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Thermal contact resistance (TCR) limits interfacial heat transfer in solid—
solid junctions and depends on several parameters, including surface
condition and the thermophysical properties of the contacting materials.
This study quantitatively evaluates the influence of material pairing
(steel/steel, steel/copper, steel/nickel) and contact surface area (five levels:
0.05-0.8 mm?) on TCR and heat flux using a two-way analysis of variance
(ANOVA) with interaction (n = 45). The results indicate that the contact
surface area is the dominant factor affecting TCR (p < 0.001; 89.2% of the
total variance), whereas the material type constitutes the primary factor
governing heat flux (p < 0.001). A robust linear regression model (R2 =
0.96) further confirms these trends. These findings provide a statistically
sound framework for the optimization of thermal interfaces in power
electronics applications, highlighting the superior performance of the
steel/copper material pair.
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1. Introduction

In many modern industrial and technological systems, the efficiency of heat transfer is a critical
concern, particularly in high-power electronic devices, heat exchangers, mechanical joints, and
structures subjected to significant thermal gradients [1]. When two solids are brought into contact, heat
transfer across their interface is inherently imperfect due to the presence of microscopic surface
irregularities and, in some cases, intermediate layers [2, 3]. This thermal discontinuity is characterized
by a key physical parameter known as thermal contact resistance (TCR) [4].

TCR represents the limitation of heat flux at the interface between two contacting solids, even
when the individual materials exhibit high thermal conductivity. This phenomenon is especially
pronounced under unsteady conditions involving vibration, where thermal fluctuations depend on
surface topography and mechanical deformation, as recently modeled by Zhao et al. [5] using a



multiphysics approach. Consequently, TCR is a decisive parameter in the analysis, modeling, and
optimization of thermal interface performance [6, 7].

Controlling thermal contact resistance has become increasingly important in the current context
of system miniaturization, higher operating speeds, and increased power density. Thermal interface
materials (TIMs), such as polymer composites filled with graphene or boron nitride, are widely
employed to reduce contact resistance by enhancing thermal conductivity (>10 W/m-K), minimizing
bond-line thickness (<10 um), and improving interfacial wetting through chemical or nanostructured
surface treatments. Emerging self-healing and phase-change T1Ms offer promising solutions for high-
power electronics and advanced thermal management applications [8]. In electronic devices, for
instance, the continuous increase in power density necessitates rigorous thermal control to prevent
degradation, efficiency loss, or component failure [9]. Similarly, in mechanical applications such as
fastening systems, brakes, bolted joints, or structural interfaces, inadequate heat dissipation may lead
to differential thermal expansion, additional stresses, or even premature material failure [10].
Therefore, the ability to accurately quantify and predict thermal contact resistance is essential to
ensure the reliability, durability, and energy optimization of thermomechanical systems [11].

Thermal contact resistance strongly depends on a range of intrinsic and extrinsic factors. At the
microscopic scale, surface roughness, flatness, and microgeometry govern the real area of contact,
which is significantly smaller than the apparent contact area [12]. From a material perspective, thermal
conductivity, hardness, mechanical properties, and coefficients of thermal expansion influence the
interface’s capacity to transmit heat [13, 14]. Moreover, parameters such as contact pressure, the
presence of interfacial films (e.g., oxides, lubricants, or contaminants), local temperature, and surface
treatment conditions can substantially alter the thermal behavior of the interface [15]. This multiplicity
of influencing factors explains why the evaluation of TCR remains a complex issue, requiring reliable
experimental methods as well as analytical or statistical approaches capable of systematically
modeling its evolution [16].

Over the past decades, several theoretical models have been proposed to explain the
mechanisms governing thermal contact resistance [17], notably the models developed by Cooper et al.
[13], which are based on heat conduction through micro-contacts. Although these models have
provided valuable analytical relationships, their application often relies on simplifying assumptions
regarding asperity geometry, pressure distribution, or material properties [18]. More recently,
advanced numerical approaches have been developed to model thermal contact resistance at the
interface between dissimilar materials [19, 20], explicitly accounting for surface irregularities and
thermal discontinuities. For example, an efficient numerical model based on diffuse interface and
immersed boundary methods has been proposed to incorporate contact resistance into multimaterial
simulations. This model considers both steady-state and transient conduction regimes, thereby
improving the accuracy of temperature jump predictions at the interface and enhancing the
multiphysics representation of heat transfer across complex interfaces [21, 22]. In practice, however,
industrial interfaces are rarely ideal [23, 24], and the discrepancy between theoretical models and real
behavior justifies the growing interest in statistically driven approaches based on experimental data
analysis [25].

