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DOES ABRASION RESISTANCE CORRELATE TO STRENGTH?
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Abstract. The tasks of building materials science in solving which the analysis of correlation
between material properties is necessary or could be useful are named. Attention is drawn to the
fact that estimates of correlation coefficient or other characteristics of properties relation can be
invalid, if experimental data from which they are calculated present the wide range of compositions
and process parameters. The algorithm of computational experiment on the local composition-
process fields is outlined, which enables the dependences of correlation measures on composition-
process conditions to be described. With the help of such computational experiment the answer to
the question in the title has been obtained for carbamide binder filled with mixture of silicon carbide
fine grains and fine and coarse grains of andesite, about correlation of abrasion resistance to
strength in dependence on degree of filling.
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YU KOPEJIIO€ 3HOCOCTIMKICTD 3 MIITHICTIO?
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Anotauisa. Hasano 3amaui OyIiBEeIBHOTO MaTepiajlO3HABCTBA, IPH BHPIMICHHI SKHUX
HeoOXiaHMI a00 KOPUCHUM aHai3 KOpEeMslii BIaCTUBOCTEH MaTepialy. 3BepTaeThCs yBara Ha Te,
10 OLIHKM Koe(ilieHTy Kopendlii Ta IHIIUX XapaKTepUCTHK 3B’A3KY BIACTHUBOCTEH MOXYTb
BUSIBUTUCSI HEBIPHUMH, SKIIO JaHI HATYpHOIO €KCIIEPUMEHTY, 3a SKUMH BOHH DPO3paxOBaHi,
MPEJICTABISIOTh IIUPOKUN /11ara30H CKIAAIB 1 pekuMiB o0poOku. KopoTko BUKIaLEHO alroputm
00YHCITIOBAJILHOTO €KCIIEPUMEHTY Ha JIOKAIbHUX PELENTYPHO-TEXHOJIOTIYHUX MOJISX, 10 J03BOJISE
OMHCATU 3AJIEKHOCTI MIp KOpEJSIii Bl peUenTypHO-TEXHOJIOTTYHUX YMOB. [I1si HalmoOBHEHOIO
KapOaMiZTHOTO CIOJYYHOT'O 3a JJOMOMOT'0I0 OOYHUCIIOBAIBHOIO €KCIIEPUMEHTY OTPUMAHO BiJIMOBI/b
Ha IUTAaHHS PO KOPEJIALII0 3HOCOCTIMKOCTI 3 MILIHICTIO, 3aJI€KHO BiJ] CTYIEHS HATIOBHEHHS.

KiarouoBi  cioBa:  kopemsliss  BIacTUBOCTEH,  peLENTYpHO-TEXHOJOTIYHE  IOJIE,
€KCIIEPUMEHTAJIbHO-CTAaTUCTUYHA MO/I€NIb, 0OUNCIIIOBAIIbHUN €KCIIEPUMEHT, HallOBHEHE KapOaMiTHe
CHONyYHE, 3HOCOCTIMKICTh, MIIHICTb.

KOPPEJIMPYET JIU U3HOCOCTOMKOCTH C MPOYHOCTBIO?

JIsmenko T.B., 1.1.H., mpodeccop,
Ooecckas 2ocyoapcmeeHHas akademus CmpoumenbCmed U apxumexmypbl
frabull6@gmail.com

