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a Faculty of Civil Engineering, University of Transport and Communications, 3 Cau Giay, Lang Thuong, Dong Da, Hanoi, Vietnam 
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A B S T R A C T   

One of the main factors influencing the quality of production shape and energy consumption in an extrusion 
process is the interaction between the material and the wall. To investigate the tribological behavior of 
extrudable kaolin and a rigid wall, a tribometer is specifically designed and validated for measuring friction at 
the kaolin-wall interface. Compared to another tribometer in the literature, this device permits the variation of 
the normal stresses at the wall/material interface during testing. Finally, the tribological behavior of kaolin 
friction is determined within a range of velocities from 10− 3 m/s to 5.10− 2 m/s and a range of normal stress from 
120 to 250 kPa.   

1. Introduction 

Extrusion is a widely used forming industrial process in various fields 
such as food, polymer, clay, metal (Ulrich and Binz, 2021; Jayasimha 
et al., 2022) and cement paste (Akhoundi and Ouzah, 2023; Akhoundi 
and Sousani, 2023; Perrot et al., 2019). The advantages of this technique 
enable high productivity and improvement in the mechanical properties 
of the formed product. One of the main factors influencing extrusion 
capacity and the quality of product shape is the friction between the 
walls of the extrusion device and the extrudable materials, as shown in 
Fig. 1. Friction may not only occur in the die system area (Benbow and 
Bridgewater, 1993), but also appear at the interface between the 
extruder barrel and forming material, as indicated in several research 
studies (Perrot et al., 2006). Friction force depends on the surface finish 
of the wall (Nguyen, 2022; Nguyen et al., 2022; Tran et al., 2022) the 
normal load applied to the extrudable material at the interface, as shown 
in Fig. 1. 

To gain a better understanding of the flow properties of extrudable 
materials during the extrusion process and to improve flow modeling 
(Perrot et al.), it is necessary to study the friction behavior between a 
metal wall and material using a dedicated device called a ’tribometer.’ 
Due to the significant evolution of radial normal stress in inside the 
extruder barrel and the assumption of plug flow along the extruder 
barrel (Fig. 1), a linear configuration can be employed for the 

tribological investigation instead of a cylindrical configuration. To 
better simulate the tribological behavior in the extrusion process, the 
development of the tribometer needs to take into account the following 
factors: the effect of local stress variations, the effect of slipping velocity, 
the effect of wall roughness, and a sufficiently long or infinite friction 
path. 

Perrot et al. (2006, 2012) used a ram extruder to study the tribo
logical behavior of high yield stress fluids during the extrusion process 
by measuring the evolution of total extrusion force versus the billet 
length. However, this device cannot directly measure the friction force 
and radial force applied to the material at the interface. Some studies in 
the literature have focused on reducing friction force. Hoang et al. 
(2023) employed electro-osmosis to decrease the friction force between 
cement paste-based material and a metal wall, while Goudjil et al. 
(2012), Vanhove and Djelal (2021) utilized this process in formwork 
removal. 

The choice of tribometer configuration in this research is based on an 
analysis of several types of tribometers used to study friction at the steel/ 
material interface. The first type of tribometer is employed to identify 
friction at the steel-concrete interface under pumping conditions (Kan
dagaddala et al., 2023; Ngo et al., 2010). Using a modified Couette ge
ometry, it can determine interface friction, layer material composition, 
and can be used on construction sites due to its mobility and efficient 
testing procedure. However, this tribometer cannot account for the high 
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stress levels applying to materials during extrusion processes. The sec
ond type of tribometer (plan/plan tribometer with rectilinear motion) 
was developed by Djelal (2001), Kocserha and Gömze (2010), Libessart 
et al. (2020), Spitz et al. (2021) and Vanhove and Djelal (2021). This 
device operates by applying a constant force to press fresh con
crete/paste clay specimens against a moving metal surface, allowing 
measurement of the tangential force to determine friction between fresh 
concrete and the metal surface. However, the device cannot locally 
modify the force acting on the specimen during tribological testing. The 
third type of tribometer is a modified pawn-on-disc tribometer, designed 
and validated by Hoang (2011) and Mélinge et al. (2013), which is used 
to study dynamic friction between a solid body in motion and the 
cement paste. Another device was used to study the tribology of clay 
paste (Vignes et al., 2013; Xia et al., 2022), but it is not suitable for 
describing the stress state of the material during extrusion process. 

