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Abstract

The article presents the results of a comprehensive experimental and theoretical study of the tribotechnical
characteristics of a composite material based on polytetrafluoroethylene reinforced with polyimide fiber. The main
objective of the study was to determine the quantitative regularities governing changes in the intensity of linear
wear as a function of external tribological loading parameters, as well as to establish optimal operating modes for
the material. A mathematical modeling approach based on a full factorial design was employed to plan and conduct
the experiments. During the study, the effects of sliding velocity and normal load on the linear wear intensity of
the composite were analyzed. The experimental results enabled the derivation of a first-order regression equation
describing the dependence of wear on the variable parameters. Statistical analysis of the model included an
assessment of its adequacy and the significance of the regression coefficients. By constructing response surfaces,
zones of minimum wear intensity were identified, and optimal operating conditions for the material under dry
friction were determined. The study confirms the significant influence of both individual factors and their
interaction on the wear resistance of the composite material. It was established that deviations of tribological
loading parameters from their optimal values lead to a substantial increase in linear wear intensity. The combined
use of statistical analysis methods and tribological testing allowed for a deeper evaluation of the material behavior
and a significant reduction in the scope of experimental work through the development of a mathematical model.
The proposed approach can be effectively applied to optimize the operating modes of composite materials based
on polytetrafluoroethylene and polyimide fiber in friction units of machines and mechanisms operating under high
loads and requiring enhanced wear resistance.
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Introduction

Increasing the wear resistance of friction units is one of the key challenges of modern industry, especially
under operating conditions involving high sliding speeds, significant mechanical loads, and limited Iubrication.
Under such conditions, traditional structural materials often rapidly lose their functional performance, which has
led to increased interest in polymer composite materials [1]. These materials are capable of providing stable
tribotechnical characteristics under severe operating conditions. Composites based on polytetrafluoroethylene
(PTFE) are considered among the most promising representatives of this class of materials. PTFE exhibits a low
coefficient of friction and high physicochemical stability; however, in its pure form it is characterized by
insufficient wear resistance. The tribotechnical properties of PTFE can be improved by introducing fibrous fillers.
Among them, polyimide (PI) fibers are particularly promising due to their high thermal stability, mechanical
strength, and chemical inertness. Previous studies of PTFE-PI composite materials have shown that the optimal
filler content is 7.5 vol.% of PI fibers [2]. At this filler concentration, the highest level of structural uniformity and
wear resistance is achieved. Tribological tests conducted on this composite confirmed the dependence of linear
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wear intensity on sliding velocity and applied load. An increase in these parameters intensifies thermomechanical
processes in the contact zone, which leads to a reduction in wear resistance. Considering the need to obtain accurate
experimental data while minimizing experimental costs, the application of mathematical methods for experimental
design is of particular importance. Methods of experimental design are among the most effective tools for
identifying regularities in complex multifactorial processes [3]. They significantly reduce the number of
experiments required compared to direct empirical approaches while ensuring high accuracy of the obtained
results.

The purpose of the work

Determining the quantitative relationships governing the linear wear of a polytetrafluoroethylene—
polyimide composite under varying tribological loading conditions and to identify its optimal operating modes.

Objects and methods of research

To optimize the developed polymer composite material with an effective filler content of 7.5 vol.%, linear
wear intensity was selected as the key performance parameter. The description of the investigated process was
carried out in accordance with established mathematical relationships:

y(Uy) = f(xq1,%2).

In this case, the sliding velocity (x;) and the applied load (x,) were selected as independent factors. To
simplify the calculation procedure, the values of the independent factors were normalized to a dimensionless scale
with corresponding levels of —1, 0, and +1. For this purpose, the following normalization formula was used, which
allowed the experimental data to be converted into a standard form for further analysis:

Xi—Xio

X = —
L n 5

where X; is the coded value of the factor, X; and X, are the upper and central levels of factor variation, respectively
and n is the step of factor variation (Table 1) [4]. The calculated values of the initial levels of the studied factors
are presented in Table 1.

