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Abstract. In high-temperature material forming, achieving high precision demands a nuanced 
understanding of thermal and mechanical interactions at the contact interface. Conventional 
methods, often involving separate measurements of friction and heat transfer coefficients, 
encounter challenges as the growing number of influencing factors amplifies experimental 
complexity. This research introduces an innovative approach enabling the simultaneous 
determination of both coefficients in a single experimental run. A specially designed pin-on-
cylinder tribometer enables the measurement of transient friction forces resulting from temperature 
variations at the interface, recorded by an infrared thermographic camera. Inverse methods are 
developed to derive the friction and heat transfer coefficients from the acquired transient force and 
temperature data. The method expedites the determination of contact coefficients, providing an 
efficient avenue for numerical and analytical studies in hot forming processes. 
Introduction 
Glass manufacturers are facing ever-growing demands from the optics market, necessitating 
advancements in manufacturing technologies to satisfy requirements consisting of increased 
geometrical complexity, high accuracy, energy-efficient production, and low-cost products. 
Nonisothermal Glass Molding (NGM) has emerged as a promising solution, enabling cost-efficient 
production of complex precision glass optics [1,2]. NGM involves the compression of a heated 
glass preform between two mold halves with lower temperatures, resulting in intricate heat 
exchanges and complex deformation behaviors at the glass-mold interface [3]. To achieve the 
required accuracy for precision optics, a comprehensive understanding of thermal-mechanical 
phenomena at glass-mold contact boundary, including friction and thermal conductance, is crucial. 

In previous studies, the characterization of contact coefficients involved separate measurements 
of friction and contact heat transfer coefficients. While earlier works primarily explored the 
temperature-dependent nature of friction in glass forming [4], the influence of factors such as 
pressure, sliding velocity, and surface finish were investigated [5]. Similarly, contact heat transfer 
coefficients have been measured, considering temperature, pressure, and surface roughness [6]. 
However, conventional methods encounter challenges as the increasing number of influencing 
factors leads to a considerable rise in the number of experiments. Furthermore, numerous test 
setups have been developed to characterize friction and contact heat transfer individually, 
contributing to the complexity of the experimental process. For example, ring compression [7], 
double shear test [8], and pin-on-disc [9] have been reported for the friction measurement. For the 
contact heat transfer measurement, both steady-state [10] and transient methods [11] have been 
explored. The latter method demonstrated a highly time-efficient approach for determining contact 
heat transfer coefficients, varying with temperature, pressure, and surface roughness. 
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This research addresses the limitations of conventional methods by introducing a novel 
approach using a Pin-on-Cylinder (PoC) tribometer. The tribometer, equipped with an infrared 
thermography camera (IR-camera), allows for the simultaneous measurement of transient 
temperatures of contacting materials near the contact point. By solving the inverse heat transfer 
problem, contact heat transfer coefficients can be derived from transient temperature 
measurements. Concurrently, the variation of transient friction force with temperature can be 
recorded, enabling the derivation of friction coefficients. The experimental setup and the 
application of inverse heat transfer solutions to determine friction and contact heat transfer 
coefficients are elaborated in the subsequent chapter. This innovative method offers a more 
efficient and integrated approach to characterizing contact coefficients in glass forming processes. 
Experimental setup 
To achieve the research goal, this study constructed a novel tribometer based on the pin-on-
cylinder principle. The tribometer incorporates the analogy method proposed for studying friction 
by Zemzemi et al. [12] and the inverse method for exploring transient contact heat transfer in glass 
forming using the IR-camera introduced by Vu et al. [13]. The new tribometer aims to investigate 
the process parameters as key factors influencing friction and heat transfer between glass and steel 
materials at elevated temperatures, emphasizing nonisothermal conditions where the temperatures 
of the glass and steel differ. This deliberate non-uniformity mimics realistic scenarios encountered 
in various glass forming processes, enhancing the study's practical relevance. 