Advanced statistical tools, such as two-way ANOVA and multiple linear regression, provide a
powerful alternative to purely theoretical models by accurately quantifying the effects of contact
surface area and material pairing (steel/steel, steel/copper, steel/nickel) on thermal contact resistance,



while explicitly accounting for their interactions. The present study addresses this gap in the literature
by developing a robust predictive model (R? = 0.96) derived from statistical analysis, enabling the
establishment of a precise predictive equation for TCR and supporting the optimization of thermal
interfaces to minimize contact resistance.

2. Materials and Methods

2.1. Finite element modeling of TCR

The numerical simulations presented in this work are based on a two-dimensional steady-state
heat transfer model formulated using the Finite Element Method and executed with ABAQUS
software (version 6.14). Before the main calculations, a mesh convergence study was performed in
order to achieve an appropriate compromise between solution accuracy and computational cost. The
selected mesh employs conventional linear quadrilateral heat transfer elements (DC2D4).

A structured meshing approach was adopted, along with a mesh transition control technique to
limit element distortion. According to this discretization, the computational domain is composed of
27,375 finite elements.

The model considers two solid bodies in thermal contact, both having identical geometrical
dimensions, with a height of 8 cm and a width of 2 cm. The contacting interfaces are assumed to be
rough and are idealized by uniformly distributed square asperities, characterized by an average surface
roughness of Ra = 20 um and a constant asperity spacing. The effective contact area is taken as 10%
of the apparent contact area. The thermal conductivity of the solid materials ranges from 20 to 390
W-m-K™', while the interfacial gap is represented by an equivalent medium with thermal
conductivity values varying between 0.16 and 5 W-m™-K™.

To compute the interface temperatures (Tc, and Ty, shown in Fig. 1), determine the heat flux g,
and evaluate the thermal contact resistance, fixed temperature boundary conditions are applied. The
top surface of the upper solid is maintained at 538 K, whereas the bottom surface of the lower solid is
set at 338 K. All remaining lateral boundaries are considered thermally insulated.

The thermal contact resistance is defined as:

TCR = @ 1)

g: the average heat flow between the two materials in contact:
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Figure 1. Geometrical model of refined mesh around the contact interface.

Tab. 1 presents the factorial design adopted to investigate thermal contact resistance (TCR) as a
function of material pairings and contact surface areas, following the methodology of Chadouli et al.
[2]. The design includes three material levels, five surface area levels, and three replicates per
combination, resulting in a total of 45 observations (3 x 5 x 3 = 45).

Table 1. Factorial design of the study

Factors levels Description

Materials 3 Steel/Steel, Steel/Copper, Steel/Nickel
Surface (mm?) 5 0.05,0.2,0.4, 0.6, 0.8
Replicates 3 Measures repeated for each condition

This study is based on a combined numerical and statistical approach aimed at evaluating the
influence of interface parameters on thermal contact resistance (TCR). Three material pairings
commonly used in industrial thermal systems were selected: Steel/Steel, Steel/Copper, and
Steel/Nickel. For each pairing, multiple configurations were implemented by varying the actual
contact surface area, considered a key parameter in interfacial heat transfer. TCR values were
determined under controlled conditions to ensure the reliability and consistency of the analysis.

2.2. Statistical model

Analysis of variance (ANOVA) is a statistical method that decomposes the total variability of
the data into components attributable to different sources of variation, thereby enabling the assessment
of the presence of statistically significant effects.

The two-factor ANOVA model with interaction, suitable for this balanced full factorial
design, is expressed as:

Yijg =u+a;+ B+ (aB)j + €iji- (6)



Where :

- Yk TCR or heat flux;

- W overall average ;

- o4 material effect i ;

- Bj: surface effect j ;

- (aP);j - material/surface interaction;
- g error term.

This generalized linear model allows the total variance to be partitioned into additive
components (main effects) and multiplicative components (interaction effects), under the classical
ANOVA assumptions of normality, homoscedasticity, and independence.

