3biBas PaAManbHYH OpUEHTaLMIo
MaKpoMosiekyn B amopdHon ¢dasze, 4To NpUBOAMUT K POCTYy CHEpPONUTOB U U3MEHEHUHD
COOTHOLUEHUS MEeXAY KPUCTaNIMYeCKOW M aMOp(PHOMN COCTaBnsolLen maTpuubl [22,45].
MNoBblweHne ¢GU3NKO-MEXAHMYECKMX CBOMCTB KOMMO3UTOB MOXET BO3HMKHYTb, KOraa
HanoNHUTENU, KOHUEHTPUpYSCb B aMopdHbIX 06nacTax, U yBEAWYMBAKOT MNAOTHOCTb
YMaKOBKM.

Ha mukpodoTtorpadusax 30H paspywenuna obpasuos KM (Puc. 17-19) sugHo, uto
nyykn makpomonekyn MNTA3 B npouecce aedopMMUPOBAHUA PaCTArMBAIOTCS U 0BpasytoT
OPUEHTMPOBAHHYI CTPYKTYPY, OTYETIMBO HabnwoaanTca Gubpunnbl nonumepa. ®ubpunsbl
OPUEHTUPYIOTCA M3 TOUKM KOHLEHTPALMKU HanpskeHna (Ha MMKpodoTorpadusx oT4eTIMBO
HabnAaTCa YacTUUbl HAMONHWUTENeW) B OCHOBHOM B HanpaBfieHWWU PaACTKEHUS.
CnocobHocTb dmbpunn cBa3biBaTb Hepera TpewmHbl U UX NPOYHOCTb, 3aMETHO 3ameanser
unu  paxe 6nokupyetr pasButne TpewmH. CTabunbHOCTb BbITArMBaAHUS  GUOpUN
(NOKaNbHOro OPMEHTUMPOBAHMS NMYYKOB MAaKpOMOJIEKY/) B NEPBY ovyepenb onpenensercs
TemMnepaTtypom M KpUCTaNIMYeCKoW (as3oM, a TakxXe 3aBUCUT OT BMOA HAMNPSKEHHOro
COCTOSIHMS, WMHTEHCMBHOCTM  HArpy3ku, CKOPOCTM  HarpyXeHus U1  aHWM30TpOnuu
MUKPOCTPYKTYpbI [95].