Fig. 1 introduces the tribometer setup and its key components. The apparatus, affixed to a lathe 
slide, featured a centered and securely clamped steel cylinder. To prevent the cylinder bending 
during operation, two rollers as a counter holder provided firm support. In the friction experiment, 
the cylinder was rotated (𝜔𝜔), while the glass pin was constantly pressed onto the cylinder with a 
normal force (𝐹𝐹𝑁𝑁) by a hydraulic unit and traversed linearly (𝑣𝑣) along the cylinder. This dynamic 
combination of axial feed and rotational speed enabled the continual creation of new contact points 
as the pin traversed the cylinder. This process aimed to level surface roughness and induced 
material hardening through multiple traversals along the friction path. Moreover, the resulting 
helical trajectory of the pin on the cylinder allowed for the deformation of previously unaffected 
material, even after a full rotation of the cylinder. 

 
Fig. 1. Experimental setup and components of the PoC tribometer. 

Heating methods. Two distinct methods were employed for heating the specimens. The steel 
cylinder underwent induction heating by being placed within two copper rings, while the glass pin, 
held in a clamping holder, was heated using a heating cartridge. Additionally, to protect the force 
sensor, positioned directly behind the glass specimen, from thermal interference, a ceramic 
insulation was placed between the heating cartridge and the force sensor. This setup enabled the 
glass pin to be heated to temperatures exceeding the glass transition temperature 𝑇𝑇𝑔𝑔 (𝑇𝑇𝑔𝑔 = 557 °C).  
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Measuring data acquisition. For precise measurement in the tribological tests, accurate data 
necessitates capturing process forces and temperature variations at the contact interface. Process 
forces were recorded using a three-component force measurement platform, capable of 
determining dynamic and static forces in three orthogonal directions (Fx, Fy, and Fz) as depicted 
in Fig. 1. This platform utilized piezo elements with force-proportional charge displacements, and 
the signals were processed by a charge amplifier and LabVIEW software. Variable amplification 
and filtering were applied, including a low-pass filter with a 1 kHz cut-off frequency. 
Simultaneously, transient temperatures of the glass and cylinder were monitored using an infrared 
thermographic camera (VarioCAM®HD head, InfraTec). The camera, with a temperature 
measuring range up to 2000°C and an accuracy of ±1°C, captured thermal radiation in the spectral 
range from 7.5 to 14 µm at a full-frame rate of 30 Hz. For the ease of imaging data analysis and 
accurate measurement data using IR thermographic techniques, both glass and cylinder surfaces 
were coated with high‐temperature resistant black layers, possessing an emissivity of 
approximately 0.9. These thin black layers not only enhance measurement accuracy by minimizing 
the influence of surrounding radiation reflected at the measuring surfaces but also precisely 
determine the emissivity of both specimens across broad temperatures set for the IR-camera [13]. 

Samples’ preparation. Contrasting with the PoC setup utilized in the prior work by Hild et al. 
[14], the tribometer employed in this present study involved an adaptation to essentially enable 
high-temperature tribological tests for glass-forming experiments. During these tests, deformation 
primarily occurred in the glass, making temperature homogeneity crucial for understanding the 
material behaviors of glass, specifically thermoviscoelastic deformation [15,16], and for 
subsequent inverse analysis. Hence, the pin was crafted from N-BK7 glass, a commonly used 
composition in glass molding processes, and a high-temperature-resistant steel grade, 1.4181 (AISI 
314), was employed for the cylinder, given its widespread use as a mold material in NGM 
processes [17,18]. The thermal and mechanical properties of the materials used for the samples are 
given in Table 1. It is emphasized that prior to tribo-experiments, a sufficiently long heating period 
was carefully identified aiming to homogenize the temperatures of the specimens. 

 
Table 1. Thermal- and mechanical properties of glass pin and steel cylinder 

Thermal properties Unit N-BK 7 1.4181 steel 
Density, ρ kg/m3 2510 7900 
Thermal conductivity, λ W/mK 1.114 15 
Specific heat, Cp  J/kgK 858 500 
Young modulus, E GPa 82 196 
Poisson’s ratio, ν 1 0.206 0.28 
Glass transition temperature, 𝑇𝑇𝑔𝑔 °C 557 - 

