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This paper deals with the results obtained by two experimental methods (thermo-mechanical analysis and dilatometry) 
and by theoretical calculations (Thermo-Calc software with TCFE8 database). Experimental data were obtained from 
heating runs, full chemical composition and all phases (except for graphite and diamond) were allowed for 
calculations. Calculations were performed in an equilibrium state. 

Density and linear coefficient of thermal expansion of one low-carbon (0.077 wt. % C), unalloyed steel grade were 
investigated in wide temperature range up to 1400 °C. The results obtained by both experimental methods (TMA and 
dilatometry) and by theoretical calculations were compared and good agreement between the values was found. 
Discussion of identified differences between experimental and theoretical values was also performed. 
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Tato práce se zabývá stanovením hustoty a lineárního koeficientu teplotní roztažnosti nelegované nízkouhlíkové 
oceli (hm. %: C 0,077; Mn 0,64; Si 0,20; Cu 0,06; Cr 0,05) pomocí dvou experimentálních metod (termomechanické 
analýzy a dilatometrie) a teoretických výpočtů za využití programu Thermo-Calc s databází TCFE8 (Thermo-Calc 
Fe-based database, 8. verze) doporučenou pro výpočty vlastností ocelí.  

Prezentované výsledky byly u obou experimentálních metod (termomechanická analýza i dilatometrie) získány pouze 
z ohřevu, který probíhal v inertní atmosféře argonu (čistota 6N). Výpočty podle programu Thermo-Calc byly 
provedeny pro rovnovážný stav. Výpočty vlastností v nerovnovážném stavu tento program neumožňuje. Do výpočtů 
byly z chemického složení oceli zahrnuty všechny prvky a z fází byl při výpočtech vyřazen grafit a diamant.  

U termomechanické analýzy byla použita rychlost ohřevu vzorku 10 °C·min-1, pro dilatometrická měření byla 
použita rychlost ohřevu 5 °C·min-1. Experimentální i teoretické hodnoty relativního prodloužení i lineárního 
koeficientu teplotní roztažnosti byly vztaženy na stejnou referenční teplotu 25 °C.  

Teplotní závislosti hustoty a relativního prodloužení změřené pomocí dilatometru a vypočítané s využitím programu 
Thermo-Calc jsou si velmi blízké. Drobné rozdíly jsou zřejmě způsobeny výpočtem v rovnovážném stavu.  

Teplotní závislost hustoty vzorku získaná pomocí termomechanické analýzy klesá nejrychleji, což by mohlo být 
důsledkem nejvyšší rychlosti ohřevu (10 °C·min-1). Teplotní závislost relativního prodloužení oceli získaná pomocí 
termomechanické analýzy roste nejrychleji, což je zřejmě také důsledek nejvyšší rychlosti ohřevu. Lineární 
koeficient teplotní roztažnosti vypočítaný pomocí programu Thermo-Calc je v celém teplotním intervalu nižší než 
u obou experimentálních metod, což je pravděpodobně také důsledek výpočtů v rovnovážném stavu.  

Klíčová slova: hustota; lineární koeficient teplotní roztažnosti; termomechanická analýza; dilatometrie; Thermo-
Calc 

 
Thermo-mechanical analysis (TMA) and dilatometry 
are common experimental methods used for 
measurements of temperature dependence of change in 
the length of the sample. Change in the length of the 

sample is caused by changes in the lattice parameters, 
and this change can be described by coefficient of 
thermal expansion. It is generally very sensitive to 
composition, [1].  
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Density is one of the fundamental physical properties of 
material. Density depends not only on the chemical 
composition, but it also significantly depends on 
previous history of the steel (i.e. mechanical and/or heat 
processing) [2]. 

TMA and dilatometry records the length changes that 
occur during the heat treatment of a sample. Length 
changes can be used for determination of the coefficient 
of thermal expansion of the sample.  