3akn4yeHue

Cratbs noceBaLeHa KOMMNEKCHOMY 3KCNepuMeHTaNIbHOMY U3YYEeHUIO
BA3KOYMNPYronnactMyeckMx CBOMCTB MoAMTeTpadTOp3ITUAEHA M HECKOJIbKUX CeMEencTB
komno3suTtoB (KM) c nosbiweHHon (B 2000 pa3) M3HOCOCTOMKOCTbKO Ha €ro OCHOBE,
NONYyYeHHbIX B NocneaHue rofbl B nabopatopusix MHCTUTYTa ectecTBeHHbIX HAayK CBOY mm.
M.K. AmMMocoBa BBegeHMeM B KayecTBe HAMOMAHWUTENEW CNOUCTbIX CUIMKATOB
(MEXAaHOAKTUBMPOBAHHbIE BEPMWKYNIUT, KAOJIMHUT, CEPNEHTUH, OEHTOHMWT), LWNUHEeNu
MarHus U KOPOTKMX 6a3anbTOBbIX WK YrNepoAHbIX BOMOKOH. B nepBoi yactu cratbu [1]
OMMCaHbl TEXHONIOMUU M3rOTOBNEHUS KOMMO3UTOB WM OCHOBHble pe3y/nbTaTtbhl paboT no
MCCNefoBaHUI0 CTPYKTYPbl M XMMMYECKOro COCTaBa MOBEPXHOCTM TPEHUS MeTodamu
3NeKTPOHHON MuKpockonum U UK-cnekTpockonuu 1M NOBbILWEHUIO M3HOCOCTOMKOCTU 3TUX
MaTepuanoB 3a cYeT 06pa30BaHUA NIEHKM NepeHoca U BTOPUYHbIX CTPYKTYp B pe3ynbTaTe
TpnbookMcAnTenbHbIX npoueccoB. OnucaHa cucTeMa MporpaMM  KBa3MCTAaTUYECKUX
MCMbITAaHUA  NOAMMEPOB M KOMMO3UTOB  A1S1  BCECTOPOHHEro  M3yyeHus  uX
BS3KOYNpPYroniactMyecknux CBOMCTB (COBOKYMHOCTM BCeX HabMAaeMblX B MUCMbITAHUAX
3¢ heKToB), BO3MOXHOCTU JIMHEMHOIO MWHTErpasbHOrO0 COOTHOLWIEHMS BA3KOYMNPYrocTu
bonbuMaHa-Bonbteppbl M uyeTbipex  OU3MYECKM  HENMHEMHbIX  Onpeaensomx
COOTHOLUEHMI BSA3KOYNPYronaacTMYHOCTM (OLHO W3 KOTOPbIX YYWUTbIBAEeT B3aMMHOE
B/MSIHWE 3BOSIIOLUMM CTPYKTYpbl M npouecca AedOpMUPOBAHUA) NO MX OMUCAHUIO U
MEeTOAO0NOMMS aHaNM3a [aHHbIX WCNbITAaHWMA M BbIOOpa afeKBaTHbIX OMNpenensoLwmx
COOTHOLLEHWI ANg UX MOAENNPOBaHMS. B yacTHOCTH, pacCMOTpeHbl NpU3HaKK GU3NYECKOn
HEeIMHEMHOCTU NOBeAEHUS MATepuanos, T.e. UHAMKATOPbl HENPUMEHMMOCTU JIMHEWHOrO
MHTErpaNbHOro COOTHOLIEHWUS BA3KOYNpyroctu bonbumaHa-BonbTeppbl, KOTOpble MOXHO
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0BHapYXXMTb B MCMNbITAHUAX MO PasHbIM MPOrpaMMaM HarpyxeHus, cnocobbl 04epTUTb
AMANA30H JIMHEWHOCTM MOBeAEeHMs BA3KOynpyroro marepuana. OnucaHbl UCnbITaHmsa ons
npeaBapuTeNbHOM AMArHOCTUKM TUNA MOBeAEeHWs Matepuana (B NepBOM MpubanXKeHuu),
ec/In XapaKTepu3oBaTb €ro KaTteropusaMu ynpyrun, BA3KOYMPYruim, BA3KOMJACTUYHBIN,
YNpPYyroBa3KONNaCTUYHbIM, M METOA0N0rna BblbOpa afeKBAaTHOM MOAeNnu AN ONUCaHUs
noBefeHns KOHKpeTHoro Matepuana [1].