Although it is commonly agreed that surface roughness is a factor influencing on the thermal 
and mechanical phenomena at the contact interface, the present study does not explicitly consider 
its impact. Special attention was devoted to surface preparation, with the objective of ensuring 
identical surface roughness for all test samples. The glass specimens underwent fine grinding and 
polishing procedures following the specifications outlined in DIN ISO 10110, achieving the 
surface finish equivalent to P3 grade with Ra = 8-16 nm. The cylindrical samples were precision-
machined through turning, followed by a subsequent polishing process achieving surface 
roughness varying in the range Ra = 40-80 nm (P2 grade). 
Methodology 
Building upon the newly developed PoC tribometer setup, this study introduces methods that 
enable the concurrent determination of contact heat transfer and friction coefficients in a single 
operation, through either sequential approach or parallel approach. 
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Fig. 2. (a) Thermographic image of a PoC experiment, (b) procedure of the sequential method 

and measuring points by the IR-camera, and (c) transient temperatures of the specimens during 
the contact heat transfer measurement. 

Sequential approach. This approach was designed to measure the contact heat transfer 
coefficient before conducting friction measurements in a quasi-isothermal process. Specifically, 
the glass and cylinder specimens were individually heated using the heating cartridge and 
induction, respectively, reaching predefined temperatures. Subsequently, the glass was brought 
into contact with the cylinder at a specified normal force, with no sliding velocity applied during 
the contact heat transfer measurement. Fig. 2a introduces a thermographic image of the specimens. 
Throughout the contact heat transfer measurement period, the IR-camera (see Fig. 2b) captured 
transient temperatures near the contact point, which were then utilized to calculate the contact heat 
transfer coefficient. The friction measurement began when the temperatures of the specimens were 
nearly identical. In this phase, a constant rotational speed of the cylinder and pin feed were applied, 
and process forces were collected under a constant normal force to derive the friction coefficients. 

Parallel approach. This approach focused on measuring friction coefficients under a 
nonisothermal process, utilizing heat transfer at the glass-cylinder interface and variations in glass 
temperature at the contact point to derive the contact heat transfer coefficient. After heating, the 
specimens were brought into contact, initiating measurements of process forces and glass 
temperature. Throughout the measurement, the normal force and rotational speed are held constant. 

Inverse heat transfer solutions. The contact heat transfer coefficient, quantifying the heat flow 
through the interface, hinges on the knowledge of two variables: the heat flux (𝑞̇𝑞") and the 
temperature difference (∆𝑇𝑇) as defined by Eq. 1. The latter is determined by the temperatures of 
the contacting materials–the glass specimen (𝑇𝑇1) and the cylinder (𝑇𝑇2). While the IR-camera allows 
measurement of transient temperatures, the heat flux remains unknown. For this reason, the 
coefficient cannot be directly measured through the thermographic method. Consequently, the 
derivation of the contact heat transfer coefficient necessitates inverse heat transfer solutions [19]. 

ℎ𝑐𝑐 = 𝑞̇𝑞"

∆𝑇𝑇
= 𝑞̇𝑞"

𝑇𝑇1−𝑇𝑇2
. (1) 

In sequential method, the contact point remains fixed throughout the contact heat transfer 
measurement. As a result, it permits the IR-camera to consistently capture the same measuring 
points of the glass and the cylinder near the contact interface during the measuring period. Fig. 2c 
shows a plot of transient temperature profiles of the measuring points during the recording period 
𝑡𝑡, 𝑇𝑇𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) (𝑖𝑖 = 1,2). The objective of the inverse solution is to iteratively estimate the heat flux 
until achieving a precise calculation of the transient temperatures of the contacting materials. In 
each iteration, the temperature of each specimen is computed using the energy balance equation: 

𝜌𝜌 ∙ 𝐶𝐶𝑝𝑝 ∙
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝜆𝜆 ∙ 𝜕𝜕
2𝑇𝑇

𝜕𝜕𝜕𝜕2
− ℎ𝑒𝑒𝑒𝑒𝑒𝑒 ∙

𝑃𝑃
𝐴𝐴
∙ (𝑇𝑇 − 𝑇𝑇∞), with 𝑞̇𝑞" = −𝜆𝜆 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
.  (2) 
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where 𝜌𝜌, 𝐶𝐶𝑝𝑝 and 𝜆𝜆 are the thermal properties of the specimens given in Table 1; ℎ𝑒𝑒𝑒𝑒𝑒𝑒 denotes 
the effective heat transfer coefficient, comprising of both convective and radiative heat losses to 
the environment at a specific ambient temperature 𝑇𝑇∞; 𝑃𝑃 and 𝐴𝐴 are the perimeter and area, 
respectively; and 𝑥𝑥 is the position where the node temperature is calculated. 

