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MULTIPLE REGRESSION MODELING THE CHEMICAL COMPOSITION
EFFECTS ON THE TENSILE STRENGTH OF Ni-BASED SUPERALLOYS

Abstract. Based on the previously obtained results of the Data Mining - based Classification and
Regression Trees (C&RT) technique application to industrial Ni-based superalloys, multiple regression
models were developed to describe quantitatively the chemical composition effects on the alloys tensile
strength. The regression models obtained were verified for adequacy in three ways, contrary to the
conventional approach requiring only several inadequacy variance values calculations. Namely, the
following verification methods were applied: traditional R2 coefficient calculations; comparisons of
computer and experimental frequency distributions of the quality indexes; Monte-Carlo simulated and
experimental data based scatter plots comparing. It was emphasized that, according to the general statistic
principle, close coincidence of the Monte-Carlo simulated and real frequency distributions of any measured
characteristic values means full formal (statistical) identity of the real and simulated objects. Hence, in
addition, coincidence of the corresponding scatter plots statistical parameters should be considered as a
sign of the physical identity of real and modeled regression dependencies. All the applied verification
methods show the excellent results that leads to conclusion about high workability of the obtained models
in practical and theoretical applications. An additional general advantage of the models was noted: their
physically interpretable structure, that provides the opportunity to determine and analyze the effects of
individual chemical elements and their interactions under real industrial conditions. Most of the obtained
results and the formulated conclusions, especially related to the chemical elements individual effects are
in good accordance with the known experimental and theoretic data for polycrystalline Ni-based
superalloys. Meantime, some unexpected features, particularly, for the interactions of Nb, Ti, Cu with each
other and grain boundaries were revealed, showing necessity of further in dept investigations.

Keywords: industrial Ni-based superalloys; tensile strength; chemical composition; multiple regression
models; chemical elements interaction

for the most modern engineering materials of the

Problem formulation

Chemical composition of superalloys determines
their service behavior in many aspects [1, 2]. At first it
defines nominal levels of the mechanical properties to
meet the service requirements. On the other hand, some
features of the composition may cause various types of
embrittlement [3]. The basic reason of the embrittlement

industrial quality is uncontrolled chemical elements
interactions with each other and microstructure
components. The risk of the embrittlements radically
increases with the composition complexity and cannot be
predicted theoretically by now due to the well known
unresolved “many body” problem [4]. Moreover, the
modern, increasingly used manufacturing technologies,
such as single crystal formation, 3-D printing, sintering,
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super fast cooling etc. do not provide full unlading the
embrittlement problems [3; 5; 6]. Besides, industrial
manufacturing environment inevitably complicate the
elimination of the embrittlement events for industrial
products, even if the problem will be solved for the
laboratory conditions. So, conducting investigations is
objectively necessary, which aimed to specify basic
features of the chemical element common and separate
effects on the performance indexes for industrial
products, namely under real industrial manufacturing
conditions. As it was shown in some researches [7; 8],
the industrial data based modern computer aided
combined statistical investigations are, probably, by now,
the most effective way to approach solving the
embrittment problems.

Aim of the article

Proceeding from the above, the aim of the article is
to obtain quantitative relations characterizing effects of
the chemical elements in the industrial Ni-based
superalloys on their tensile properties based on the early
obtained results of the Data Mining investigations.

Breif recent relevant publications overview

Quantitative relations of the chemical elements
concentrations with mechanical properties characteristics
for industrial alloys are obtained now as a rule by means
of the traditional statistical investigations. The main
reason of such passive investigation approach
predominant application is minimizing the currently used
manufacturing technology disturbances as well as — the
research project expenses, compared with the active one
[9]. However, according to the traditional statistical
investigation practices, as more as possible independent
statistical variables are tried to be included into the
analysis or — only some of them, subjectively chosen by
a researcher among the existing technological
parameters. Practically in all such cases, inadequate
results are obtained, especially for complex, multi
element alloys [7; 8; 11]. The main reasons of the
situation, are incorrect statistical analysis techniques
application, when all chemical element concentrations
are changed and analyzed simultaneously in an alloy as
well as — human factor.

