
 

1. Introduction 

Nowadays, materials with a heterogeneous structure are becom-

ing more and more  important in technology. One class of such 

materials encompasses the rubber-based composites filled with 

nanoparticles in a form of various allotropes of carbon. Both the 

synthetic and natural rubber are used as a basic matrix in such 

composite materials. Graphene oxide (GO) may be used as 

a filling material [1−3], since it improves the mechanical prop-

erties and also changes thermal characteristics of the composite. 

One of the applications of rubber-based composites is the pro-

duction of the roller bearing seals. The operating temperature of  

 

the bearing largely determines the type of the base rubber of 

composite material. Improving thermal properties of composites 

with the use of the reduced graphene oxide (rGO) as a filling 

results in more intensive dissipation of heat generated in the 

bearing. Thus, the knowledge about physical properties of gra-

phene oxide/rubber composites with heterogeneous structure 

gains in importance. Thermal conductivity, thermal diffusivity 

and specific heat capacity are the main important thermophysi-

cal properties describing the phenomena of heat transport in ma-

terials. For composites with heterogeneous structure it may be 

difficult to clearly determine these parameters due to the for-

mation of agglomerates and clusters of the filler material.  
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Nomenclature 

A ‒ thermal diffusivity, m2/s 

cp ‒ specific heat capacity, J/(kg·K) 

k ‒ thermal conductivity, W/(m·K) 

m ‒ mass, kg 

Q ‒ heat, J 

Q̇ ‒ thermal power, W 

t ‒ time, s 

T ‒ temperature, °C, K 

u ‒ uncertainty 

w ‒ weight concentration, % 

 

 

Greek symbols 

δ ‒ correction 

ρ ‒ density, kg/m3 

σ ‒ deviation 

 

Abbreviations and Acronyms 

DSC − differential scanning calorimetry 

FKM − fluoroelastomer 

HNBR − hydrogenated acrylonitrile butadiene rubber 

HR − heating rate 

MT − modulated temperature 

rGO − reduced graphene oxide 

SEM − scanning electron microscope 

 

 

Investigations of thermophysical properties of the compo-

sites are conducted using both commercial equipment and other 

unconventional research methods. In some cases the research 

methods need small samples of investigated materials, thus the 

heterogeneity can greatly influence test results. Thermal con-

ductivity may be measured directly with the guarded hot plate 

method [4] or indirectly from the thermal diffusivity measured 

with a laser flash method [5], either with commercial equipment 

[6] or unconventional transient techniques [7−9]. The calcula-

tion of the value of thermal conductivity uses the basic formula 

defining the thermal diffusivity in the equation of transient heat 

conduction. Hence, the thermal conductivity k is equal to the 

product: 

 𝑘 = 𝑎 · 𝜌 · 𝑐𝑝, (1) 

where: a – thermal diffusivity, cp – specific heat capacity, 

ρ – density. 

As can be seen, determination of the thermal conductivity 

also requires measurements of the specific heat capacity. Heat 

capacity cp is one of the basic thermophysical properties of the 

material. Determining the specific heat capacity is crucial in heat 

transfer problems, since cp is an important thermophysical prop-

erty in predicting heat transfer efficiency. Specific heat capacity 

is often measured with differential scanning calorimetry method 

(DSC). In the case of heterogeneous materials like graphene ox-

ide/rubber composites, the use of DSC method causes difficul-

ties in analyzing the measurement results as they may be af-

fected by the small size of the test samples. Therefore, the 

knowledge about the impact of the material heterogeneity on the 

investigation results is advisable. 

The main goals of the present work are to expand the data-

base of thermophysical properties of the selected graphene ox-

ide/rubber composites with the specific heat capacity values and 

to investigate the influence of material heterogeneity on the re-

sults of DSC measurements. Two different types of rubber: hy-

drogenated acrylonitrile butadiene rubber and fluoroelastomer 

were used as the basic matrices of the tested composites. The 

graphene oxide reduced with sodium hypophosphite acted as 

a filling material. Specific heat capacity was measured with dif-

ferential scanning calorimetry method in modulated temperature 

regime. 