Eq. (2) provides the computed temperatures throughout the measuring period of the specimens, 
referred as 𝑇𝑇𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡). If the disparity between the measured and computed temperatures exceeds an 
acceptable tolerance, the computed temperature requires correction by estimating a new heat flux 
through the conjugate gradient method [20]. This iterative procedure aims to refine the transient 
heat flux 𝑞̇𝑞"(𝑡𝑡) by minimizing an objective function Ω�𝑞̇𝑞"(𝑡𝑡)�, defined as: 

Ω�𝑞̇𝑞"(𝑡𝑡)� = ∫ �𝑇𝑇𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒(𝜉𝜉) − 𝑇𝑇𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒(𝜉𝜉)�
2
𝑑𝑑𝑑𝑑𝑡𝑡

0  → min. (3) 

In Eq. (3), 𝑇𝑇𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒(𝜉𝜉) and 𝑇𝑇𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒(𝜉𝜉) are the vectors containing the measured and estimated 
temperatures, respectively, taken at a given time 𝜉𝜉 (0 < 𝜉𝜉 < 𝑡𝑡). Fig. 3a illustrates the flowchart of 
the inverse procedure employed in the sequential method. Details of the iterative procedure for 
solving inverse heat transfer problem using the conjugate gradient method can be found in [13]. 

 
Fig. 3. Flowcharts of inverse solutions for determining the contact heat transfer coefficients. 
In parallel approach, deriving the contact heat transfer coefficient from the direct temperature 

measurement of the contact pair proves more demanding. This difficulty arises because the 
cylinder rotates continuously during the measuring period of the contact heat transfer and friction 
coefficients. Because of the rotation, the glass pin consistently encounters new contact points on 
the cylinder, forming a helical friction path as schematically depicted in Fig. 1. Since the IR-
camera was configured to measure temperatures at the contact points, the temperature of the glass 
pin can be recorded from a fixed point. However, the temperature reading of the cylinder follows 
the friction path, resulting in signal oscillations. Consequently, the oscillating measured data can 
pose an ill-posed problem when solving the inverse heat transfer using the conjugate gradient 
method [20], as approached in the sequential method. 

To address this challenge, an FE-inverse approach was proposed. Specifically, a numerical 
model of the PoC setup was established to solve the nonlinear heat exchanges at the contact 
interface. The inputs for this model included the transient temperature measurements of the glass 
specimen 𝑇𝑇1(𝑡𝑡) and the constant and homogeneous initial temperature of the cylinder 𝑇𝑇2(𝑡𝑡 = 0). 
Initially, an arbitrary contact heat transfer coefficient was given, which then allows for the 
estimation of temperatures at corresponding points on the glass as captured by the IR-camera. The 
estimated temperatures were then compared with those measured experimentally. Subsequent 
iterative simulations were carried out through a fully automated routine scripted in Python, aiming 
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to minimize the differences between the transient temperatures by updating new contact heat 
transfer coefficients. The flowchart of this procedure is described in Fig. 3b. 