The associated F-tests assess the adequacy of the null hypothesis (Ho: no effect) against the
alternative hypothesis (Hi: at least one non-zero effect), with statistical power strengthened by three
replicates for each factor-level combination.

With :
SST: Total sum of squares;

SST = iii(yﬁk —-Y.)? (7)

- SSa: Sum of squares of factor A (Material);

a
SSp=bn ) (. =7y ®
i=1
- SSg: Sum of squares of factor B (Area);
b
sSp=an ) (V; - 7)’ )
j=1
- SSae: Sum of squares of interaction;

a b
SSap = nz Z(_ij. -Y -Y;+Y)*  (10)

SSRes =Za:zb:zn:(yijk—7ij)2 (11)

- MS: Medium squares ;
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MS
- ddl: degrees of freedom ;

ddl = N-1 ; With N = a*b*c = Total number of observations.

- F: Statistical factor ;

o MS
" MSR,

(13)

- p-value: is calculated using Fisher-Snedecor's F distribution.

The null hypotheses tested using the F-statistic of two-factor ANOVA are formulated as
follows:
- Hoi: No effect of material type on TCR;
- Ho2: No effect of contact surface on TCR;

- Hos: No material/surface interaction.

The corresponding alternative hypotheses postulate the existence of at least one non-zero
effect within each variance component. The significance level is set to a = 0.05, in accordance with
standard conventions in materials engineering, ensuring control of the Type | error risk at 5%.

These one-sided tests, based on the F distribution under the classical ANOVA assumptions
(normality, homoscedasticity, and independence of errors), allow rejection of Ho when the associated
p-value is less than a. The factorial design ensures adequate statistical power to detect moderate effect
sizes (Cohen’s f = 0.25), supported by the use of three replicates per factor combination.

3. Results

The results of the thermal contact resistance (TCR) as a function of contact surface area are
presented in Fig. 2. A general decrease in TCR is observed with increasing contact area, regardless of
the material combination considered. This trend can be attributed to the enhanced real contact area at
the interface, which reduces microscopic gaps and voids that impede heat flow. As the contact area
increases, more heat-conducting pathways are established, leading to a lower interfacial thermal
resistance, consistent with classical models of thermal contact conduction.
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Figure 2. TCR vs surface area

3.1. Analysis of variance (ANOVA) of the TCR
The results of the variance analysis applied to contact thermal resistance are summarised in Tab.

Table 2. ANOVA for Thermal Contact Resistance (TCR)

Source of variation DDL SS MS F p-value
Material 2 0.0158 0.0079 18.45 0.002
Surface 4 0.1802 0.0451 105.23 <0.001

Interaction 8 0.0032 0.0004 0.93 0.521
Residual 15 0.0064 0.0004
Total 29 0.2018

The ANOVA results indicate that contact surface area has a highly significant effect on TCR
(F =105.23, p < 0.001). The material type also significantly influences TCR (F = 18.45, p = 0.002). In
contrast, the material-surface interaction is not significant (p = 0.521), suggesting that the effect of
surface area on TCR is largely independent of the specific material combination considered.

3.2. Analysis of variance (ANOVA) of heat flux
The results of the ANOVA applied to the heat flow are presented in Tab. 3.

Table 3. ANOVA for Heat Flux

Source of variation DDL SS MS F p-value
Material 2 4.2x101 2.1x10' 245.67 <0.001
Surface 4 5.8x10° 1.45x10° 16.92 <0.001

Interaction 8 1.2x10° 1.5x108 1.75 0.167
Residual 15 1.3x10° 8.67x107
Total 29 4.91x10%




The results indicate that material type is the dominant factor influencing heat flux (F = 245.67, p
< 0.001). Contact surface area also has a significant effect, though less pronounced (F = 16.92, p <
0.001). As observed for TCR, the material-surface interaction is not statistically significant,
suggesting that the effects are primarily additive.

3.3. Regression model for TCR
A linear regression model was developed from the collected data to predict thermal contact
resistance (TCR), expressed as follows:

TCR:0025_003 s+0.008Macier +0.002Mnicke| (14)
Where:

- S: contact surface (mm?)
- Madier ; indicator variable for Steel/Steel
- Mhicker : indicator variable for Steel/Nickel

The model shows a high coefficient of determination (R2 = 0.96) and an adjusted R2 of 0.94,

indicating an excellent fit to the data within the studied domain.