 

2. Materials and methods 

2.1. Characteristic of the investigated materials 

In the present study the selected graphene oxide/rubber compo-

sites, that are used for the production of the roller bearing seals, 

were investigated experimentally. Two types of rubber were 

used as the basic matrix of the composites: hydrogenated acry-

lonitrile butadiene rubber (HNBR) and fluoroelastomer (FKM). 

Graphene oxide reduced with sodium hypophosphite (rGO) was 

used as a composite filler. The rGO has an appearance of grey 

powder, bulk density of 0.019g/cm3 and specific surface area of 

266 m2/g [4]. The specific heat capacity and thermal conductiv-

ity of GO are approximately 700 J/(kg K) [10] and from several 

to over two thousands W/(m K) respectively, depending on the 

 form of graphene oxide used [11,12]. 

The example of the scanning electron microscope (SEM) im-

age of the rGO nanoparticles is presented in Fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A conventional method was used to prepare the composite 

materials: a precisely measured amount of rGO was directly dis-

persed in the basic rubber matrix during the rolling process [4]. 

After the process, the weight and the density of rGO/rubber 

composites were determined using the basic volumetric weigh-

ing method. An accuracy of density determination was  

 

 

Fig. 1. SEM image (magnification ×1000) of the reduced graphene 

oxide nanoparticles applied as a filler in tested composites [4]. 
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±0.003 g/cm3. The weight concentration of rGO was calculated 

from the equation: 

 𝑤 =
𝑚rGO

𝑚BM+𝑚rGO
, (2) 

where mBM is a mass of the composite base matrix. 

Figure 2 presents a sample scanning electron microscope 

(SEM) image of the cross-sectional area of the HNBR compo-

site with a weight concentration of rGO equal to 2.5%. 

The basic characteristics of investigated materials including 

weight concentration of rGO, density and thermal conductivity 

are presented in Table 1. 

Thermal conductivity of the investigated composites was 

measured with the guarded hot plate method [4]. Thermal diffu-

sivity was obtained using less common methods: thermal regular 

regime method and the step-heating technique [9]. 

2.2. Measuring procedure 

Specific heat capacity measurements were carried out using 

a differential scanning calorimetry (DSC) method, which is 

a well-established measuring technique in various research ar-

eas [13−15]. The main feature of this method is the ability to 

quickly determine, among others, the specific heat capacity, in 

a broad temperature range using small amounts of the tested sub-

stances. Differential scanning calorimetry involves measuring 

the change of the difference in the heat flow rate supplied to the 

sample of the tested material and to a reference sample during 

the operation of a program that varies the temperature over time. 

In the classical DSC method the operation mode of the program 

changing the temperature is characterized by a constant heating 

rate. It is important that the term “heating rate” is understood in 

DSC as a rate of temperature change – not to be confused with 

the heat flow rate (or thermal power), which is in fact a main 

measured variable in this method. A digital scanning calorimeter 

may also be operated in variable heating rate regime – tech-

niques utilizing such a mode are collectively known as modu-

lated temperature (MT) methods. In the case of variable heating 

rate a special modulation term is added to the usual linear change 

of temperature with time. Modulated-temperature DSC tech-

nique may also be applied for the measurements of the specific 

heat capacity cp. [13,16,17]. There are several variants of this 

method [18], one of them being the StepScan mode – a proprie-

tary technique of PerkinElmer - characterized by the tempera-

ture vs time function in the form presented in Fig. 3. 

