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The paper analyzes dilatometric curves and proposes a method for determining the
coefficient of linear expansion in the temperature intervals of phase transformations.
Experiments conducted by foreign researchers and the method proposed by them are
used for comparative analysis. The temperature interval of the phase transformation of
the dilatometric curve is divided into two regions, and the ,,AutoCad“ and ,,MathCad“
software packages are used for the simulation. The values of the regression coefficients
are found using the built-in functions of ,MathCad“and the dependence of the coefficient

of thermal expansion on temperature in each region is determined.
Keywords: thermal expansion, coefficient, dilatometric curve, linear regression.

The main reason for the occurrence of welding stress and strains is the
dilatometric effect. Typical dilatograms are shown in Fig. 1. During the welding
process, the body temperature changes in a wide range, within which phase
transformations occur. The change of deformations in the temperature intervals
of phase transformations has a non-monotonic character, which affects the
strain-stress state in the weld seam.Therefore, the calculation of welding stresses
using the average value of the coefficient of linear expansion is not justified. An
accurate description of the coefficient is required.

During the welding technological process, the formation of welding stresses
and deformations depends both on the distribution of the temperature field and
on the nature of the thermal cycle. If the calculation is made with approximate
values, then it is quite sufficient to use the theory of thermal processes, which
will be based on constant average values of thermal conductivity and heat
capacity, over the entire temperature range under consideration. As a rule,
the largest difference between experimental and theoretical data is obtained
in the zones of high temperature action. In theoretical sources for calculating
welding deformations, most of the calculations are made in temperature ranges
not exceeding 1150 K, therefore, in cases where the temperature field is taken
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conditionally at T>1250 K, the changes obtained are insignificant. If calculations
are carried out in the zone of action of a high-temperature field, when there
is a danger of crack formation, the deformation should be determined using
an accurate method, it is advisable to take into account both the distribution
of the heat source and the dependence of the thermal-physical coefficients on
temperature (Vinokurov, 1984).

It is known that during the welding process of steels, in the formation of the
final appearance of the alloy material, along with many other factors, a physical
characteristic such as the coefficient of thermal expansion plays an important
role. This is precisely the case, whose active observation will allow us to describe
in detail the phase transformations, displacements, and deformations occurring
in the alloy element, the characterization and description of which is the main
goal of our research.
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Fig. 1. Typical dilatometric curves.

In the work (Babinetz, 2019), the author aims to describe how much an
important role the chemical-physical structure of the metal plays in the formation
of deformations, after the cooling of the welded material, during the welding of
a thin metal plate.

The results of the experiment are given in the form of Table 1.
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Table 1. Thermal expansion coefficients for steel materials, in the temperature range
20...900 °C

Thermal expansion coefficient o, 10¢ 1/°C

Classof steel | >0 [ 20.. | 20.. | 20.. | 20.. | 20.. | 20.. | 20.. | 20..
100 | 200 | 300 | 400 | 500 | 600 | 700 | 800 | 900

08 xmr* 125 | 134 14 14,5 | 14,9 15,1 153 | 14,7 | 147
4X50MC* 12,6 | 13,1 | 13,7 14 14,3 14,6 14,7 | 146 | 14,1
20X23H18" 149 | 157 | 16,6 | 17,1 | 175 17,8 18,2 - -

Note: Unfortunately, the literature does not provide exact values for the materials used in

the study, so the closest possible values have been taken.

Table 1 shows that in any temperature interval, including the rather wide
interval of 20-900 °C, the coefficient of thermal expansion is constant, although
it changes slightly from interval to interval, as a result of which the changes
occurring during phase transformations become less noticeable.

The work (Panov, 2014) provides a dilatogram of steel ,,10X3I'3M®*“ (Shown
on Fig. 2). To obtain the curve, dilatometric studies were carried out on a “Linseis
RITA L78” hardening dilatometer with horizontal placement of samples during
continuous heating at the following rates: 400, 90, 20 and 0.6 °C/s. Experimental
data collection and processing were carried out using the “WIN — DIL, Fityk and
Linseis Data Evaluation” software packages. The thin structure was studied using
a FEI Tecnai 20 G2 TWIN transmission electron microscope (Panov, 2014).
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Fig. 2. Dilatometric curve of steel ,,10X3I3M®*“.
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Fig. 2 shows that in the temperature interval of phase transformations
[688 — 845]°C the deformation changes non-monotonically. Accordingly, the
coefficient of thermal expansion changes significantly not only in range, but
also in sign. Therefore, in the temperature interval of phase transformations,
the coefficient of thermal expansion cannot be considered constant and its more
precise description is required.