AHHoOTanus. Ha3zBaHbl 3a1aui CTPOUTEIBHOIO MaTEPUAIIOBEACHUS, IPU PEIICHHH KOTOPBIX
HE00XO0/IMM WJIH T0JIE3€H aHAINU3 KOPpENsUN CBOMCTB Marepuaia. OOpaiaercs BHUMaHuE Ha TO,
YTO OLIEHKH KO3 PUIIMEHTA KOPPETSLUUU U APYTUX XaPaKTEPUCTUK CBSI3U CBOMCTB MOT'YT OKa3aThCs
HEBEPHBIMHU, €CIM JaHHbIE HATYPHOIO OJKCIIEPUMEHTA, II0 KOTOPBIM OHU PAaCcCUUTaHBI,
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NPEJCTABISAIOT UIMPOKHMA JAUANa30H COCTABOB M PEXUMOB 00paboTKu. KpaTko M3I0XKEeH alropuTM
BBIUHCIUTEIBHOTO  OKCIEPUMEHTa HA  JIOKAIbHBIX  PELENTYPHO-TEXHOJIOTHMYECKUX  IOJIAX,
MIO3BOJISIIOIIMK ~ ONMCAaTh 3aBUCUMOCTH MEp KOPpEJALMU OT PELENTYypHO-TEXHOJOTMYECKUX
ycinoBui. [l HANOJHEHHOro KapOaMMIHOIO CBSI3YIOLIEr0 C IOMOINBIO BBIYHUCIUTEIBHOTO
9KCIIEPUMEHTA IIOJY4YEH OTBET HA BOIPOC O KOPPEISIIMM M3HOCOCTOMKOCTH C IPOYHOCTHIO, B
3aBMCHMOCTH OT CTEIICHH HAIlOJHEHUS.

KiroueBble  cjoBa:  Koppessiliisg — CBOMCTB,  pELENTYPHO-TEXHOJIOIMYECKOE  IIOJIE,
JKCIIEPUMEHTAIbHO-CTATUCTUYECKAsl MOJENb, BBIUYUCIUTEIbHBIM JKCIEPUMEHT, HAIlOJIHEHHOE
KapOaMMIHOE CBSI3YIOIIEE, U3HOCOCTOMKOCTD, IPOYHOCTD.

Introduction. The need to analyse correlation between structural, technological, and
operational properties (criteria Y) of composite materials could arise during research and
development, in manufacturing process, and throughout their service life. As it was already noted
[1-2], there exist at least three reasons.

Firstly, quantitative descriptions of interrelations between criteria Y are indispensable when
arranging express-control of material quality, in particular, on the base of non-destructive tests
[3-4], when sufficiently precise and reliable calibration curves are required.

Secondly, they are useful when designing the composites — searching for and setting the
composition and process (CP) parameters, values of CP-factors (X) that would provide the specified
or the best possible levels of the properties. It could be important to know how strongly the
properties are interrelated, is it doable to reduce the number of criteria, by which material should be
designed and optimised, or to change the levels of properties independently. Specifically, can
elasticity modulus be lowered without loss in strength when developing the composite for the
layers, which would damp dynamic loads of equipment?

Thirdly, the analysis of correlation can help in revealing CP-conditions under which the
mechanisms of structure formation or destruction change. The substantial variations of correlation
measures with CP-factors might point to such conditions.

It is these possible changes in properties relations from zone to zone of the factor region that
are essential in all three situations. However, the measures of the relation between some Y; and Y; ,
coefficient of correlation r{Y;Y;}, in particular, are usually estimated on the data obtained in
multifactor natural experiment, with a minimum of trials. These data are insufficient to establish the
facts, that responses Y to various values of X over the whole region under study could present the
samples from different populations (properties of compositions of essentially different structures),
and to reveal, with reliable numerical estimates, the existence or the absence of correlation and
distinctions in relations between material properties in various CP-zones. It is practically impossible
to derive the dependences of the changes in relations of properties on composition and process
parameters directly from the data of real experiments [1].

This can be achieved due to virtual, computational experiments. The necessary information
can be "mined" with statistical trials on Composition-Process Fields of material properties
described by Experimental-Statistical models [1-2, 5-7]. The paired samples of any size (for any
number of generated CP-conditions) needed for such analysis and for building possible prediction
equations are simulated. The method, though already used in the studies of various composites [1-2,
5-10], was either just mentioned or expounded as a part of composition-process fields methodology.

In this paper the essence of the method, that would allow the transformations in relations of
the properties to be evaluated, is presented applied to answering the question in the title.