In the present study a DSC 8000 calorimeter from Perki-

nElmer was used for the measurements of specific heat capacity 

in the StepScan mode. The method involves repeatedly heating 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the sample and then maintaining it in isothermal conditions for 

several dozen seconds. During heating periods, the value of the 

supplied thermal power depends on the specific heat of the ma-

terial and on possible phase changes, while in isothermal periods 

- only on kinetic phenomena. As a variant of temperature-mod-

ulated differential scanning calorimetry, the StepScan method is 

typically used in situations where phase transitions or chemical 

reactions are expected within the temperature range being inves-

tigated. In the present study, the use of the StepScan mode was 

motivated by the fact that in this method the value of the integral 

of the recorded relationship between thermal power Q̇ and the 

time t is used to determine the cp [18] instead of the instantane-

ous values of Q̇ utilized in classic DSC experiment. Hence: 

 𝑐𝑝 =
𝑄

𝑚𝛥𝑇
 , (3) 

Table 1. Basic properties of investigated composites. 

Material Matrix 
Weight concentration 

of rGO w [%] 
Density 
ρ [kg/m3] 

Thermal conductivity [4] 
k [W/(m·K)] 

Thermal diffusivity a [mm2/s] 
(average values [9]) 

H0 HNBR 0 1 199 0.37 0.160 

H1 HNBR 2.5 1 207 0.37 0.162 

F1 FKM 1.5 1 885 0.24 0.064 

F2 FKM 2.5 1 885 0.25 0.072 

 

 

Fig. 3. Variation of the temperature with time  

in the StepScan mode. 

 

Fig. 2. SEM image (magnification ×10000) of the cross-sectional 

area of rGO/HNBR composite (H1) [4]. 
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where: Q – heat supplied to the test sample during the single 

heating period (integral of Q̇(t)), m – sample mass, ΔT  temper-

ature increase during the single heating period. 

Calculation of the specific heat capacity from the integral of 

Q̇(t) for small temperature changes in a short time makes this 

method practically insensitive to one of the most significant 

problems of differential scanning calorimetry  the drift of the 

calorimeter baseline. The baseline is the reaction of the DSC 

system with both crucibles empty for the prescribed heating rate 

program in the classical DSC. In standard DSC method of spe-

cific heat capacity measurement, where cp is determined from 

the value of the thermal power Q̇ supplied to the material sample 

at a given moment and at a specific temperature, the drift of the 

baseline may significantly affect the measurement results, espe-

cially when a single experiment covers a wide temperature 

range, i.e. it lasts longer. In the StepScan method, the influence 

of the drift practically does not occur, because the value used in 

the calculation is the area under the curve Q̇(t) based at the level 

of neighbouring isotherms. Since the temperature change in 

a single heating period is small, the isotherms bounding that pe-

riod are so close in time that significant baseline drift could not 

have appeared between them. Thus, due to the very short times 

required for each measuring step, the specific heat capacity 

value obtained with the StepScan method is not sensitive to 

baseline drifts, even at higher temperatures. 

In the present work the parameters of the StepScan method 

included a heating rate (HR) of 5 K/min and a temperature in-

crease of 5 K for each heating period. The temperature interval 

ΔT was selected in such a way that the values of the thermal 

energy Q for the tested samples were close to the values ob-

served during the caloric calibration of the apparatus using sap-

phire samples. Such a choice aimed to keep the actual measure-

ment conditions close to the conditions of the calibration, which, 

in theory, should positively affect the accuracy of measurement 

of Q. The selection of the heating rate value was based on the 

rationale derived from the form of the Q̇(t) relationship recorded 

on the graph. The heating rate was selected low enough so that 

the Q̇(t) dependence within one step was not dominated by tran-

sient state, i.e. so that after the increase of Q̇ there was relative 

stabilization period of at least about 30s. At the same time the 

HR value was chosen to be high enough so that the maximum of 

each step was above the value of Q̇ = 1 mW, since at lower val-

ues it would be expected that the relative accuracy of the calo-

rimeter signal measurement would be decreased. 