As atypical example of the inadequate results of the
traditional statistical regression analysis researches is the
boron influence on the strength of ASTM A514 steel [8].
According to the results, boron has no statistically
significant effects on the yield stress (YS) and ultimate
tensile stress (UTS) of the steel, that was in accordance
with the corresponding controversial experimental data
[10]. Meanwhile, the correctly conducted research [8; 11]
based on the C&RT Data Mining approach results,
showed, the statistically and experimentally justified,
strong dependence of the boron effect on vanadium
concentration, exceeding critical value of which changes

the boron effect from strengthening to softening one. The
analogous interactions of such chemical elements as Al
and N in ASTM A516 steel were also revealed and
analyzed [11]. Evidently, the traditional statistical
treatment of the corresponding raw industrial data
without taking into account the elements interactions
leads to the averaged zero summarizing effect.

So, the statistical regression analysis researches
[7; 8; 11] conducted based on the results of the C&RT
Data Mining technique application, show the high
effectiveness of the approaches combination in
specifying the chemical elements effects on the
mechanical properties of multi element industrial
engineering alloys. Just the same approaches
combination is applied in current work to obtain
quantitative regression models for the chemical element
effects on the tensile strength for Ni-based industrial
superalloys.

Materials and Methods

Researches were conducted based on the results of
early performed C&RT Data Mining investigations [12],
with the use the same experimental data. Employing the
early obtained “dendrograms” for YS and UTS of the
considered superalloys [12], multiple regression
modeling approach was applied with the use of the
“Statistica-10” computer software[13]. The adequacy of
the obtained models were verified in three ways. The first
one was to calculate the conventional R? — coefficient
within the frame of the regression analysis conducted.
The second and third ways includes Monte-Carlo
simulations [14] to calculate: YS and UTS frequency
distributions (2-nd way) and the pair scatter plots (3-rd
way) for the index dependences on each statistically
valuable chemical element with final comparing all the
corresponding simulation and experimental results. It
should be noted that combination of the later verification
ways, according to basic principles of the mathematical
statistics, provides, contrary the conventional one (R? —
coefficient calculations), the exhaustive mathematical
description of any measured physical quantity. Due to
that, the corresponding regression models may also be
used to analyze the corresponding chemical element
interactions relevant to the property characteristics under
real industrial manufacturing conditions. That is why, the
3-way verified regression models may be considered as
able to predict not only the indexes values under the
element required concentrations but also — to determine
the features of the various chemical element interactions
under industrial manufacturing conditions.

Results and Discussion

The regression models, obtained in the work for YS and
UTS of the industrial Ni-based superalloys are as
follows:

YS =354+4+2Ti+3.4TiB — 0.08 TiBCu, 1)
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UTS =900 +148Cu —52Nb—0.26NiCu —
—0.58CuCr +0.35CuFe +0.09NiNb + 0.15CuNb — (2)

~0.11CuTi +11-10 " NiCuCr — 2-103CuCrFe,

where Ti = Cr; - 100; B = Cy - 1000; Cu = C,y, - 100;
Nb = Cyp, - 100; Cr = Cc, - 10; Ni = Cy; - 10;
Fe = Cp, - 10,

where Cri; Cg; Ceui Cypi Cori Cris Cre — CONCeNtration

of the corresponding chemical element in an alloy in wt %.
Calculated values of the R? coefficient for the above

regression models are R% 0.98 and R 0.99,

respectively, that corresponds to high adequacy of each

model (1) and (2) according to the conventional

estimation technique [13]. Comparing the simulated and

experimental data based frequency distributions for the

investigated alloys YS is shown on Fig. 1.