In this study, a novel tribometer has been developed, enabling the 
investigation of the tribological behavior of high yield stress fluids (with 
a shear yield stress larger than 1 kPa) (Perrot et al., 2012). The devel
oped apparatus is capable of measuring the friction force between the 

material and a smooth wall. The performance of tribometer is discussed, 
including the calibration procedure, and a data analysis method is 
proposed at the end of this section. Finally, this tribometer is tested with 
a kaolin clay paste to examine the tribological behavior, considering the 
increased normal load and the velocity movement of the wall. 

2. Experimental devices and test protocols 

2.1. Pawn-on-disc tribometer 

A global view of a tribometer is shown in Fig. 2. This device com
prises three principal parts: a force measurement device, a rotating 
plate, and a frame including two motors. The principal operation of this 
tribometer is the same as that of the pawn-on-disc tribometer used in 
metallurgy. The smooth wall is composed of a rotating disc with a 
diameter more than 10 times larger than that of the specimen. 

The force measurement device is equipped with four force sensors 
(ETRAN sensors & Electronics ELFS-T4M*-500-/C2) capable of 
measuring traction-compression forces within a load range of ± 500 N. 
The schematic arrangement of these sensors is shown in Fig. 2c. One 
sensor is dedicated to measuring the vertical force, while the remaining 
three are used to capture the horizontal forces. The force measurement 
cell is made from an aluminum alloy block (AU4G) as shown in Fig. 3, 
and a sample holder made of stainless steel. This choice of materials 
aims to limit chemical interactions between the material and the sample 
holder. 

The rotating plate compose of a steel disc with a diameter of 40 cm 
and a thickness of 20 mm. The friction path is created using an annulus 
made of stainless steel, with a width of 50 mm and a thickness of 8 mm. 
The maximum diameter of the annulus is 400 mm, and it is screwed onto 
the plate. The ratio between the specimen diameter (35 mm) and the 
plate radius (175 mm) (this radius is the distance from the plate center to 
the sample holder center): d/R = 0.2 is small, and the curvilinear 

Fig. 1. Schematic of ram extrusion and evolution of stresses during extru
sion process. 

Fig. 2. (a) global view of tribometer; (b) Plan views of tribometer; (c) detail of the force measurement device.  
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character induced by the circular geometry of the plate can be neglected. 
The plate is rotated and kept at a constant velocity through the 

combined action of two motors. This association is capable of covering a 
velocity range of the rotating plate from 0 to 3000 tr/min: Engine DC 
motor, series M, CEM Company Electro Meca, noted motor 1; Engine DC 
motor, series M, CEM Company Electro Meca, noted motor 2. Two 
motors are connected to the power circuit and an individual potentio
metric system that allows rotation velocity modulation of each motor. 
These motors can operate alone or together, covering a wide range of 
velocity and maintaining the maximum torque value from one to two 
motors. Due to the power of two motors, the tribometer can operate with 
an imposed constant velocity regardless of the imposed load. 

The voltages supplied by sensors 1, 3, 4, and 5, as well as the 
tachometer probe, are captured and recorded using an acquisition sys
tem (SI3535F Schlumberger) (see Figs. 8 and 9). The recorded data are 
processed using Lookout FMS software, which features a graphical user 
interface and dialogues. 

To accurately determine the influence of the normal force at the 
interface between the specimen and plate, it is necessary to measure the 
forces resulting from the interaction between the specimen and its 
holder. This can be achieved by intentionally misaligning the axes of the 
plate and motor shaft (Fig 5a), causing a vertical oscillation disturbance 

in the plate. The purpose of this disturbance is to create a measurable 
interaction between the specimen and sample holder, facilitating the 
characterization of dissipation energy at the specimen/plate interface. 

The vertical position of the contact surface between the specimen 
and the plateau during the rotating of plate is measured in the laboratory 
Cartesian coordinate system (G; x, y, z) (Fig. 5) as a function of the 
rotation angle α. Then, the evolution of this position as shown in Fig. 4b 
can be modeled by a sinusoidal function as equation following: 

Δy(α) = y0 +
Amax

2
⋅sin(α+ϕ) (1) 

Where: Amax is the maximal amplitude; y0 et φ are constants. 
Knowing plate rotation velocity allows us to evaluate oscillation rate 

and acceleration imposed by plate on the specimen. 