Thermal expansion is a fundamental material property, 
which relates dimensional changes of material to the 
temperature. A convenient measure of thermal 
expansion is the mean linear coefficient of thermal 
expansion and it is defined as the equation (1) [3]: ߙ ൌ ௅మ ି ௅భ௅బ൫ మ் ି భ்൯ ൌ ቀ∆௅௅బቁ ଵ∆்,  (1) 

where L1 (μm) and L2 (μm) are the specimen lengths at 
the temperatures T1 (°C) and T2 (°C), respectively. L0 
(μm) is the initial specimen length and α (K-1) is the 
linear coefficient of thermal expansion. Very often, the 
relationship between the length of the sample and linear 
coefficient of thermal expansion is given by the 
equation (2) [4]:  ܮଶ ൌ ଵሺ1ܮ ൅  ሻ.  (2)ܶ∆ߙ

The relative change in length as a function of 
temperature obtained from a dilatometer can be used to 
determine the phase transformation(s) during the heat 
treatment [5]. Knowledge of the coefficient of thermal 
expansion is very useful for investigation of the internal 
stress [6]. Another field, where coefficient of thermal 
expansion plays very important role, is coating of steels 
[7].  

Besides experimental measurements of density and 
linear coefficient of thermal expansion, these quantities 
are studied also theoretically for many decades and this 
theme is still highly topical [8 - 10]. Theoretical 
calculations using specialized software (i.e. Thermo-
Calc [11]) are cheap and fast, but they have some 
restrictions (i.e. chemical composition, phases, 
temperature range) [12]. 

In this paper, a real low carbon steel was investigated 
and its density, relative elongation and linear coefficient 
of thermal expansion were measured by two 
experimental methods (TMA and dilatometry) and 
theoretically calculated (Thermo-Calc software). The 
obtained experimental and theoretical values were 
compared and discussed. 

1. Experimental 

Real unalloyed low carbon steel grade (wt. %: c 0.077; 
Mn 0.64; Si 0.20; Cu 0.06; Cr 0.05) was investigated. 
Samples were machined into the shape of cylinders, 
ground up and washed in acetone under ultrasound 
before measurements.  

Measurements were done under inert atmosphere of 
pure argon (6N). All experimental values presented in 
this paper are from heating runs. 

TMA measurements were performed using the device 
Setaram SETSYS 18TM (Fig. 1) with vertical arrangement. 
Measurements were made in a wide temperature range up 
to 1400 °C, heating rate was 10 °C·min-1, cylindrical 
samples had a length of approx. 11 mm and a diameter of 
approx. 5 mm (the sample mass was approx. 1.5 g).  

 

Fig. 1 Setaram SETSYS 18TM device used for TMA measurements 
Obr. 1 Přístroj Setaram SETSYS 18TM použitý pro TMA měření 

Dilatometric measurements were performed using the 
NETZSCH Dilatometer DIL 402C/7 (Fig. 2) with 
horizontal arrangement in a wide temperature range up 
to 1350 °C. Heating rate was 5 °C·min-1, cylindrical 
samples had a length of approx. 20 mm and a diameter 
of approx. 7 mm (the sample mass was approx. 6 g).  

 

Fig. 2 NETZSCH Dilatometer DIL 402C/7 used for dilatometric 
measurements  

Obr. 2 Přístroj NETZSCH Dilatometer DIL 402C/7 použitý pro 
dilatometrická měření 
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2. Calculations 

Calculations were performed using Thermo-Calc 
software with TCFE8 (Thermo-Calc Fe-based alloys) 
database [13]. All elements and all phases (except for 
graphite and diamond) were included into calculations. 

Theoretical values of density were calculated according 
to the well-known equation (3): ߩ ൌ ௠௏ ,  (3) 

where ρ (g·cm-3) is density, m (g) is weight and V (cm3) 
is volume.  

Thermo-Calc software only allows calculation of 
volume of the sample, so the equation (4) [14] was used 
for calculations of relative elongation (Δl/l0). ௗ௟௟బ ൌ ௟ ି ௟బ௟బ ൌ ௟௟బ െ 1 ൌ √௏యඥ௏బయ െ 1 ൌ ට ௏௏బయ െ 1, (4) 

where l (cm) is length at the temperature T (°C) and l0 
(cm) is length at the reference temperature T0 (°C), 
V (cm3) and V0 (cm3) are the volumes at the 
temperatures T and T0, respectively.  

The linear coefficient of thermal expansion was 
calculated using the equation (5) [15]: 

ߙ ൌ ට ೇೇబయ  ି ଵ் ି బ் , (5) 

where V (cm3) is volume at the temperature T (°C) and 
V0 (cm3) is volume at the temperature T0 (°C). The 
reference temperature T0 was set to 25 °C (the same 
temperature for both experimental methods). 

In the equations (4) and (5), “cubic approximation 
(V = l3)” was used, because of almost all phases in 
steels have cubic crystal lattice. 