YS-real = 14*100*normal(x; 457 ,5714;271,9442)
YS-calc-2 = 14*100*normal(x; 470;247 5567)
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Figure 1 — Experimental (1) and computer simulated (2)
frequency distributions for YS of Ni-based superalloys
of various chemical compositions
Practically full coincidence of the computer and real

experiments results is seen that means the obtained model
provides exhausted formal description of the quantity
from point of view of mathematics and agrees to the
above conclusion concerning the regression models
adequacy. Practically the same situation is observed and
the conclusions should be made for the experimental and
simulated frequency distributions for UTS of the
researched superalloys (see Fig. 2).

UTS-real = 14*100*normal(x;866,0714;215,0898)
UTS-calc = 14*100*normal(x;852,2396;232,3677)
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Figure 2 — Experimental (1) and computer
simulated (2) frequency distributions for UTS of
Ni-based superalloys of various chemical compositions

An additional testing the adequacy, from practical
and physical points of view, was performed by
comparing the pair scatter plots and their corresponding
characteristics for typically considered regression
dependences of the performance indexes on the relevant
chemical element concentrations. As it known, such
scatter plots are obtained under the conditions of
simultaneous variations of all chemical elements
concentrations and reflect therefore the elements
common effects on the investigated characteristics.
As it seen from the plots obtained for YS (see Fig. 3), the
lines of the computer simulated average YS levels
concentration dependences for all chemical elements are
practically coincide with the experimental lines or layout
within the corresponding 95 % confidence limits.

Y S-real =498,512-0,8619*x; 0,95 Conf.Int.
Y S-calc-2 = 488,3116-0,3855%x; 0,95 Conf.Int.
1200

Cur100:Y S-real: ¥ =0,0275
Cur100:Y S-cale-2: ¥ =0,0066

0 20 40 60 80 100 120 140 160 180 200 220
Cu*100

Y S-eal =347,6248+2,2052* x; 0,95 Conf.Int.
Y S-calc-2 = 360,9783+2,1867* x; 0,95 Conf.Int.

Ti*100:Y S-real: # =0,5140
Ti*100:Y S-calc-2: # =0,6098

0 20 40 60 8 100 120 140 160 180 200 220 240 260 280

Ti*100
Y S-real = 468,8633-3,9522* x; 0,95 Conf.Int.

Y S-calc-2 = 484,9737-5,2408* x; 0,95 Conf.Int.
1200

B*1000:Y S-real: * =0,0044
B*1000:Y Scalc-2: 1* =0,0094

Figure 3 — Experimental data based (1) and
computer simulated (2) scatter plots together with
the traditional pair regression dependencies
for the various chemical elements effect under their
joint action on YS of Ni-based superalloys
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These results may be considered as not only as
confirmation of the regression models adequacy but,
moreover, as a demonstration of their high workability in
the fields of practical forecasting the YS values for a
specific alloy as well as revealing the included chemical
elements interactions.

As to the simulated UTS concentration depen-
dencies (see Fig. 4), the conclusions analogous to the
above ones may be deduced from the most of the scatter
plots. An exclusion is the plot showing the effect of Nb
on UTS where the regression line passes the 95 % low
confidence limit at certain Nb concentration exceeding.

UTS+eal =446,7489+0,7299* x; 0,95 Conf.Int.
UTS-calc = 344,6216+0,8836* x; 0,95 Conf.Int.

551 580 620 654 700

Ni*10

UTS-real =903,6592-0,3869*x; 0,95 Conf.Int.
UTSalc =1069,9081-2,2407* x; 0,95 Conf.Int.

UTS-real =921,0899-1,1583*x; 0,95 Conf.Int.
UTS-calc =981,4527-2,7203*x; 0,95 Conf.Int.
1400

Cu*100:UTS eal: © =0,0793
Cu*100:UTScalc: ¥ =0,3746

Cu*100

It is well known that all data points lying within the
confidence limits have to be considered as randomly
changed ones in respect to the average levels and vise
versa — the data liying out the confidence interval are
influenced by nonrandom acting factors. So, the
following general conclusion may be formulated: Nb has
statistically valuable effect on UTS of superalloys, which
is in the significant dependence on the other revealed
chemical element concentrations in the superalloys. It is
in accordance with the form of the regression model (2),
which shows the Nb direct interaction with Cu and Ni.