2.2. Mechanical study of system 

Fig. 5 illustrates the relationship between horizontal and vertical 
forces at the material/plate interface (with its application point located 
at point R) and the forces measured at points A1, A2, A3, and C. This 
crucial step is conducted prior to the manufacture of the tribometer and 
during the tribometer design phase, aiming to minimize unavoidable 
errors in the measurement procedure. 

Fig. 3. View of force measurement cell and sample holder: (a) in the plane (x,y); (b) in the plane (y,z).  

Fig. 4. (a) The misaligning the axes of the plate and motor shaft; (b) The vertical position of the contact surface between the specimen and plateau during one 
rotation turn. 
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The investigation of the mechanical aspects of the system, within the 
domain of particle mechanics, involves the introduction of a mechanical 
equation and is carried out in two consecutive steps. Firstly, we examine 
the equilibrium of the measurement cell by utilizing general theorems. 
This includes balancing the equations and simplifying them at the center 
of gravity of the measurement cell (point G). This initial study enables 
the identification of a mechanical equation at point B, representing the 
center of gravity of the contact surface between the specimen and the 
sample holder. Secondly, the equilibrium of specimen is analyzed, 
establishing a relationship between the equation at the center of gravity 
of the specimen/rotating plate interface (point R) and the equation at 
point B. By combining these two steps, the balance equation and the 
relationship between pairs of forces (Rx, Ry) and (Bx, By) are estab
lished, as well as the forces measured at points A1, A2, A3, and C, as 
shown in Eqs. (2) and (3). 
⎛

⎜
⎜
⎜
⎝

− Bx + Rx = m
dVx

dt

− By + Ry + Fy + Py = m
dVy

dt

(2)  

(
Bx + A1x + A2x + A3x = 0

By + Cy = 0 (3) 

Where: Vx and Vy are the velocity of the specimen in the direction x 
and in the direction y, respectively 

2.3. Calibration 

The calibration of a tribometer was conducted in two cases: static 
calibration, which establishes a histogram of data treatment, and dy
namic calibration, which verifies the appropriate application of laws 
established in the static case to the dynamic case.  

(a) Static calibration and histogram calculation 

The principle of static calibration involves applying forcing loads to 
the force measurement cell and observing the response of the trib
ometer. To simulate a real test, the application point and load range 
remain exactly the same during a tribological characterization test. 

Fig. 6 presents a schematic of the calibration test. 
To distinguish the effects of vertical and horizontal loads on recorded 

data and establish the relationship between these two variables, two test 
series are conducted. In the first series, only standard masses are verti
cally placed on the sample holder (BH = 0). In the second series, a 
combination of vertical and horizontal loads is applied. The tests are 
conducted by maintaining a constant vertical load (By) as in the first 
series while incrementing the horizontal load (BH). The selected load 
values are compatible with the measured force in the tribometer test.  

(a) Dynamic calibration 

Dynamic calibration is performed using a texture analyzer distrib
uted by Stable Micro Systems. Fig. 7 shows a schematic view of this 
machine and illustrates its assembly with the force measurement device 
of the tribometer. 

The Texture Analyzer operates with imposed displacement. Two 
amplitudes are used: 0.1 and 0.2 mm, with a frequency f = 0.1 Hz. Figs. 8 
and 9 show the temporal evolution of the force applied by the Texture 

Fig. 5. Schematic of calculation of horizontal and vertical forces at interface material/rotating plate; where G is the center of gravity of the measurement cell, G’ is 
the center of gravity of the specimen and R is this of the contact surface between the specimen and the rotating plate. 

Fig. 6. Schematic of calibration static.  
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Analyzer and the measured forces at the measurement cell using a static 
calibration law. Both amplitude conditions of the sinusoidal signal have 
demonstrated a good reproduction of information in two cases: vertical 
positioning and horizontal positioning of the measurement cell. 

3. Friction discussion and model 

3.1. Material and test 

The used material is a mixture of kaolin clay powder and water, with 
a water/kaolin mass ratio of 35 %. The kaolin is sourced from the 
quarries at Ploemeur (Morbihan) (Polwhite BB). Fig. 10 shows the 
mineralogical content of this material determining by X-ray diffraction. 
The X-ray diffraction analysis indicated the predominant presence of 
kaolinite (denoted as K in Fig. 10) and, to a lesser extent, illite (denoted 
as I in Fig. 10). 