Results of the natural experiment. The relation between abrasion resistance and strength of
the filled carbamide composites is analysed. Used are the data obtained when developing the
compositions for industrial floors [11]. Varied in experiment were 3 formulation factors X; (i =
1...3) normalised to |xi|< 1 (Table 1). Abrasion resistance A (h/g) and compression strength R
(MPa), among other properties, were determined for 15 compositions (according to design of
experiment, 15 vectors x in cubic factor region). These data are shown in Fig. 1 (coefficients of
determination for linear trend and 3™ degree polynomial being 0.50 and 0.61 respectively).
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Table 1 — Values of varied dosages of the components

Factor X;

Values

xi=—1| xi=0 |xj=+1

Filler-polymer mass ratio (degree of filling F)
1 considered as both structure formative and economical factor 2 225 | 25
that should be maximised to reduce polymer content

Mass part of silicon carbide (abrasive production waste, specific

2 surface 320+10 m?/kg) in fine fraction of the filler (SC%) 0 30 60
3 Mass part of andesite coarse grains (specific surface 20 40 60
70+5 m?/kg) in total amount of the filler (CA%).
9-7A Though r{AR} = 0.71 (estimated by 15
pairs of experimental values of A and R for
8 - compositions from the whole cubic factor
region under study) formally implies the
7 significant positive linear relation between 2
properties (at risk less than 1%), such
conclusion could be incorrect, since this paired
6 - sample of values could present quite differently
formed structures.
S 1 The experimental data allowed ES-models
(1-2) to be built (at 10%-risk, experimental
4 1 o? errors Se equal to 1.3 and 0.41 respectively),
describing the whole composition fields R(x)
3 - ~ A=0.1090+0.0845R and A(x), in whole region of all k = 3 varied
factors.
5 | A=-50.90+ 2.806R —0.046R” The minimal and maximal levels of the
+2-10*R? fields are:
Rmin = 35.6 MPa (at x; = X, = -1, X3 =+1),
1 T T " R..=841 (atx;= —0.93, Xp=+0.62, Xs= 1),
30 40 50 60 70 8 R

Fig. 1. Scatter diagram of the results
of natural experiment and trend lines

Amin=2.05h/g (at x; =xp =-1, xz3=+1),
Amax = 8.21 (at x;=—0.47, xo= +1, X3 = —0.22),
the increase with composition being 2.4 and 4.0
times respectively.
The values of factors providing the

maxima do not coincide, thus suggesting again that degree of correlation might differ from one
subregion of compositions to another. The models enable to find this out, since they define not only
the whole fields, R(x1, X2, X3) and A(x1, X2, X3), but infinite variety of the local ones, for any factors
subsystem at any factors subregion.

R =753+ 0x — 172 — L.1x;%p + 2.4%X1%3

+ 9.4%, — 4.7%° + 4.6XoX3

—11.0x3 — 4.8%4° (1)
A = 6.69 + 0.22%; — 0.47%;% — 0.52%1X, + 0.85X;1X3

+1.45% + 0 X2+ 0 XX

+ 0 X3— 1.12x4 (2)
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Computational experiment. To examine the possible changes of properties correlation the
following algorithm is used.

0. At this step the computational experiment is designed. One or more (less than k) factors are
chosen to be fixed at several values. These are “"changing” factors (Xcn). From value to value they
change the local fields of the properties Y in coordinates of remaining, "gradient™ factors (Xg),
forming the field. Substitution of certain xc,-values into whole ES-model gives the models of
corresponding local fields.

In particular, equations (3-4), with x; = +1 substituted in (1-2), describe the fields of strength
and abrasion resistance in coordinates of filler composition at upper degree of filling (Fig. 2a, c).

R(Xa, X3/ X1 = +1) = 73.6 + 8.3%, — 4.7%,° + 4.6XX3

- 8.6X3 - 4.8X32 (3)
A(Xz, X3/ X1 = +1) =6.44+0.92x,+ 0 X22 + 0 XoX3
+0.85x3 — 1.12x5° (4)
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/
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Fig. 2. Local fields and prediction variance functions of strength (a, b)
and abrasion resistance (c, d) in coordinates of filler composition,
SC and CA (xzand x3) at upper degree of filling, F = 2.5 (x; = 1)

To account for experimental and approximation errors the prediction variance function
[12-14], d-function, defined by experiment design and structure of the model (cleaned from
insignificant effects), is analogously obtained for each of local models. Shown in Fig. 2b, d are d-
functions for (3-4) respectively.
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1. At each fixed value of xc, generated are N points Xq (CP-parameters) uniformly distributed
inside the region of gradient factors (with boundaries xgr; = £1).