Bo BTOpOM YacT cTaTb NpuBeLeHbl AAaHHbIE UCMbITAHMUIM HA PACTSXKEHWE NO Pa3HbIM
nporpamMmaM o6pasuos-nonatok u3 uucrtoro MNTAS n wectn KM Ha ero ocHoBe ¢
HanoJIHEHNEM CEePrNEeHTUHOM MM CEPNEHTUHOM U LINUHENbID MarHus (oo 5 % no macce):
CEMENCTBA AMarpaMM pacTsxeHus a(g,a) C pa3HbIMM CKOPOCTSIMU A0 PA3PYLUEHNUS, KPUBBIX
Harpy>xeHus-pasrpy3kn-BoccTaHoBnenns (t; ty, b;) v o(g;ty, b;) € pa3HbIMU CKOPOCTSMU U
LNUTENBHOCTAMM CTaAMM HArpyXXeHUs U KpMBbIX NON3y4YecTn U BoccTaHoBneHnus &(t; 4, T)
NS pa3HbIX YPOBHEMN MOCTOSAHHOM HArpy3Ku U AnuTenbHoCTeN ee npunoxernusa (Puc. 1-15).
[lpoBeneH NepBUYHbLIM aHANN3 BbIPAXXEHHOCTU HAC/EeACTBEHHbIX CBOMCTB MaTepuanos, B
YACTHOCTM CKOPOCTHOM YYBCTBUTENBHOCTM, CMOCOBHOCTM K TEYEHMIK MPU MOCTOSHHOM
HanpskeHun, pecypca Aed@opMaTMBHOCTM M CNOCOBHOCTM K BOCCTAHOBNEHMIKO Noce
pa3rpysku, U BAMSHWME HA HUX COCTaBa M Aonu HanonHutenein. OnpepeneHbl 6a3oBble
CKansipHble XapakTepUCTUKM MaTepuanoB: MrHOBEHHbIM MOAYNb, MNpeaen TeKyyecTw,
HanpskeHue n aedopmaums nNpu paspbiBe B 3aBUCMMOCTM OT CKOPOCTM HArpy>KeHus v ap.
[Mocne MexaHUMYecKMX WUCMbITAHUM Ha CKAaHUPYIOWEM 3NEKTPOHHOM  MUKpOCKone
npoBeAeHbl NCCNefOBaHUS U3MEHEHWUA MUKPOCTPYKTYpbl [TM3 n KOMNO3UTOB C pa3HbIM
COLEPXAHWEM HaNoNHUTENEN B 30HaX pa3pyLlieHms 06pa3LoB (MO CPAaBHEHWUIO C UCXOLHOM
CTPYKTYPOW). YCTAHOBNIEHO CU/IbHOE BAMSHUE ManbiX AONEW HANOMHUTENEN HA CTPYKTYpY U
MHOru1e BS3KOynpyronaacTuyeckme CBOMCTBA MaTepManos.

Mpv aHanM3e HAKOMNEHHOro 3a ABa roga obbema AaHHbIX UCMbITAaHUI 0OHApPYXKEHbI
BbiCOKas gaedopmatneHoctb MT®3 M KM Ha ero ocHoBe BO BCEM JAManasoHe
KBa3MCTaTUUYECKMX CKopocTer aedopmaumm (KpaTHOCTb pacTakeHns Ao 4.5 npu CKOpocCTsx
a=1410% u a=2310*c?, kpaTtHocTb pactaxeHus okono 3 npu a=0.143c?),
BbIpaXXE€HHble HacNeACTBEHHblE CBOWMCTBA AaXe Npu HU3KOM Harpyske (MeHee 10 % ot
pa3pbIBHOM), CNOCOBHOCTb MAaTepManoB K MOMA3YyY4eCTU M TEYEHUKD MpU MNOCTOSAHHOWM
Harpyske W HakonneHuto 6onbwor HeobpatuMon (nnactuyeckon) aedopMaumm,
CNOCOBHOCTb YMPOYHATLCS MOCAe AAMHHOM MAOWAAKM TEeKy4yecTM M OYeHb BbICOKas
CKOPOCTHas 4yBCTBUTENbHOCTL (Puc. 1-7): npu yBenmyeHun ckopocTtu pactsxkerums MTOI
B 1000 pa3 usmepsiemble HanpskeHus ysennumnucb Ha 70-80 % (Npyv OAMHAKOBbLIX
nedopmaumax), nedbopMaumns nNpu paspylieHnun yMeHblwmnacb novytm B 2 pasa (c 340 no
200 %), npenen Tekyyectn MTMI n Bcex uccnenoBaHHbix KM MOHOTOHHO BO3pacTtan c
yBenuyeHuneM ckopoctu gedopmuposarums Ha 40-60 %. BMmecTe ¢ TeM npeaen NnpoyHOCTH
o.(a) y NT®3 n Bcex KM ropaspno cnabee 3aBMCUT OT CKOPOCTU (MeHsIeTCS He bonee, yem
Ha 20-30%) wn He Bcerga MOHOTOHHO. BbiCOKasi CKOpPOCTHasi 4yBCTBUTENbHOCTb
MaTepuanoB TOPMO3WUT M OCTAHABAMBAET NOKanusauuio gedopmauuu, 3a4epKUMBAET U
OCTaHABMBAET pa3BUTUE LLIENKM M 0DecneyvnmBaeT BblPaXXEHHYH MIOWAAKY TeKyyecTu,
NOBONBHO AJIUTENbHbIA YYacTOK YMPOYHEHMS 33 Hel M, B uTOore, GOnblOW pecypc
naacTMyHoct (oedopmaumio npu  paspyweHumn). [ledopmMaTtMBHOCTL MaTepuanos (4
CNOCOBHOCTb K BOCCTAHOBNEHMIO) SBASETCA MPEMMyLeCTBOM MpU WMCMONb30BaHUMM B



