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INVESTIGATION OF THE TRIBOLOGICAL PROPERTIES OF A
METAL-POLYMER BASED ON ULTRA-HIGH MOLECULAR WEIGHT
POLYETHYLENE AND PREDICTION OF ITS DURABILITY IN
TRIBOLOGICAL JOINTS

The article presents the results of scientific research on the processes of operation of
a polymer composite material based on ultra-high molecular weight polyethylene,
containing 20 wt.% binary alloy of the Al-Cr system as a filler in a tribological joint.
The influence of sliding speed and load on the wear intensity and coefficient of friction
of the polymer composite was determined, and mathematical models were developed.
They describe its tribotechnical behaviour depending on the load and sliding speed of
the friction unit. The obtained mathematical dependencies allow us to reliably predict
the service life of the composite in tribological joints of equipment and mechanisms of
modern machinery, which is important for increasing their efficiency and reliability.
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Introduction. The continuous development of technical progress necessitates the
development and creation of new materials for friction units of modern machinery with
high indicators of tribological properties. A promising direction in this area is polymer
composite materials (PCMs), in particular, based on ultra-high molecular weight
polyethylene (UHMWPE), which contain dispersed fillers (FLs) of various nature,
including talc, diamond, aluminium hydroxide, hexagonal boron nitride, graphite, metal
sulfides, and zeolite [1]. Therefore, searching for new PCM compositions based on
UHMWPE remains an urgent task. Mathematical planning of the experiment makes it
possible to ensure the trouble-free and efficient operation of products made of new
polymer composite materials without conducting an excessive number of bench and
full-scale tests, which in turn allows you to save time and financial resources
significantly. Thus, the mathematical models developed by Rula I. [2], Dykha O. [3],
Breslavsky D. [4], Burya O. [5], Stotsko Z. [6] made it possible to perform a critical
analysis of the influence of the main factors on the functional properties of PCMs, as
well as to optimize their composition and operating modes of tribological joints. Thanks
to these models, it became possible to predict wear, friction coefficient and other factors
without the need for resource-intensive and long-term experiments, which significantly
increases the efficiency of the testing stage and the introduction of new PCMs into the
practice of modern industry [7].

Materials and research methods. When creating new PCM compositions, the
UHMWPE of the Jiujiang Zhongke Xinxing New Material Co., Ltd. [8] was selected as
a matrix. A dispersed (40-100 um) single-phase rapidly quenched binary alloy of the
Al-Cr system with 5 wt.% chromium content was selected as a filler. Significant interest
in creating new PCMs based on UHMWPE is caused by rapidly quenched alloys based
on aluminium. This is explained by the fact that their fine-grained structure, formed
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during the rapid cooling process, contributes to the production of materials with high
functional properties. It was established In the work [9] that PCM with a binary alloy
content of 20 wt.% has the best complex of tribological properties. The influence of
friction modes on the intensity of linear wear and the coefficient of friction of this PCM
under friction without lubrication was studied during rotational motion according to the
“disk-pad” scheme in a pair with a steel counterbody (steel 45, hardness 45-48 HRC
and surface roughness R,=0,32 pm) at the sliding speeds of 0,5-1,5 m/s and loads of
0,5-1,5 MPa on the SMC-2 friction machine. We obtained mathematical models using
the second-order orthogonal compositional planning of degree 32. The detailed
methodology is described in [8]. The models allow us to predict the tribological
properties of the composite with a filler content of 20 wt.% from the sliding speed and
load.

Results analysis and discussion. The linear wear intensity and coefficient of
friction were selected as optimisation parameters for the developed PCM. The following
dependencies described the studied processes in the work: y(ln) = f (x1, x2),
y(f) = f (x1, x2), where the sliding speed (x1) and load (x,) were selected as independent
factors. To ensure the convenience of calculations, we normalized the values of the
factor dosages to a conventional scale with the levels -1, 0 and +1, using the formula:

X=X
Xi — i - |0,
where x; is the coded value of the factor, X; and X, are the upper and main levels of
factor variation, respectively, n is the step of factor variation (see Table 1) [9].

Table 1 summarises the results of calculating the initial dosages of the studied
components.

Table 1

Initial data for experiment planning

. L Levels of variation
Factors Symbol, unit of measurement | Symbol | Step of variation (n) 1 0 1
- +
Sliding v, m/s X1 05 05|10 | 15
speed
Load P, MPa x2 0,5 05| 10 1,5

We conducted 9 experiments (N) according to the developed plan of the
mathematical experiment (Table 2). Each of them was repeated three times (k=3) in
random order to avoid systematic errors completely.