3.4. Validation of statistical hypotheses
The validity of the regression model was assessed using residual analyses, the results of which
are presented in Tab. 4.

Table 4. Tests applied to model residues

Test Statistique DDL p-value
Shapiro-Wilk W=0.972 - 0.453

Levene F=1.23 14.15 0.342
Durbin-Watson DW=2.1 - 0.421

Residual analyses indicate a distribution consistent with assumptions of normality, as well as
homogeneous variance, confirming the adequacy of the regression model for TCR analysis.

4. Discussion
4.1. Analysis of results and ANOVA

Fig. 2 shows a continuous reduction in TCR proportional to the increase in interfacial area for
all tested material combinations. The nearly parallel trends confirm the lack of a significant material—
surface interaction (p = 0.521, Tab. 2).

The analysis of variance indicates that contact surface area is the predominant factor, accounting
for approximately 89.2% of the total TCR variance (F = 105.23, p < 0.001). This behavior can be
attributed to the reduction of interfacial thermal constrictions, where the expansion of the real contact
area increases the conductive pathways [26].



The absence of a significant material-surface interaction suggests that the effects of the studied
parameters are mainly additive, implying that optimizing the contact surface remains a priority
strategy, regardless of the selected material pair.

4.2. Material performance and microphysical interpretation

Among the studied configurations, the Steel/Copper pair consistently exhibits the lowest TCR
values. This performance can be attributed to the high thermal conductivity of copper (K ~ 400
W/m-K) as well as its greater local deformability, which promotes an increase in the real contact area
at asperities compared to the Steel/Steel pair [27].

At the microscopic scale, thermal conduction is limited by the presence of surface asperities and
interfacial voids, which reduce the effective heat transfer area. The observed results, therefore, confirm
that the thermomechanical properties of materials play a key role in determining thermal performance
ranking [28].

From a practical perspective, these findings suggest several optimization strategies, including
increasing assembly pressure and employing surface treatments such as polishing or the application of
conductive coatings.

4.3. Predictive model and industrial implications

The developed regression model, characterized by a high coefficient of determination
(R2 = 0.96), confirms the relevance of an additive approach combining the effects of contact surface
area and material type. This high predictive capability indicates that the model can reliably reproduce
the trends within the studied domain.

From an industrial perspective, this model offers several immediate applications, including:
o Design of thermally dissipative interfaces, particularly in power electronics systems;
o Rational selection of the Steel/Copper pair, providing a favorable trade-off between thermal

performance and cost;

o Reduction of physical testing by enabling the use of model-based simulations.

4.4, Limitations of the study and prospects

The present study primarily focuses on the effects of contact surface area and material type,
while excluding other influential parameters such as surface roughness (Ra, Rq), contact pressure, and
three-dimensional interfacial effects.

Future work will aim to incorporate these parameters through a multifactorial ANOVA,
covering, in particular, a contact pressure range of 10-100 MPa. Extending the approach to nonlinear
models based on micro-contact theory, as well as investigating the influence of thermal cycling and
interfacial layers (thermal pastes or interstitial materials), will enhance the generalizability and
robustness of the proposed model.

5. Conclusion

The statistical analysis proved particularly effective in characterizing the thermal performance
of metal-metal junctions. The ANOVA results indicate that contact surface area is the dominant
factor, accounting for 89.2% of the TCR variance (F = 105.23, p < 0.001), highlighting the importance
of interfacial thermal constrictions.



The Steel/Copper pair exhibits the best thermal performance, owing to the high thermal
conductivity of copper (K = 400 W/m-K) and its local malleability, which increases the real contact
area. The developed linear regression model (R? = 0.96) confirms that the effects of surface area and
material type are essentially additive, with the absence of a significant interaction (p = 0.521)
underlining the robustness of this approach.

These results provide practical guidance for industrial optimization, including maximizing the
effective contact area, favoring the Steel/Copper pair for a favorable performance-to-cost trade-off,
and reducing reliance on prototypes through predictive numerical simulations.

Future work will aim to develop a multifactorial ANOVA incorporating surface roughness,
contact pressure, and conductive interfacial layers to further enhance the predictive capability and
generalizability of the model.
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