KomnnekcHoe uccnedosaHue 853koynpy20n1acmuyeckux caolicme HaHOKOMNO3UMO8 C NOBbILUEHHOU U3HOCOCMOUKOCMbH 162
Ha ocHose @moponnacma-4. Yacme 2

YNNOTHEHUSIX, HO 3TO HEeAO0CTATOK, eciv NpuMeHsaTb [TMD B y3nax TpeHUS CKONbXEHUS, rae
Heo6X0AMMbl AOCTAaTOYHAS XKECTKOCTb U BbICOKA U3HOCOCTOMKOCTb.

[NepBMYHbIM aHaNM3 [OAHHbIX MCMbITAHWA NOKa3an, 4YTO CBOMCTBA [AMarpamm
nedbopmupoBaHus a(e,a) BCcex uccnenoBaHHbiXx KM KayeCTBEHHO He OTAMYAKOTCA M
KonmyectBeHHO 6nm3km k [ uymctoro MTM3 (Ha Bcex A ecTb ANMHHAasg naowagka
TEKy4YeCcTn U CTaausa YNpoyHeHus nocne Hee — Puc. 3-7), XOT9 U3HOCOCTOMKOCTb KM
3HauuTenbHo Bbiwe (B 2000-2500 pas), kecTkoCTb Kak NpPaBua0, HEMHOIO MOBbLILWAETCS C
yBe/IMYEeHNeM 0NN HANoAHUTenNs, a AedopMaumnm Non3yy4ecTn 1 CnocobHOCTb MaTeEPManoB
K BOCCTAQHOBMEHUIO CHWXatTca. [lpepen npoyHoCcTM o,(a) Npu BCEX CKOPOCTIX Y
6onbwmHcTBa KM HeMHoro Huxke (Ha 10-30 %), yem y MNTO3. C yBenuyeHneM [onu
HanonHutenen 0o 5 % Habnwopaetca cHMxXeHWe BennumHbl &,(a) Ha 20-50 %, HO MHorme
KM He ycrynatot MTO3 B nedopMaTtMBHOCTM B ONpefeNieHHbIX AMAMNa3oHaxX CKOpOoCTewn
nedopmaumm. Takum 06pa3oM, pa3paboTaHHble TeXHONOrMu nonydeHms KM Bemyt Kk
n3meHeHunto cBoMCTB KM B HY)KHOM a/19 TpMBOTEXHMYECKMX NPUNOXKEHUI HAMPABAEHUN U
cnenyeT UX COBepLIEHCTBOBATb U ONpeaensTb ONTUMAbHbIE COAEPXKAHUSA HAMONHUTENEN U
peXMMbl TepMOMexaHuyeckon obpabotkn KM Ha craguu nonyyeHus (31a pabota
NpoAao/IKaeTCs).