Table 1
Independent factors and their variation levels
Variation levels
Factor Symbol Designation Variation step (n)
-1 0 +1
Slip speed v, m/s Xq 0.25 1.5 1.75 2
Load P, MPa X, 0.5 1 1.5 2

According to the mathematical experimental design (Table 2), four experiments (N) were carried out, each
of which was repeated twice (k =2) in a random order in order to completely eliminate systematic errors.

Table 2
Planning matrix with calculated interaction columns of factors
. Values of variables on a
Experiment Values of variables on a coded scale natural scale
No.
X0 X1 X2 X1X2 v, m/s P, MPa
1 +1 +1 +1 +1 2 2
2 +1 -1 +1 -1 1.5 2
3 +1 +1 -1 -1 2 1
4 +1 -1 -1 +1 1.5 1
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Mathematical modeling of the dependence of the linear wear intensity of the PTFE—PI composite on the
selected variable factors was proposed to be carried out in the form of a regression equation represented by a first-
order polynomial:

Y = bo + byx; + byx; + bipxya,
where y is the calculated value of the optimization parameter; b; and b;; are the regression coefficients in the

equation. Based on the experimental data presented in Table 3, the average values of the response functions were
determined:

~ 1 .
5 =15y J=12..N. (1)

Table 3 presents both the experimental values (y;) and the averaged results (yjc) obtained in the study of
the influence of sliding speed and applied load on the linear wear intensity of the developed composite material.

Table 3
Experimental and Calculated Values of Linear Wear Intensit
. Average Value Calculated Value
Experiment y y
1 2 —
No. 7, y]g
1 3.66:10® 3.56:10°® 3.61-10% 3.31-10°%®
2 4.4-10% 1.61-10% 3.01-108 3.31-108
3 1.71-10°% 0.84-10°% 1.27-108 1.21-108
4 0.87-10°8 1.43-10°% 1.15-108 1.21-108

The reproducibility variance was calculated according to formula (2), and the variance of parallel
measurements was calculated according to formula (3):

1
Sy =<1 Sh ()
2 20
§p = (3)

The homogeneity of the variances obtained in parallel experiments was evaluated using Cochran’s test:

maxS?

— J
G =5 (4)

The calculated and tabulated values of the criterion were compared for degrees of freedom f; =k —1=1
and N=4 at a confidence probability of P=0.95. The calculated value of Cochran’s test was G¢ = 0.881 which is
lower than the tabulated value Gipe = 0.91. Therefore, the obtained variances can be considered homogeneous.
The coefficients of the regression equation have the same error, which is determined using the following formula:

s
Spi = = (%)

3

Based on the analytical expressions obtained in the course of a full factorial experiment, the coefficients of
the regression equation were calculated:

by = LI, 7L, (6)
b =¥, 2%, (7)
by = LI, 4, (8)



Problems of Tribology 59

Based on the calculations performed according to formulas (1)—(7), a first-order regression equation was
obtained, describing the dependence of the response function on the experimental factors:

y(I,) = 2.26-1078 4+ 0.18 - 10 8x; + 1.05 - 10 8x, + 0.12 - 10 8x,,.

The statistical significance of the regression coefficients bo, bi, b2, b2, was estimated by calculating
confidence intervals. These intervals take into account the variance arising from errors in the determination of the
coefficients. Confidence intervals were calculated using Student’s t-test, considering the specified degrees of
freedom (f;, f2) and a confidence probability of 0.95. The formula for calculating the confidence interval is as
follows:

|bcr| = ter * Spi- )

The critical value of Student’s t-criterion () was determined based on the degrees of freedom N (k—1)=4
and the chosen significance level of 0.95. A regression coefficient was considered statistically significant if the
inequality #<t.. was satisfied. After testing the statistical significance of the coefficients using Student’s t-test
according to formula (9), it was found that two of the obtained coefficients could be neglected. As a result, the
structure of the regression equation was modified, and it was established that, within the studied range of sliding
speeds, the applied load has the greatest influence on the linear wear intensity:

y(I) = 2.26 - 1078 + 1.05 - 10~%x,. (10)

The adequacy of the obtained regression equation was verified by comparing the theoretical values of the
optimization parameter, calculated according to equation (10), with the corresponding experimental results for
each performed experiment. This allowed the variance of the equation’s adequacy to be calculated using the
following formula:

1 ~
St = ﬁZle(y, -y (11)

In this case, B represents the number of statistically significant coefficients in the regression equation.
Accordingly, the degrees of freedom for assessing the adequacy of the model were determined using the formula

faa = N— B = 2. The calculated values of the optimization parameter are presented in Table 4.