The dilatometric curve is the main reference point for our research. Based on it,
we are isolating the peaks of temperature intervals of the phase transformation,
(As shown on Fig. 3) We are dividing the intervals between the peak points [
T, T and [ T2:T3] into the smallest possible intervals, and processing the data in
the mathematical editor MathCad.

A typical diagram of the dilatometric curve processing is shown below (Fig.
3). The deformation is defined as ®= A L / Lo Where AL is the elongation of
the sample, and Lo _the initial length of the sample, respectively AL-L-L0. The
coefficient of thermal expansion in the intervals [ I, Tel, [T 2Tl is defined as
follows: %= 98/dT ~ A§/AT.

Peak#1 / Peak #] /
P £ L
/S Peak £2 ./ o / \ Peak#2. Peak#3
/' I ! /J \‘“r"‘/
|

I
|
1 |
| i
I |
1

|
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T1 T2 BT Tl T2 BT
A) B)

Fig. 3. Typical scheme of dilatogram processing:
A) The dependence of the sample elongation on temperature,
B) The Dependence of deformation on temperature.

In order to describe the process occurring during phase transformations with
maximum accuracy, the temperature interval from 688 to 845°C was selected as
the subject of the study. For greater clarity, the section was divided into 2 areas,
each with 4 equal segments. The graph was processed by using the multifunctional
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drawing program AutoCad 3D (Leach, Lockhart, 2022), and the corresponding
data of the section were entered into the mathematical editor (MathCad).

AL =
40 ; D = =7
500 500 P PRLINLIE SLLULLLS. M e
Temperature . °c SRy e
Fig. 4. Processing of selected dilatogram into areas using AutoCad 3D.

After processing the dilatogram graph into sector, the obtained numerical
data were entered into the appropriate mathematical editor MathCad. For
calculations, the built-in function “PWRFIT” (Kiryanov, 2013) was used, where
the o(T) function is found as a qualitative function: a(T)=CyT** + .

For two sector [T;,Ta] and [TEJ TEI], numerical values of the constants Ly, Ly, C=
were determined by calculations. For the first sector[Ti’Tﬂ, which included
the temperature range from 688 to 766°C, £p = 0.139; ¢, = —1.773 = 1073
; £ =-—0.137. And for the second sector, which covers the temperature
range from 766 to 845°C, the corresponding Lo = 0.114; £ = 2,211 = T
; C;—0.116. Fig. 5 shows the experimental curves and the approximation
functions constructed by calculations in MathCad.

2x107° ; ; ; ; 1x107°
110”7 2 . .
¥ ¥
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Fig. 5. Results obtained in the mathematical editor (MathCad) in sectors:
A) Temperature range from 688 to 766°C,

B) Temperature range from 766 to 845°C. 249
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Often, the dependence of the coefficient of thermal expansion is represented as
alinear function, which makes numerical calculations of stresses and deformations
more convenient. The experimental data were processed by linear regression in
the MathCad system. The built-in function “REGRESS” was used for calculations
(Kiryanov, 2013). The results obtained by calculating for the same data X, Y, and
K are presented as a linear function: Y=AX+B.

By calculating the regression coefficients, the numerical values for the first
sector, which covers the temperature range from 688 to 766°C, the coefficients take
the following numerical values: A=_3'359 % l'{]_?; B=2.42= 107% And for the
second sector, covering the temperature range from 766 to 845°C, corresponding
to A=2.271 = 1077, B=—2.273~ 107 Fig. 6 shows the experimental curves
and linear regression functions constructed by calculations in MathCad.

2107 T T T T 1107° T T T T.
- , P
Aty BIOT \\ ] AAl(xxl) o s
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Fig. 6. Results of linear regression obtained in the mathematical editor (MathCad) into
sectors:
A) Temperature range from 688 to 766°C.
B) Temperature range from 766 to 845°C.

According to the calculated coefficients, the dependence of the linear thermal
expansion coefficient on temperature in the temperature interval [688- 766°C] is
written as follows:

«(T)=—3:359+ 1077 =, 2.42 - 107 )

And in the temperature range [766- 845°C] it is expressed by the following
formula:

L] 7 = — u —4
o(T)e 227171077 = ~2.273 - 10 @
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Analysis of results. The temperature intervals of the phase transformation
are divided into 2 parts. Based on the results obtained, the dependence of the
o coefficient on temperature in individual areas was found and analyzed in the
form of a regression equation. The equations of qualitative regression and linear
regression are discussed. The regression coefficients are determined numerically
using the built-in functions of Mathcad. For further calculation of deformations
and displacements, linear equations (1) and (2) are convenient.
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