2 2

y =Dy +byX +0,%, +by, X, +byy X +0,,%;,
where: y is the calculated value of the optimization parameter, b; and bj; are the
regression coefficients of the equation. The average values of the response functions y;

were calculated based on the obtained experimental data (Tables 3 and 4):
1n
Yi=—=2 Vi

ni=1

where j=1, 2,..., N.
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Table 2
Planning matrix with calculated columns of factor interaction
Values of variables on a conditional .
. Variable values on a natural scale
Experiment number scale
Xo | X1 | X2 | Xixe X12 X2? v, m/s P, MPa
1111 1 0,333 | 0,333 15 15
2l 1]-12]11] -1 ] 0,333 | 0333 0,5 15
Coreof the plan =577 1 | 1 | 0,333 | 0,333 15 0.5
411 |-1]-1] 1 0,333 | 0,333 0,5 0,5
5/1]1]0] o [ 0,333 | -0,667 15 1
Star points 6| 1]-1]0] o | 0,333 | -0,667 0,5 1
7l 1]o0o|1] o |-0667] 0333 1,0 15
8l 1]o0o|-1] o | -0667 ] 0333 1,0 0,5
Centreofthe | o | 1 | o | o | o | -0667 | -0,667 1,0 1
plan
Table 3
Experimental and calculated values of linear wear intensity
No mean calculated
of experiment i ¥z ys Bi yi ©
1 1,43-105 1,03-105 9,32-107 1,13-105 1,13-10%
2 8,69-10°8 7,05-108 1,11-107 8,94-108 8,73-108
3 4,20-107 3,40-107 2,50-10°7 3,37-107 3,45-107
4 2,18-108 422108 1,20-108 2,53-108 2,77-108
5 8,53-107 8,42-107 5,03-107 7,33-107 7,20-107
6 3,47-108 3,20-10°8 5,00-108 3,85-108 3,82:108
7 4,83-107 7,65-107 6,61:10°7 6,36-107 6,34-107
8 1,14-107 2,47-107 3,02-107 2,21-107 2,10-107
9 1,67-107 3,51-107 6,53-107 3,90-107 4,03-107
Table 4
Experimental and calculated values of the coefficient of friction
Ne mean calculated
of experiment yi y2 ya Ji yi ©
1 0,29 0,38 0,33 0,33 0,33
2 0,38 0,39 0,28 0,35 0,35
3 0,24 0,26 0,23 0,24 0,25
4 0,27 0,22 0,25 0,25 0,26
5 0,29 0,23 0,23 0,25 0,25
6 0,26 0,33 0,28 0,29 0,27
7 0,26 0,27 0,21 0,25 0,25
8 0,22 0,18 0,13 0,18 0,16
9 0,17 0,15 0,16 0,16 0,17

The mean square errors of parallel experiments were calculated using the formulas
given below:

SZ

-,
D%
-1

52 =



68 ISSN 03702197 Mpobnemu mepmsa ma 3HowysaHHs, 2026, 2 (111)

where Sf is the reproducibility variance. It was calculated from the experiments in the
center of the plan using the formula

1 k
Sr2 = (y i~y )21
k—1 ;:1‘, 9 9

Table 5 shows the calculated values of the variances and coefficients of the
regression equation.

Table 5
Regression equation coefficients and variance values of parallel experiments

for wear intesity For coefficient of friction
equation variance of parallel equation variance of parallel
coefficients experiments coefficients experiments
bj Si bj Si
4-107 9,55-10°% 0,255 2,22-10°
3,41-107 1,43-10%4 -0,01 3,33-10°
2,12-107 1,43-10%4 0,04 3,33-10°
1,82:1077 2,15-10% -0,0035 5,00-10
-0,238-107 2,15-10% 0,09 5,00-10
0,193-107 4,30-10%4 0,03 1,56-10*

We checked the homogeneity of the mean square errors of parallel experiments
using the Cochrane criterion (G).

1
G= maXszk—,
3 §§

i=1

With a confidence probability of P=0.95 and degrees of freedom f1 =k —1and N,
the calculated values of the Cochrane criterion were compared with the tabular values
(Gub.). It was found that all the calculated values are less than the tabular value, which
indicates the homogeneity of the variances of parallel experiments. Based on the data
of the orthogonal composite experiment, we determined the coefficients of the
regression equation according to the formula:

-
Yi%
b :z 11
CE N

The equation will have the following form after calculating all the necessary
coefficients:

y(1,) = (4,0+3,41x +2,12x,+1,82x,x, —0,238% +0,193x5) 10", (1)

y(f)=0,255-0,01x, +0,04x ,—0,0035%,X, +0,09x’ +0,03x3, )

We assessed the statistical significance of the regression equation coefficients by
calculating confidence intervals using the Student's test (t), determined according to the
given degrees of freedom (f1, f;) and a significance level of 0,95. The confidence
intervals were calculated using the formula:

(b, =b, - S,
The critical value of the Student's test t.; was calculated with 18 degrees of freedom

(N(k-1)) at a significance level of 0,95. The regression coefficient was considered
statistically significant when the condition to<Ab; was met. In our case, all coefficients
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of the regression equation appear to be significant, that is, analytical expressions (1) and
(2) remain unchanged. We checked the adequacy of the obtained equations by

comparing the calculated values of the parameter yj? with the experimental y; in each

experiment. This made it possible to calculate the adequacy variances for the same
number of parallel experiments [10].

l k
St =——=2.(¥,-¥})%,
d N—B; J J

where: B is the number of significant coefficients of the equation. The number of
degrees of freedom f = k(N — B) = 9 is also associated with them.