B ncnbiTaHUsAX Ha HAarpy3Ky-pasrpy3Ky 06Hapy>XeH MHTepeCHbI husmdyecknin spdexT:
Ha KPMBbIX Pa3rpy3ku npu AOCTAaTOYHO BOMbLWIMX MAaKCUMabHbIX HanpskeHusx (KpuBble
4-6,10-12,15-18,Ha Puc. 8, 9 ukpusble 4, 5, 12, 15 Ha Puc. 10) npogonkaercs 3aMeTHbIN
poct pedopMauMM M HaA HAYaNbHOM 23Tane pasrpysku, Makcumym agedopmMaumu
3anasgplBaeT Mo CPaBHEHWUIO C MUKOM HarpyxeHusa (3Ta "MHEPUMOHHOCTL" MaTepuana
CBUOETENbCTBYET O CU/IbHO BbIPXKEHHOW MAMSATU UCTOPUM HarpyxeHus). 3ToT 3dpdekT
Habnopaetcs kak y ynctoro MTM3, Tak n 'y Bcex ucnbitaHHbix KM (Puc. 8-12).

O6HapyxeHue BblpaXeHHbIX 3PHEKTOB NO3y4eCcTH, CKOPOCTHOM YyBCTBUTENbHOCTH,
TEYEHMS MpPU MOCTOSIHHOM HaNps>KeHWW, HakonneHus Heobpatumon pedopmauun u
4aCTMYHOrO0 BOCCTAHOBNEHWUS B MPOBEAEHHbIX CepUSX UCMbITAHUIA MOKa3biBaeT, YTO Mpu
KOMHaTHOM TeMnepaType 1 Harpy3kax ¢ > 0.1a,,0, =16 MIla (aaxke 4OCTaTOYHO Manbix NO
CPaBHEHUID C HOMMHA/NbHLIM NPeAeioM NPOYHOCTU g, Npu pacTskeHun) MNTADI n KM Ha
€ro OCHOBE Henb3q CYUTaTb YNpPYruMuM WAM YNpyro nnacTMY4eCKMmMu martepuanamu, a
Heo6X0AMMO yunTbIBaTb HACNEACTBEHHbIE CBOMCTBA M 3 deKTbI (3aBUCMMOCTb OTK/IMKOB OT
NUCTOPUM HArpyXXeHusl, CKOPOCTHYK YYBCTBUTENIbHOCTb, CMOCOBHOCTb K MNOA3yyvyectn W
penakcaumu 1 T.0. [1]), T.e. Modesuposames 3mu Mamepuasnel Kak 8s3K0ynpyaonaacmu4eckue,
npuyeM y4umsi8ame (PuU3UYECKy0 HEeJIUHEeUHOCMb UX peosio2udyeckux ceolicme U, 803MOXHO,
380/IOUUI0 CMPYKMYpPbl nNpu 0egopMUpOBAHUU U ee 8/IUSHUE HA MexaHu4eckue ceolicmed
[11,12,93]. Mcxons U3 oTMEYEeHHbIX 0COBEeHHOCTEN NOBeAEHNS UCCeAYEMbIX MAaTepUaNoB
AN ero MogenupoBaHus cnepyeT BblbpaTb duU3MYeCKM HeMHenHoe onpegensiouiee
cootHoweHue (OC), onucbiBawowee WUPOKUA cnekTp 3dPeKToB, CBOMCTBEHHbIX
BA3KOYNpyronaacTMyeckuM matepmanam. B kKauectBe OCHOBHbIX KAHAWAATOB ANSi ONUCAHUS
noBefeHns ucciegyemMoro Martepuana (Ha [OaHHOM  3Tane  3KCNepUMEHTANIbHOro
nccnefoBaHusl) MOXHO B3aTb HenuHenHoe OC PabortHoBa unun HenmHernHoe OC Tuna
Makceenna [3-9] u ero obobuwenns [10-13], NoCKoNbKy Kaxpoe M3 HUX CNocobHO
OMMUCbIBATb BECb CMEKTP 0OHAPYXXEHHbIX B UCMbITAHMAX 3P EKTOB (Kak A0KA3aHO B paboTax
[3-13,91-93] n ap.), a Npu Hagnexawem Bblbope MaTepuanbHbiX GYHKUMUMA CNOCOOHbI
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OMUCbIBATb M JIMHEMHO BA3KOYMpyroe noBefeHne mMaTepuana fnpu He C/IULWKOM BbICOKMX
TeMnepaTypax U AOCTAaTOYHO MasblX HAMPSXKEHUSIX.