2. For each of generated Xg the random errors AY(Xgr) and random level Y(Xg) + AY(Xg) for
both properties under consideration are calculated (5), with corresponding experimental errors se
and t distributed by standard normal law. Such values for R and A are shown in Fig. 3a-b, d-e.

AY (Xg) =t - S [d(xg)]° )

The addition of random errors to values of Y at uniformly distributed Xg inside
multidimensional domain transforms the model-determinate fields into the “random fields" and
makes the results of computational experiment closer to those of potential natural experiment (with
Monte Carlo method participating twice — when simulating the point of the field and its level).

One realisation of random field R(x2, X3/ x;=+1) and that of A(Xz, X3/ x;= +1) are shown in
Fig. 3c, f.
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Fig. 3. Generated random errors and property levels for a number of generated compositions
and one realisation of random field for compression strength (a-c) and abrasion resistance (d-f)

3. By N pairs of thus obtained random values (Y;Y;) one sample estimate of correlation
coefficient r{Y;Y;} is calculated (or of other measures of relation between two properties,
specifically, the slope of regression line).

Scatter diagrams in Fig. 4 display the results of simulating the levels of R and A for generated
compositions of the filler at its lower and upper content. The strong positive correlation of A with R
at F =2 disappears at F = 2.5, evidently because of substantially different structures of the matrix,
filler skeleton, and of the composite.
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A, hig atF =2 atF =25
r{RA} =-0.07

30 40 50 60 70 80 90 40 50 60 70 80 90

Fig. 4. Strength and abrasion resistance for generated SC and CA and distributions
of coefficient of correlation between 2 properties at lower and upper degree of filling

4. Multiple realization of the procedure enables frequency distribution of correlation measure to
be obtained.

Each distribution in Fig. 4 is obtained on 500 estimates of r,3{RA}, each estimate calculated on
new paired sample for anew random set of N = 15 vectors (X2, X3), the number being equal to
number of trials in natural experiment, in whole factor region.

5. The distributions of correlation measure obtained at each fixed value of X allow the
secondary ES-models (with respect to primary model, by natural data) to be built for this measure.

Such is equation (6) for median value of coefficient of correlation between abrasion resistance
and strength (when varied is filler composition) versus degree of filling.

raa{AR}(x1) = 0.614 — 0.372x; — 0.142x,° (6)

Shown with this dependence in Fig. 5 are the ones for AR
quantiles gos and s estimating the lowest and the highest r{AR}

levels of correlation coefficient (at conventional risk of 0.05). g:-\l\

Conclusions. Strong positive correlation of abrasion 0.8
resistance with compression strength of the filled carbamide ¢ l\ \'\
binder does exist at the lowest degree of filling (with ample \'\ \ \
content of resin forming intergranular layers); credible 0.4
estimates of A by values of R can be got with linear ,, \ \
calibration equation. These properties do not correlate in the ' \ N
highly filled compositions. 0.0

The potential of correlation analysis for materials  , \
science would increase if experimental data were enriched X1 (F) \T
with information mined in computational experiments. ES- 04 '
models make it possible to extract the information latent in -1 0 1
experimental data, which are convoluted in the models. (2) (2.25) (2.5)
Computational experiments on the fields of properties in Fig. 5. Coefficient of correlation
composition coordinates allow the variety of formulations between abrasion resistance

under study to be stratified, with subregions of compositions and strength of carbamide binder
educed, for which operational regression equations (reliably  \yith varying filler in dependence
predicting the level of some property by the level of the on filler-polymer ratio
other) could be built.
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The transformations of the character of relations between the properties of composites when
going from one subregion of compositions to another could indicate the change of dominating
mechanisms of structure formation.
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