3. Results and discussion 

First investigated quantity was density of steel and its 
temperature dependence. Experimental (TMA and 
dilatometry) and theoretical temperature dependences of 
densities are given at Fig. 3. 

 
Fig. 3 Experimental (TMA and dilatometry) and theoretical 

(Thermo-Calc) temperature dependences of density ρ  
Obr. 3 Experimentální (TMA a dilatometrie) a teoretické (Thermo-

Calc) teplotní závislosti hustoty ρ 

Densities obtained using dilatometry and Thermo-Calc 
are in excellent agreement, the difference is less than 
0.05 g·cm-3 (0.6 %). Density obtained by TMA has 
significantly steeper slope.  

Nevertheless, the difference between TMA and both 
remaining methods (dilatometry and theoretical 
calculations) is up to 0.10 g·cm-3 and the difference is 
increasing with the temperature. This might have been 
caused by relatively high heating rate (10 °C·min-1) 
used for TMA measurements.  

Small difference (up to 1.2 %) between dilatometric and 
theoretical values of density might have been caused by 
method of calculation (equilibrium state), while 
experiments were always non-equilibrium. Dilatometric 
measurements were not calibrated to temperature and 
this probably also affected dilatometric values. 

Another investigated quantity was relative elongation of 
the steel sample. Experimental and theoretical relative 
elongations are given in Fig. 4. 

 
Fig. 4 Experimental (TMA and dilatometry) and theoretical 

(Thermo-Calc) temperature dependences of relative 
elongation dl/l0 

Obr. 4 Experimentální (TMA a dilatometrie) a teoretické (Thermo-
Calc) teplotní závislosti relativního prodloužení dl/l0 

 

Relative elongation obtained by dilatometry and 
Thermo-Calc are in excellent agreement, the difference 
is no more than 0.09 %. The values obtained by TMA 
have faster growth, but the difference is still lower than 
0.53 %. This might have been caused by different 
heating rate and different sample mass. 

Perhaps the most valuable quantity, which was investi-
gated, is the linear coefficient of thermal expansion. 
Comparison of experimental and theoretical linear coef-
ficients of thermal expansion are given in Fig. 5. 

Experimental values of linear coefficient of thermal 
expansion below 200 °C are influenced mainly by rela-
tively high inaccuracy in measurements of temperature 
and length in this temperature area.  

Theoretical values of linear coefficient of thermal 
expansion below 200 °C are heavily influenced by 
denominator in the equation (5), when T - T0 → 0. 
Some differences are also caused by different sample 
mass (approx. 1.5 g for TMA and approx. 6 g for dila-
tometry) and different heating rates could also have 
influence to measured values.  
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Fig. 5 Experimental (TMA and dilatometry) and theoretical 

(Thermo-Calc) temperature dependences of linear coefficient 
of thermal expansion 

Obr. 5 Experimentální (TMA a dilatometrie) a teoretické (Thermo-
Calc) teplotní závislosti lineárního koeficientu teplotní roz-
tažnosti 

 

Measured and calculated values of linear coefficient of 
thermal expansion above 400 °C are in good agreement, 
difference is up to 3.1·10-6 K-1. For the temperatures 
above 600 °C, the agreement is very good with 
difference less than 1.5·10-6 K-1.  

Conclusions 

Real unalloyed low carbon steel grade was investigated 
and its density, relative elongation and linear coefficient 
of thermal expansion were obtained using two 
experimental methods (TMA and dilatometry) and one 
theoretical method (Thermo-Calc software). All three 
methods give similar values, except for linear 
coefficient of thermal expansion below 400 °C.  

Values of density measured using TMA have steeper 
decrease than values obtained using dilatometry and 
calculations. Despite this, an excellent agreement 
between all three methods was found for density 
(difference is up to 0.1 g·cm-3) in the whole investigated 
temperature range.  

Temperature dependence of relative elongation 
measured using TMA has steeper increase than 
dilatometry and calculations. Despite this, very good 
agreement between all three methods was found 
(highest difference is approx. 0.5 %) in the whole 
investigated temperature range. 

Both experimental methods (TMA and dilatometry) 
give similar values of linear coefficient of thermal 
expansion for temperatures above 200 °C. All three 
used methods (TMA, dilatometry, calculations) give 
similar values above 600 °C, the difference is up to 
1.5·10-6 K-1 in this temperature area.  

Experimental values seem to be affected mainly by the 
sample mass and used heating rate. Theoretical values 
seem to be limited mainly by the equilibrium state 
calculations. 
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