Finally, the derivation the friction coefficient using the PoC tribometer necessitates a particular 
procedure. As depicted in Fig. 1, the force sensors included the three components of the process 
force signals, from which the normal force and tangential force were computed. However, the 
measured tangential force encompassed not only the friction force but also the force required to 
deform the specimens. To calculate the actual friction coefficient, an iterative approach utilizing 
FEM simulations of the tribometer, as elucidated in [12], was performed. Initially, friction was 
modeled with the apparent friction coefficient calculated from experimentally measured process 
forces. The difference between the tangential force extracted from the simulation and the 
experimental data was assumed to be the force resulting from the samples' deformation. A new 
friction coefficient was then calculated from the experimental data, and this process repeated until 
the difference between the apparent friction coefficient from the simulation and the experimental 
value can be negligible. Leveraging the PoC apparatus and this computational approach, variations 
in the normal force, rotational speed, and specimen temperature allowed for the investigation of 
friction coefficients based on contact normal stress, relative velocity, and interfacial temperature. 
Results 
The contact heat transfer coefficients determined through the sequential approach are shown in 
Fig. 4. In Fig. 4a, the transient contact heat transfer coefficient ℎ𝑐𝑐(𝑡𝑡) is computed based on the 
measured transient temperatures of the two specimens. The plot presents the result of a contact 
pair where the initial temperatures of glass and cylinder are 550 °C and 500 °C (550/500 °C), 
respectively, under the applied pressure of 24 MPa. The transient coefficient exhibits a significant 
increase as soon as the glass pin contacted the cylinder, followed by a steady-state process. It is 
noteworthy that the initial surge in the coefficient aligns with the rise in contact pressure [11]. 
Once the predefined contact pressure was attained, the variation in the contact heat transfer 
coefficient became slight and stabilized after 4 seconds. Therefore, the plot exhibits the 
temperature variations of the contact pair within a 4-second period, and the coefficient was 
considered steady-state after this duration. 

 
Fig. 4. (a) Derivation of contact heat transfer coefficient from the measured temperatures in the 

sequential method, and (b) dependence of contact coefficients on pressure and initial 
temperatures of the contact pair.  

Furthermore, the influences of the contact pressure and the temperatures of the contact pair 
were examined, and the results are presented Fig. 4b. For these investigations, a glass temperature 
of 550 °C, close to the glass transition temperature 𝑇𝑇𝑔𝑔, was chosen for all experiments, while the 
cylinder temperatures were varied within the range of 350 °C to 500 °C. The results clearly 
demonstrate a strong dependency of the pair temperature on the contact heat transfer coefficients. 
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When the glass pin was brought into contact with a higher cylinder temperature, it led to a 
higher interfacial temperature. Consequently, the elevated interfacial temperature promoted 
deformation of the contact pair, resulting in an increased contact area. With the enlargement of the 
contact area, more heat transfer occurs through the contact. Moreover, the contact pressure 
additionally contributes to the growth of the contact area; hence, higher applied contact pressures 
increase the contact heat transfer coefficients. It is observed that the contact heat transfer 
coefficients linearly increase with the applied pressures at low interfacial temperatures. However, 
when the interfacial temperature is sufficiently high, such as 550/500 °C, where the interfacial 
temperature is close to the glass transient temperature 𝑇𝑇𝑔𝑔, the growth of contact heat transfer 
coefficients become nonlinear. The linear increase of the contact heat transfer coefficients in the 
low interfacial temperature range is attributed to the elastic behavior of the material pair, where 
the deformations of the pair linearly increase with the applied pressures. However, at a temperature 
in the glass transition region, the glass deformation is dominated by a viscoelastic response, which 
is thermal-history-, pressure-, and time-dependent [21]. Ultimately, the combined elastic-
viscoelastic deformation behaviors of the material pair contribute to the nonlinear increase of the 
contact heat transfer coefficients concerning pressure and interfacial temperature. 

In Fig. 4b, the pressures are referred to the locally normal contact stresses at the pin-cylinder 
contact point. The contact stresses were derived from the applied forces using the Hertzian theory 
of contact for sphere-cylinder elastic solids [22]. The material properties necessary for calculating 
the contact stress were obtained at room temperature, given in Table 1. In the present study, we 
assumed a constant contact pressure throughout the measuring period, corresponding to the initial 
applied force. This assumption implies that the contact area, influenced by the macroscopic 
deformation of glass, remained unchanged. The implications of any contact pressure variation 
resulting from the macroscopic deformation, governed by the stress relaxation phenomenon of 
glass, will be thoroughly discussed in the forthcoming paper. 