The liquid and plasticity limits of this material were determined 
equal to 55 % and 39 %, respectively. This material is composed of 
kaolin clay (0–10 µm, with the largest clay grain size close to 4 µm). 

The kaolin powder was initially mixed with a water content of 35 %. 
This mixture was then passed through a screw extruder with die 
extruder (d = 35 mm) to ensure pre-compaction and homogenization of 
mixture. The extrudates were kept moist in a sealed bag to maintain 
humidification and were used for tribological characterization in a 
tribometer. 

A Brookfield tester was utilized to determine the rheological 
behavior of kaolin pastes. This device is equipped with a vane geometry, 
where the diameter and height of the four-bladed vane are 10 mm each. 
Tests were conducted at a constant rotation rate of 0.01 rad s⁻1, as 
demonstrated in a previous study (Liddel and Boger, 1996). This pro
tocol allows for the determination of the yield stress, with negligible 
consideration for viscous effects. The kaolin paste exhibits a visco-plastic 
behavior, manifesting a yield stress of approximately 45 ± 4 kPa. 

4. Test protocol 

The tests are conducted in two steps. Initially, after placing the 
extrudate of kaolin with the initial height (H = 40 mm) on the sample 
holder, the specimen is pre-consolidated under a constant load. This 
load value is subsequently employed in friction test protocol. The 
introduction of the first step in the protocol aims to prevent specimen 
compaction during the friction test. As shown in Fig. 11a, the duration 
that the height reached constant is about 240 min for a vertical load with 
a range from 120 to 250 kPa. 

4.1. Structuration of specimen 

When keeping the vertical load on the top of the specimen, the 
setting curve of specimen during times was recorded until the height of 
specimen stabilizes. Consequently, once the height stabilization is ach
ieved (after 240 min). 

4.2. Tribological behavior of firm kaolin at low velocity 

The tangential stress curves versus normal stress at the kaolin/ 
smooth wall (Ra = 0.52 μm) interface for two tests at low friction ve
locity (Vg = 10− 3 m/s) are depicted in Fig. 12. The experimental data are 
recorded for only half a plate rotation, corresponding to the structura
tion phase of kaolin paste. Two distinct tests (with two distinct loadings) 

Fig. 7. Testing the response of the measurement cell with the Texture Analyzer.  

Fig. 8. Temporal evolution of the measured forces at point C applied static laws and on the texture analyzer.  
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are used to perform the effect of normal stress on the upper surface of the 
specimen. An arrow in Fig. 12 indicates the upward movement of the 
plate, leading to the evolution of stresses from position (1) to (3). Po
sition (2) marks the beginning of movement, where the specimen starts 
to move/slip on the plate. Position (3) of the stress couple characterizes 
that the specimen is located at the highest position of the plate. 

Fig. 12 clearly illustrates the interfacial tribological behavior 
observed in the experimental program. Initially, during the test, the 
normal and tangential stresses is located at position (1), illustrating in 
Fig. 12, corresponding to the lowest point of the specimen. When the 
plate starts rotating, it causes the specimen to move upward (vertically 
ascending). This upward movement, combined with the plate rotation, 
leads to a variation in the normal stress at the Kaolin paste/wall, 

consequently affecting the tangential stress. These aspects reveal a sig
nificant aspect of the friction law elucidated by the friction test. To 
expand the tribological response and validate the test’s reproducibility, 
the test was replicated with various normal loads. 

As shown in Fig. 4b, there was a gap of 0.95 mm between the lower 
side of the sample holder and the lowest position of the plate. After the 
tangential stress applied on specimen overcame the static friction stress, 
the tangential stress initially reduces, and then it increases as the height 
at the contact point with the specimen rises. As demonstrated in Fig 14, 
two phenomena can occur during friction testing. When the vertical 
force is small (less than 150 KPa), a sliding surface appears between the 
specimen and the steel plate at the contact surface, resulting in an 
abrasion layer on the surface (Fig. 14a). When the vertical force is large 

Fig. 9. Temporal evolution of the calculated horizontal forces using the static calibration law and the force delivered by the texture analyzer.  

Fig. 10. X-RD pattern of kaolin.  
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(150–250 KPa), a cutting surface appears in a section of the 0.95 mm 
thick layer, as observed in Fig. 14b. Some materials detach from the 
specimen during the plate’s movement. This residue causes disruption in 
the shear stress value when the stress exceeds 120 KPa due to changes in 
the contact surface area compared to the initial contact surface. 