Table 4
Calculated Data for Assessing the Adequacy of the Mathematical Model Using the Fisher Criterion

Regression Coefficients
2 2
Sy sad

bO bl bZ b12

1.1-10°1¢ 2.26-1078 0.18-1078 1.05 - 1078 0.12-1078 0.09-10°1¢

To assess how well the mathematical model (10) represents the actual relationship between the input and
output parameters, Fisher’s test [5] was used. This criterion is defined as the ratio of the adequacy variance to the
reproducibility variance (see Table 4) and is calculated using the following formula:

Fo =34 (12)

At a confidence probability of 0.95 and degrees of freedom f; = 4 and f> = 4 the calculated value of Fisher’s
test, Fc = 0.081 was found to be lower than the tabulated value. This indicates that the constructed mathematical
model is adequate for describing the studied process [6]. The relationship between the coded and natural values of
the factor affecting the optimization parameters is described by the following equation:

P-15
0.5 °

(13)

Xy =

Results analysis and discussion
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Based on a properly selected regression equation, the response surface of the linear wear intensity of the
PTFE-PI composite was modeled as a function of slip rate and applied load (Fig. 1). The response surface analysis
results show that the minimum wear intensity is achieved at lower applied loads across the entire range of slip
rates studied [7]. As the load increases, a noticeable rise in linear wear intensity is observed, confirming the
findings of the regression analysis.
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Fig. 1. Response surface of the linear wear intensity of the PTFE—PI composite as a function of slip rate and applied
load

The transition from coded variables (x;, x2) to natural variables (v, P) made it possible to develop a
mathematical model describing the dependence of linear wear intensity on the applied load.

y(I,) =0.89-1078 + 2.1 - 1078P. (14)

Conclusions

The results of a comprehensive experimental and theoretical study of the tribotechnical characteristics of a
polytetrafluoroethylene-based composite reinforced with 7.5 vol.% polyimide fibers showed that:

1. It was established that within the studied speed range, the linear wear intensity of the composite
significantly depends on the applied normal load. As the load increases, the wear intensity increases, which is
attributed to elevated contact stresses and the activation of thermomechanical processes in the friction zone.

2. Based on a full factorial experiment, a first-order regression model was developed to describe the
dependence of linear wear intensity on the key influencing factors. The results of the statistical analysis showed
that the applied normal load is the dominant factor, whereas the effects of slip rate and factor interactions within
the investigated range are statistically insignificant.

3. The validity of the developed mathematical model was verified using Cochran’s test for homogeneity of
variances and Fisher’s test to assess model adequacy. The results confirmed its reliability and consistency with the
actual wear behaviour of the composite material under dry friction conditions.

4. The developed model made it possible to identify the regions in which the linear wear intensity is
minimal, as well as to determine the optimal operating conditions of the composite. These conditions correspond
to relatively lower levels of applied load within the investigated range.