Sample graphs of the thermal power supplied to the tested 

sample as a function of temperature and time in StepScan 

method are shown in Fig. 4. The data presented in the graphs in 

Fig. 4. are consistent with the temperature vs time dependence 

from Fig. 3.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3. Uncertainty analysis 

The uncertainty of the specific heat capacity measurement with 

StepScan differential scanning calorimetry is affected by the un-

certainties of the measurements of temperature, thermal energy 

and the sample mass. Before the measurements, the temperature 

calibration and the caloric calibration had been performed for 

the apparatus used in present work. The melting points of indium 

and zinc had been used as a temperature standards for the cali-

bration of the temperature measuring subsystem. The thermal 

power measurement subsystem of the calorimeter had been cal-

ibrated using the specific heat capacity of the sapphire standard 

sample. The mass of the investigated samples was in the range 

of 1319 mg. The samples were weighed with a RADWAG 

XA 210/Y analytical balance with a resolution of 0.01 mg. 

The uncertainty of the temperature measurement depends on 

the uncertainty of the temperature calibration, uncertainty of the 

certified melting point of the material used in temperature cali-

bration, uncertainty of the thermal lag measurement and the un-

certainty caused by linear interpolation of the temperature sen-

sor characteristic [19]. 

In the StepScan method the temperature measurement takes 

place in isothermal conditions, before and after each heating 

step. Therefore, the dynamic correction accounting for thermal 

lag does not apply here and there is no need to take its uncer-

tainty into account. The manufacturer of the DSC system pro-

vides the information that the temperature sensor embedded into 

calorimeter is a platinum resistance thermometer, however data 

about the polynomial used in the software for the interpolation 

of its characteristic are not disclosed. Therefore, the only possi-

ble assumption is that general good practices and international 

standards have been observed regarding application of the tem-

perature sensor. Since both IEC 60751 and ASTM E1137 rec-

      

Fig. 4. Thermal power supplied to the test sample in the StepScan mode vs. temperature and time. 
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ommend using at least second order polynomial for the interpo-

lation of the characteristic of resistance thermometers, the cor-

rection due to the linear interpolation is not applicable and its 

uncertainty is not taken into account. Thus, the standard uncer-

tainty of the temperature measurement takes a form: 

 𝑢(𝑇) = √𝑢2(δ𝑇calib) + 𝑢2(δ𝑇mat), (4) 

where: u(δTcalib) – uncertainty of the temperature calibration; 

u(δTmat) – uncertainty of the certified melting point of the mate-

rial used for calibration. 

According to [18], the standard uncertainty of the calibration 

correction u(δTcalib) may be determined by repeated measure-

ments of the melting temperature of the calibration standard ma-

terial, i.e. as the standard uncertainty type A [20]. In turn, the 

uncertainty u(δTmat) should be based on the uncertainty of the 

phase transition temperature of the material used for calibration. 

In the StepScan method, the cp value is determined from Eq. (3), 

where the energy Q is the integral of thermal power Q̇ with re-

spect to time. It can be assumed that the main sources of meas-

urement uncertainty of thermal energy Q are analogous to the 

sources of measurement uncertainty of thermal power Q̇. The 

standard uncertainty of the thermal energy supplied to the tested 

sample during the measurement may be written as: 

 𝑢(𝑄) = √𝑢2(𝑄𝑠) + 𝑢2(δ𝑄cal) + 𝑢2(δ𝑄mat), (5) 

where: u(Qs) – uncertainty of the determination of thermal en-

ergy supplied to the sample during actual measurement (type A), 

u(δQcal) – uncertainty of the calibration correction, u(δQmat) – 

uncertainty of the correction resulting from the uncertainty of 

the calibration material specific heat capacity value. 

Uncertainties u(Qs) and u(δQcal) may be obtained by repeated 

measurements of the heat supplied to the test sample and the 

calibration sample, respectively. The value of u(δQmat) is deter-

mined as a combined uncertainty of zero-valued correction 

δQmat reflecting the conditions during caloric calibration proce-

dure. It is assumed that the certified specific heat capacity value 

of the calibration material is exact, i.e. δcp = 0 and the standard 

uncertainty of this assumption simplifies to: 

𝑢(δ𝑄mat) = √(𝑢(δ𝑐p,cal)𝑚cal𝛥𝑇cal)
2

=

                                     |𝑢(δ𝑐p,cal)𝑚cal𝛥𝑇cal|, (6) 

where mcal and ΔTcal are the mass of the calibration sample and 

the temperature interval of the single heating period during cal-

ibration, respectively; u(δcp,cal) is the standard uncertainty of the 

cp,cal value. 