Tables 3 and 4 present the calculated values of the optimization parameters. After
calculating the regression coefficients, we used Fisher’s exact test (F,) to assess the
correspondence of the obtained mathematical models (1, 2) to the theoretical
relationship between the input and output parameters. This test is the ratio of the

adequacy variance (de ) to the experimental reproducibility variance (sz) (see Table
6), and is calculated by the following formula:

S 2
F ==X 3)
P 2
Sb
Table 6
Estimated values or assessing the adequacy of equations according to Fisher's
criterion
for wear intensity for coefficient of friction
2 2 2 2
Sb Sad Sb Sad
8,59-10°1 1,8-1016 0,0002 0,0003

Since Fp. are less than the tabular value (Fw.=9.55) [11] at a significance level of
0.95 and degrees of freedom for the equations under consideration, they adequately
describe the process under study.

The following dependencies give the relationship between the coded and natural
values of factors affecting the optimization parameters:

~1,5
X =2 =23,
5
P-15
X, —2P-3
0,5

The transition from coded factors (x1, X2) to natural ones (P, ») allowed us to obtain
mathematical models of the tribological properties of the composite as functions of
sliding speed and load.

I, = (0,773P% —0,951° +7,296Pv —9,02P 1,270 +3,422) -10°7,

f =0,1316P2 +0,36120% —0,014Pv —0,02864P —1,08320 +1, 2321,

Conclusion. The obtained mathematical models allow us not only to analyze the
influence of individual parameters on the tribological properties of parts made of this
polymer composite material, but also to predict their trouble-free and reliable operation
in friction units of modern agricultural, textile, and automotive equipment under the
influence of various loads and sliding speeds.
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O.I ITOIlJIb, K. A. EPBOMIHA, B. IO. IIIVPIIIK, A. €. APOBUH

JOCJIJIXKEHHA TPUBOJIOTTYHUX BJIACTUBOCTEM
METAJIOIIOJIIMEPY HA OCHOBI HAZIBUCOKOMOJIEKYJIAPHOI'O
MOJIETUJIEHY TA TPOTHO3YBAHHS HOI'O TOBIOBIYHOCTI Y
TPUBOJIOTTYHUX 3°’€EJHAHHAX

VY cratTi npencTaBieHo pe3yIbTaTH HAYKOBUX JOCHIKEHB MO0 MPOIECiB eKCIUTyaTarlil
TTOJIIMEPHOTO KOMITO3HIIHHOTO MaTepiady Ha OCHOBI HaJIBHCOKOMOJIEKYJISIPHOTO TIONi€THIICHY,
0 MICTUTh SIK HamoBHIOBa4 OiHapHMi cmaB cuctemMu Al-Cr y kimpkocti 20 mac.% B
TpuOOJIOTIYHOMY 3’€1HaHHI. Bysio BU3Ha4€HO BIIMB IIBUAKOCTI KOB3aHHS T2 HABAHTA)KCHHS Ha
IHTEHCHUBHICTh 3HOIIYBaHHA Ta KOGQIIIEHT TEePTA IMOJIMEPHOTO KOMIIO3UTY, a TaKOX
PO3pO0IIEHO MaTeMaTHYHI MOJIET, 10 OIHUCYIOTh HOTO TPHOOTEXHIUHY ITOBEIHKY 3aJIE)KHO BiJI
HaBaHTAXXCHHS Ta IIBHAKOCTI KOB3aHHS By3na TepTs. OTpuUMaHi MaTeMaTH4HI 3ajie’KHOCTI
JIAl0Th 3MOTY JOCTOBIPHO IPOTHO3YBATH pecypc pPOOOTH KOMIIO3UTY Yy TPHOOJIOTTYHUX
3’€IHAHHIX MAIIWH 1 MEXaHI3MIB Cy4acHOT TEXHIKH, [0 € BAKIUBUM JJIs MiJBUINCHHS iXHbOT
e(eKTHUBHOCTI 1 HalIHOCTI.

Kiaro4oBi cjioBa: IHTEHCHBHICTh 3HONIYBaHHS, KOE(]ii€HT TepTs, HaBaHTaXCHHS,
LIBUJIKICTh KOB3aHHS, IIBHAKO3arapTOBAaHUI! CIIJIaB, HAJBHCOKOMOJICKYJIIPHUI ITOJieTHICH
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