UTS-real = 766,292+2,0013*x; 0,95 Conf.Int.
UTS<alc = 775,3665+1,5419*x; 0,95 Conf.Int.

20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280

Ti*100

UTS real = 1321,0382-2,307*x; 0,95 Conf.Int.
UTScalc = 1452,8475-3,0455*X; 0,95 Cont.nt.
1400

UTS-eal =798,8729+0,8671*x; 0,95 Conf.Int.
UTScalc =849,4712+0,0357*x; 0,95 Cont.Int.

Nb*100:UTSeal: ¥ =0,3851
Nb*100:UTS<calc: ¥ =0,0006

Nb*100

Figure 4 — Experimental data based (1) and computer simulated (2) scatter plots with the traditional pair regression
dependencies for the various chemical elements effect under their joint action on UTS of Ni-based superalloys

164



Vnpasninmus pozeumxom ckiaonux cucmem (46 — 2021)

ISSN 2219-5300

Taking into account the basic feature of the Nb
behavior in austenitic policrystals as the grain boundary
segregating chemical element, its interaction with Cu,
also forming the segregations, may be explained. In turn,
the revealed by the model (2) interactions Cu, Ti and Nb
may be qualitatively explained by complex common
action (synergetic effects) of the elements and the grain
boundaries. Surely the phenomena described require
additional thorough investigations.

It is important to emphasize that despite the low
determination coefficient R? values for the most
obtained, experimental data based and the simulated pair
scatter plots shown in Fig. 3 and 4, the investigated
chemical elements in reality (see egs. (1) and (2)) provide
statistically valuable, considerable effects on the strength
of researched superalloys, that cannot be revealed by the
traditional regression analysis. Besides, considerable
individual effects of some chemical elements such as Ti,
shown by the traditional regression analysis (see Fig. 4),
according to the developed models, are results of Ti
interactions with the other elements in superalloys.

Finally, some common features should be noted for
the regression models obtained, that provide their
advantages against the early developed ones:

— Usage of only statistically grounded
independent variables objectively chosen by the Data
Mining technique application;

— Physically interpretable model structures due to
the use of only sole independent variables together with
their pair and triple multiplicands excluding high degree,
having no physical meaning, terms in the models;

— High models adequacy and workability,
evaluated, respectively, by the traditional regression
analysis and Monte-Carlo techniques application;

— Universal, informal character of the models that
provides quantitative, high precision forecasting the
controlled characteristic values together with revealing
possible synergetic effects, basics of the responsible
physical mechanisms of the elements joint action and
further in dept investigation directions.

Conclusion

1. Mathematic models were developed for the
chemical composition effects on the tensile strength of
Ni-based superalloys by applying the computer aided
multiple regression analysis technique based on the
preliminary Data Mining computer technology
employing results.

2. High models adequacy and workability were
shown by applying the traditional regression analysis and
Monte-Carlo techniques, respectively.

3. Physically interpretable model structures were
emphasized, that provide an opportunity to reveal:
possible synergetic effects, basics of the responsible
physical mechanisms of the elements joint action and
further in dept investigation directions.

4. Ability was shown for the developed multiple
regression models to predict real effects of the chemical
composition as a whole on the properties of industrial
multi-element metallic materials, despite of un-revealing
the most traditional pair regression dependencies.

5. Complex interactions of Nb, Ti, Cu with each
other and grain boundaries in FCC polycrystalline Ni-
based superalloys was shown, that requires further in
dept investigations.
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MOJIEJJIOBAHHSI BILIUBY XIMIYHOI'O CKJIAJTY CYIIEPCILJIABIB HA FA3I HIKEJIKO HA TOKA3HUKH
IXHBOI MIITHOCTI ITPU PO3TATHEHHI METOJJAMM MHOKWHHOI PETPECII