According to [21], the uncertainty of the mass measurement 

with an analytical balance depends on the repeatability, repro-

ducibility, non-linearity, the standard uncertainty of the calibra-

tion and the difference between calibration temperature and 

measurement temperature. The latter component is neglected in 

present work, since the temperature in the lab was precisely 

maintained at the same value during calibration and the actual 

measurements. The uncertainty of the mass measurement may, 

therefore, be expressed as [16]: 

 𝑢(𝑚) = √𝑆r
2 + 𝑆env

2 +
𝑎L

2

3
+ 𝑢2

cal , (7) 

where: Sr and Senv are the repeatability and reproducibility, re-

spectively, determined on the basis of the statistical analysis;  

aL – maximum deviation due to non-linearity as stated by the 

balance manufacturer; ucal – calibration uncertainty depending 

on the standard uncertainty of the mass reading and the mass 

standard used for calibration. 

The standard uncertainty of the specific heat capacity meas-

urement with the StepScan mode of MT-DSC method is given 

by the formula: 

   𝑢(𝑐𝑝) = √(
𝜕𝑐𝑝

𝜕𝑄
𝑢(𝑄))

2

+ (
𝜕𝑐𝑝

𝜕𝑚
𝑢(𝑚))

2

+ 2 (
𝜕𝑐𝑝

𝜕𝑇
𝑢(𝑇))

2

, (8) 

where the partial derivatives (sensitivity coefficients): 
𝜕𝑐𝑝

𝜕𝑄
, 

𝜕𝑐𝑝

𝜕𝑚
, 

𝜕𝑐𝑝

𝜕𝑇
 are determined on the basis of Eq. (3). 

3. Results and discussion 

Measurements were performed for five distinct samples of each 

investigated material with an exception of expectedly the most 

homogeneous one  H0, for which only 3 samples were tested. 

The samples were extracted from different locations of a larger 

piece of composite material. As a final result of the investigation 

the values of specific heat capacity in the temperature range 

10−110oC were obtained. Results of the measurements for ma-

terials H0, H1 and F1, F2 are presented in Fig. 5 and Fig 6. The 

chart in Fig.5 includes the values of cp for three samples of the 

base matrix material HNBR (H0) and for five samples of the 

rGO/HNBR (H1) composite with the weight concentration of 

rGO equal to 2.5%. In turn, Fig.6 presents the results of five 

measurements for the rGO/FKM composite also characterized 

by weight concentration of w = 2.5% (F2) and w = 1.5% (F1). 

It may be seen, that the dispersion of the cp values for different 

samples of a given material is very low. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As follows from the Eq. (3), the StepScan method basically 

determines the average value of specific heat capacity in a single 

heating period, therefore, for ΔT = 5 K, the presented values of 

cp for a given temperature should in fact be understood as aver-

  

Fig. 5. Specific heat capacity of composites based on HNBR matrix. 

A, B, C, D, E – results for different samples of the tested material. 
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age values within the range of ±2.5 K in relation to that temper-

ature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the analysis presented in Section 2.3, the standard 

uncertainties of each measurand affecting the uncertainty of cp 

measurement were determined. An example of the uncertainty 

budget for the H0 material at 40°C is presented in Table 2.  
 

 

 

 

 

 

 

 

 

 

The standard uncertainty of the cp value for the sample esti-

mation presented in Table 2 is u(cp) = 0.046 J/(g K), which cor-

responds to relative standard uncertainty of 3%. Assuming the 

coverage factor of 2 resulting in the level of confidence of ap-

proximately 95%, the expanded uncertainty of cp measurement 

is 0.092 J/(g K) and the relative expanded uncertainty is 6%. 