Thus, the application of experimental design methods in combination with tribological testing significantly
reduced the scope of experimental studies and enabled the derivation of accurate quantitative relationships
describing the wear process. The proposed high-efficiency approach can be used to optimize the operating
conditions of PTFE-based composite materials reinforced with polyimide fibers in friction units of machines and
mechanisms operating under elevated loads and dry friction conditions.
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€pvomina K.A., Botommna K.P., Predrag Dasi¢ [locnijkeHHsT BIUTMBY TPHOOJIOTIUHUX MapameTpiB
HABaHTAXXCHHS HAa JIHIHHY IHTEHCUBHICTh 3HOLIYBaHHS KOMIIO3UIIIHHOrO Marepially Ha  OCHOBI
nonireTpadTopeTHIIeHy, apMOBAHOTO MOJTiIMIHUM BOJIOKHOM

Y poGoTi HaBe#eHO pe3yNbTaTH KOMIUIEKCHOTO EKCIePUMEHTAIBHO-TEOPETUYHOrO  JOCIiPKSHHS
TPHOOTEXHIYHUX XapaKTEPUCTUK KOMITO3UIIIHHOTO MaTepialy Ha OCHOBI MOJNiTeTpadTOopeTIiieHy, apMOBAaHOTO
MOJIIMITHAM BOJIOKHOM. MeTO IOCHi[KeHHS Oyno BH3HAYCHHS KUTBKICHUX 3aKOHOMIPHOCTEH 3MiHH
IHTEeHCUBHOCTI JTIHIHHOTO 3HOITYBAaHHSA K (PYHKIIT HapaMeTpiB 30BHIITHHOTO TPUOOIOTIYHOTO HABAHTAKCHHS Ta
BCTAHOBJICHHSI ONTHMAaJIbHUX PEXUMIB poOOTH Matepiany. J[is riaHyBaHHS Ta NPOBEACHHS EKCIIEPHMEHTIB
3aCTOCOBYBABCS IIAXiJl MaTeMaTHYHOTO MOJICIIOBAHHS Ha OCHOBI IOBHOI'O ()AaKTOPHOTO EKCIIEPUMEHTY.
[TpoananizoBaHO BIUIMB IIBHJIKOCTI KOB3aHHS Ta HOPMaJbHOTO HABAHTAXKCHHS Ha JIHIHHY IHTEHCHBHICTh
3HOIIYBaHHSI KOMIO3UTY. EXcriepuMeHTalbHI pe3yJIbTaTH JO3BOJIMIN [TOOYAYyBAaTH PiBHSIHHS perpecii nepuioro
MOPSJKY, OLIHUTH aJIeKBaTHICTh MOJIENI Ta 3HAUYyLIICTh ii koedinieHTiB. Ha 0CHOBI HOBEpXOHB BiJIryKy BU3HAYEHO
30HU MIiHIMAJIBHOT IHTEHCHBHOCTI 3HOCY Ta ONTHUMAajbHI YMOBHM EKCIUTyarallil mpu TepTi 0e3 3MallcHHI.
JocmimkeHHs MATBEPIKY€e 3HAYHUIA BIUIMB OKpeMHX (DaKTOPIB Ta IX B3a€EMOIl Ha 3HOCOCTIHKICTh KOMIIO3HUTY.
KomO6iHoBaHe BUKOPUCTAHHS CTATHCTHYHOTO aHaNi3y Ta TPUOOJIOTIYHOTO TECTYBaHHS JO3BOJISIE TIIMOIIE OLIHUTH
MOBE/IIHKY MaTepialy Ta CKOPOTHUTH OOCAT eKCIIEpUMEHTaJbHOI pOOOTH. 3ampOorOHOBAHMH MIiAXiN MOXe
e(peKTUBHO 3aCTOCOBYBATHCS /1 ONTHMI3alii peXHMiB pOOOTH MONIMEPHHX KOMIIO3MLIH y (pHuKLiiHKUX
arperarax MallMH Ta MEXaHi3MiB, IO NPalIOIOTh NPH BHCOKHX HABAaHTA)KEHHSAX 1 MOTPEOYIOTH MiIBHUIIEHOI
3HOCOCTIHKOCTI.

Kurouosi ciioBa: nomiterpadTopeTHIICH, MOMiiMiTHE BOJOKHO, KOMIIO3HUIIIMHANA MaTepiai, TpUuOOIOTiIHi
BJIACTHUBOCTI, MATEMaTHYHE MOJICIIOBAHHSI, IHTEHCUBHICTB JIIHIHHOTO 3HOLTYBAaHHS, PIBHAHHA perpecii
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