Anomauin. basyiouuce na panivie ompumanux pe3yibmamax 3acmocyeants oouici 3 mexnonoeiu Data Mining-wemoouxu
Jepes Knacighixayii ma Peepecii (C&RT) 0o npomucnosux cynepcnnagié na 6azi Ni, po3pobieno muodcunHi peepeciiini mooeni
3a075 KibKICHOI XapakmepucmuKku 6niugy XiMiYHO20 CKIA0Y HA MIYHICIb MAKUX CNIaeie npu posmscHenHi. Adexeammuicmo
ompumanux mooeneii 6yio nepegipeHo mpboma cnocoobamu, Ha 8iOMIHy 8i0 8i00M020 NiOXO0Y, W0 BUMALAE PO3PAXYHKIE MilbKU
O0eKibKOX 3HayeHb oucnepcii neadekgamuocmi. A came 3acmocosano maxi Memoou nepesipku: MmpaouyiliHi pO3PaxyHKu
Koe@iyicnma R2; nopieHsanHs Komn 10meprux ma ekCnepumMenmanibHux YacmomHuux po3nooinie 3HaueHb KOHMPOIbHUX NOKAZHUKIE
AKOCMI; NOPIBHANHA cUuMynbosanux memodamu Monme-Kapno ma excnepumenmanvhux oiazpam po3ciloganhs KOHMPOIbHUX
nokasnukie. Iliokpecneno, wjo 32i0HO 3 3a2aNbHUMU NPUHYURAMU MameMamuyHoi cmamucmuku, micnuti 36ie Monme-Kapno
CUMYTbOBAHUX MA PEATILHUX YACTMOMHUX PO3NO0OLIEHb 3HAUEHb 0)0b-5KOT XaPaKmepucmuKu, wo UMIpIOEmMbCsl, 8I0N0BIOAc NOGHIt
Gopmansriii (cmamucmuyniil) i0eHMUYHOCMI PeanbHO20 Ma MOO0eIbHO20 06 'ckmig. 36i0cu 000amKo60 GUAIUBAE, WO 30i2
CMamucmudHux napamempie 6ilOn0G8iOHUX Oiazpam po3Cilo8aHHs Ci0 pO32n0amu sIK 03HAKY i3utHOl iI0eHMUYHOCMI PeanbHux
ma MoOenbOBaHUX peepecilinux sanexcnocmeil. Bei 3acmocosani 3eadani suuje Memoou nepegipku NOKA3anu UCOKI pe3yibmamu,
Wo NpusoOUMb 00 GUCHOBKY HPO BUCOKY Npaye30amHicms OMpumManux mooenel 3a0is NPAKMUYHO20 Ma MeopemutiHoo
3acmocyeanns. Bidznaueno 000amkogy 3a2anvHy nepesazy 6Kazamux mooeieli: ix npuoammuy 0o @izuunoi inmepnpemayii
Mamemamuyny nooyoosy, wo HA0ae MONCIUBICIb GUIHAYAMU U AHANI3YEAMU 6NAUGU OKPEeMUX XIMIYHUX elleMeHmie ma ix
63A€MO0II HA KOHMPONbHI NOKA3HUKU 34 DPEalbHUX APOMUCIOBUX YMO8. binvwicmo ompumanux ¢ pobomi pezynrbmamis i
cOpMyIbOBAHUX BUCHOBKIE D0BPE Y3200H4CYIOMbCS 3 BIOOMUMU eKCHEPUMEHMATIbHUMU ma meopemudnumu danumu. Boonouac
susieNeHo OesKi Heouikyeani ocobnueocmi, 30kpema 63aemolii Nb, Ti, Cu midc coboro ma medicamu 3epeH, wo c8iouums npo
HeoOXIOHICIb NOOANLULUX NOTUONEHUX OOCTIONHCEHD.

Knwuosi cnosa: npomucnosi cynepcnnasu na 6azi Ni; nokasHuku miynocmi npu po3msazHeHHi; XiMiuHuil cKi1aod;
MHOMCUHHI pezpeciiini Mooeni; 63aEmo0ia XimiuHuX elemenmis
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