 
Fig. 5. Determination of contact heat transfer coefficient from the measured temperatures in the 

parallel method.  
Fig. 5 presents the results of inverse computation of the contact heat transfer coefficients in the 

parallel method. In Fig. 5a, the transient temperature profiles of two points (sensors) measured on 
the surface of the glass pin are plotted. The first point 𝑇𝑇1,1 was extracted directly adjacent to the 
contact interface, and the other 𝑇𝑇1,2 was positioned 1 mm further from the interface. As described 
in Fig. 3b, an FE model was built and served as the nonlinear numerical solver for the inverse 
contact heat transfer simulation. The iterative estimation of transient temperatures for the identified 
sensors involved varying the contact heat transfer coefficient. 

The results demonstrate a noteworthy agreement between the estimated temperatures obtained 
through the FE model and experimental measurements, emphasizing the efficacy of the multi-
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objective solution. The convergence plot in Fig. 5b shows that approximately 40 iterations suffice 
to optimize the contact heat transfer coefficient, emphasizing the efficiency of the proposed 
approach. The derived contact heat transfer coefficient for this example in the parallel method was 
found comparable to that obtained through the sequential approach.  

Finally, Fig. 6 presents the process forces obtained during the friction measurement (Fig. 6a) 
and the resultant Coulomb friction coefficients derived from these measured forces across various 
contact temperature experiments (Fig. 6b). The Coulomb’s friction law was considered, a choice 
supported by its extensive application in prior research, underscoring its efficacy in predicting the 
macroscopic deformation of glass and the form accuracy of molded glass optics. This relevance 
persists even under high contact pressures typical in glass forming processes [7,10]. The friction 
coefficients, shown in Fig. 6b, are calculated upon reaching the predefined normal force, with error 
bars indicating the oscillation inherent in the recorded forces throughout the friction measurement. 

 
Fig. 6. (a) Process forces during the friction measurement, and (b) friction coefficient vs. 

temperature. 
The results illustrate a noticeable escalation in the friction coefficient with increasing contact 

temperature, consistent with observations in previous works [5]. However, our findings reveal a 
more pronounced change in the friction coefficient at temperatures well below the glass transition 
temperature 𝑇𝑇𝑔𝑔, while the effect becomes less significant at temperatures near 𝑇𝑇𝑔𝑔. At low 
temperature range near room temperature, glass exhibits significant elasticity, leading to hard 
contact at the interface. Ploughing, arising from the sliding of two solid surfaces at both 
macroscopic and microscopic levels, contributes as the primary mechanism, resulting in a 
monotonic increase in friction forces. The more noticeable increase of friction coefficients in the 
following temperature range is explained by the surface fracturing of the glass specimens. In this 
range, glass is not in the glass transition, inherently exhibiting brittleness without significant 
deformation before fracturing occurs. In contrast, as temperature rises further, approaching the 
glass transition region (near 𝑇𝑇𝑔𝑔), the variation in friction becomes less significant. This can be 
elucidated by the fact that the increase in friction caused by fracturing is mitigated by the 
substantial reduction in the modulus and hardness of the steel pin. Moreover, the primary influence 
on friction in this temperature range is the relaxation phenomenon inherited by the viscoelastic 
deformation of glass. Due to the stress relaxation, the flow stress tends to decrease after small 
straining when it is approaching the glass transition region. 

The current study aims to present a method that facilitates the simultaneous determination of 
contact heat transfer and friction coefficients within the PoC tribometer. The findings, depicted in 
Fig. 6, highlights the influences of temperature on frictional behavior near the glass transition 
temperature, demonstrating consistent findings with prior investigations using alternative methods 

(a) Experimental force measurement (b) Friction coefficients at elevated temperature
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like the pin-on-disc tribometer [23]. In further study, comprehensive insights into temperature- 
and pressure-dependent friction coefficients within the glass transition region will be discussed. 
Summary 
This study addresses the essential understanding of thermal-mechanical interactions at contact 
interfaces, a crucial aspect in controlling material forming processes. A novel characterization 
method is introduced, enabling the simultaneous determination of contact heat transfer and friction 
coefficients using a single tribometer and a singular operational run. Two distinct approaches are 
presented, each necessitating a specific inverse method. Utilizing the proposed tribometer setup 
and methodology, critical factors influencing contact coefficients can be explored. The versatility 
of this setup extends its applicability to diverse material forming processes, providing an efficient 
means to comprehend these processes and enhance product quality control. 
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