As a measure of dispersion of the results for a single mate-

rial, the relative standard deviation σrel was calculated according 

to the formula: 

 𝜎𝑟𝑒𝑙 =
1

𝑐𝑝,𝑚
√

1

5
∑ (𝑐𝑝,𝑖 − 𝑐𝑝,𝑚)

25
𝑖=1 , (9) 

where: cp,m - the average value of specific heat capacity calcu-

lated from all samples of given material, cp,i - specific heat ca- 

pacity of the i-th sample. 

Sample results of the average specific heat capacity and rel-

ative standard deviation obtained for the material F2 at five tem-

peratures are presented in Table 3. 

 

 

 

 

 

 

 

 

 

 

 

The calculated relative standard deviation for rGO/FKM 

composite F2 is below 1% over the entire temperature range 

considered. Similar results were observed for samples taken 

from other composites.  
Since the dispersion of the results is well below the measure-

ment uncertainty, it may be concluded that for the investigated 

materials the heterogeneity of the composite does not affect the 

cp value in the extent that may be detected with applied experi-

mental method.  
The average values of the specific heat capacity for H0, H1, 

F1 and F2 are presented in Fig. 7 as a function of temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 6. Specific heat capacity of composites based on FKM matrix.  

A, B, C, D, E – results for different samples of the tested material. 

Table 2. Uncertainty budget of the specific heat measurement  

of H0 material at 40°C. 

Quantity Xi Standard uncertainty u(Xi) Sensitivity coefficient 
𝝏𝒄𝒑

𝝏𝑿𝒊
 

Q 1.08·10-3 [J] 14.25 [1/(g K)] 

m 6.01·10-5 [g] -108.5 [J/(g2 K)] 

T 0.1 [K] 0.3 [J/(g K2)] 

cp 0.046 [J/(g K)] −−−−− 

 

Table 3. Specific heat for rGO/FKM composite with w=2.5% (F2). 

T [oC] cp,m [J/(kgK)] σrel [%] 

10 1083.6 0.48 

25 1115.6 0.40 

60 1194.6 0.75 

90 1229.3 0.82 

110 1256.6 0.62 

 

 

  

Fig. 7. Specific heat capacity vs. temperature for HNBR  

and FKM-based GO/rubber composites. 
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As may be seen, in the case of H0 and H1 materials, the val-

ues of specific heat capacity basically coincide in whole temper-

ature range. For FKM-based composites there is a slight devia-

tion in cp value between F1 and F2 materials in the temperature 

range 50−80oC, however the value of the observed difference is 

much lower than the measurement uncertainty, therefore it can-

not be considered an evidence of actual disparity between these 

materials in terms of cp value. Nonetheless, decreasing specific 

heat value with increasing rGO content would be explainable 

[17], since the specific heat capacity of graphene oxide (approx-

imately 700 J/(kg K) [10]) is lower than cp of fluoroelastomer. 

4. Conclusions 

In the present study the results of the specific heat capacity 

measurements performed for reduced graphene oxide/rubber 

composites are reported. The FKM and HNBR rubbers were 

used as matrices of tested materials while graphene oxide re-

duced with sodium hypophosphite was used as a filler material. 

Specific heat capacity was measured with StepScan method be-

ing a variant of the modulated temperature differential scanning 

calorimetry. Due to the heterogeneity of the composites tested, 

several samples of each material were investigated. The study 

includes an estimation of the measurement uncertainty of the ap-

plied method. 

The following conclusions may be formulated on the basis 

of performed investigation and the obtained results: 

 the StepScan mode of DSC method enabled the measure-

ment of the specific heat capacity of rGO/rubber composites 

with reasonable accuracy; 

 a clear increase in cp of tested materials with temperature was 

found; 

 due to the heterogeneity of the investigated composites and 

small size of the test samples, the differences in cp results 

obtained from distinct material samples were expected, how-

ever, the observed differences turned out to lay well within 

the measurement uncertainty. 
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