bonee nogpobHoe npepcTaBneHne Bcero obbema AAHHbIX WMCMbITAHWMM 0O6pPa3LOB
pa3Hbix KM Ha ocHoBe MNTM3 n obHapyxeHHbIX 3ddekToB (B YaCTHOCTM, CKOPOCTHOWM
YyBCTBUTENbHOCTU AMarpamMm AedopMUMpPOBaHUS, YepeaoBaHUS YYACTKOB pa3ynpoOYHEHUS
M YNPOYHEHMS HA KPWBLIX MON3Yy4yeCcTH, HAKOMIEeHUs HeobpaTumbix aedopMaumi,
ocobeHHOCTelN NoKanM3aumMm u aenokanusaumm gedopMaunm M paspyweHns npu pasHblix
BMAAX HArPYXeHUs), CUCTEMHOE MCCnefoBaHME CBOWCTB M3ydaemblx KM ¢ pasHbiM
COLEPXAHWEM HAMOSHUTENEN, UX OEeTasNbHbl CPAaBHUTENbHbIA aHanu3 M obOHapyxeHue
KOppensunm ¢ M3HOCOCTOMKOCTbIO — TeMbl Nocieayowmux craten umkna B 2024-2025 rr.
[lo ceMencTBaM MOCTPOEHHbIX AuarpamMM OedOpMUPOBAHUA, KPUBBIX HArPyXeHUs W
pa3rpysku M KpUBbIX MON3y4yeCcTM W BOCCTAHOBNEHMS OyaeT OCywecTBnsTbCs BblI6Op M
npoBepka WHAMKATOPOB MPUMEHMMOCTM K OMUCaHWUI0 AedOpMUMPOBAHMUS UCCNELYEeMbIX
MaTepuanoB Natu dusmyeckn HennHerHblx OC BA3KOYNpYyronnacTMYHOCTU, NOCTPOEHHbIX
M [eTanbHO U3YYEHHbIX paHee B uukne craten [2-13,91-93] n ap. OoHa 13 BaXkHbIX 3343y
BCEro UMKNA CTaTeM — KOMMIEeKCHAs XapakTepusauusi U CUCTEMHOE OMWCaHWe CBOMCTB
MNTd3 n KM Ha ero ocHoBe, MpoOBeAeHME U aHANN3 UCMbITAHUI OAHUX U TEX XXe MaTepuanos
No pa3HbiM WMHDOPMATUBHLIM MNporpamMmaM: gaxe no uyuctomy MTMO3 (ga u Apyrum
MaTepuanaM) B Hay4yHOM nuTepaType npeacTaBieHbl TOJIbKO pPa3pO3HEHHble AaHHbIe
MCNbITAaHMI MO OTAENbHbIM MporpamMmam 06pasuos MNTM3, M3roTOBAEHHbIX M3 Pa3HOro
Cbipbsi B Pa3HbIX YC/OBMUSAX MO Pa3HbIM TEXHONOMMAM, KOTOpble Henb3s MCNONb30BaTb
BMecTe Ans Bblbopa, naeHTMdukaumMm n BcectopoHHen Bepudukaumm OC gnga onucaHus
BCEro KOMMnekca peonornyeckmx csomcts MNTM.
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