From Figs. 12 to 14, the tribological behavior at the interface be
tween kaolin paste/smooth wall is well represented by Mohr-Coulomb 
behavior. The results presented in Fig. 14 indicate a slight variation in 
the structuration of the kaolin during the test. When the normal stress 
exceeds 90 kPa and the shear stress exceeds 25 kPa at the kaolin/wall 
interface, the recorded data become unstable. The occurrence of a 
sticked layer during the rotating plate test, as shown in Fig. 13b, can 
explain instability of recorded data. 

4.3. Effect of the friction velocity on tribological characterization of 
kaolin/smooth wall 

The measured values with the normal stress on upper the specimen 
ranging from 120 to 250 MPa are grouped according to each plate ve
locity. Fig. 15 shown the effect of the friction velocity on the couple of 
tangential and normal stress in the interface kaolin paste/smooth wall. 
Tests are performed with three friction velocities (Vg = 10− 3, 10− 2 and 
5.10− 2 m.s− 1). 

The relationship between tangential stress (τ) and normal stress (σ) 
can be expressed as follows: 

Fig. 11. Water content, w, evolution along specimen height versus the normal load applied on the specimen.  

Fig. 12. Illustration of the tangential stress versus the normal stress at the 
kaolin/smooth wall interface for two tests with σy (y = h) values of 122.8 kPa and 
204.3 kPa. 
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τ = C + μd⋅σ (4)  

where C is a constant, and μd is the dynamic friction coefficient. 
The results of C and μd obtained for smooth wall interface (Ra =0.52 

µm) with the friction velocity within a range from 10− 3 m/s to 5.10− 2 

m/s are summarized in Table 1. The value of C can be considered a 
constant, while μd depend on the friction velocity, Vg. The proposed 
equation describing the tribology of kaolin paste/smooth wall is given 
by: 

μd = μfrV
nfr
g (5)  

τ = C + μfrV
nfr
g ⋅σ (6)  

where :  μfr is the apparent friction factor and nfr is index of friction wih 
μfr =0.2088 and nfr =0.017 (Fig. 16). 

Accepting the hypothesis of a minimal structural evolution poten
tially induced by the vertical load applied on top of the specimen during 
the friction testing, the apparent water content of the specimen after 

Fig. 13. Two types of sliding surface during testing: (a) test performed with normal stress 122 kPa; (b) test performed normal stress 204 kPa.  
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each friction test was determined. The water content was determined in 
the 5 mm slice of the specimen located near the wall after friction test. 
The results as shown in Fig. 8 confirm the hypothesis of minimal evo
lution in the kaolin structure. The results of dynamic friction coefficient 
are summarized in Table 1. The dynamic friction coefficient decreases 
with the increasing friction velocity. The results obtained from the 
experiment are smaller than the values obtained in the research of 
Perrot et al. (2012). This difference can be explained by the water 
content of the kaolin mixture, and the plate roughness used in this study 
is smaller than that in the research of Perrot et al. (2012) and this 
research not take into account the effect of the normal stresses in the 
friction dynamic. 

5. Conclusions 

This study has investigated the tribological behavior at the interface 
between extrudable kaolin specimens and a smooth metal plate, utiliz
ing the Pion pawn tribometer developed for this purpose. The following 

findings can be drawn from this research:  

(1) The Pion pawn tribometer has been developed and calibrated for 
both static and dynamic modes. This device is designed to 
investigate the dynamic friction properties of extrudable mate
rials against a rigid wall. Additionally, it can examine the struc
tural changes during the extrusion process by applying increasing 
force to the mixture over time.  

(2) The tribological behavior at the interface between the extrudable 
kaolin and a smooth wall is effectively characterized by the Mohr- 
Coulomb model.  

(3) Tests conducted with smooth wall (Ra = 0.52 µm) demonstrated 
the effect of the friction velocity within a range from 10− 3 m/s to 
5.10− 2 m/s on the dynamic friction coefficient. The dynamic 
friction coefficient decreases as the friction velocity increases. A 
relationship between the dynamic friction coefficient and the 
friction velocity is proposed for use in modeling the extrusion 
process. 

This test is compatible with firm paste in extrusion process. For 
future work, the effect of roughness and of mixture water content on the 
tribological behavior of kaolin and other materials should be experi
mentally conducted. 
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Fig. 14. Dynamic wall friction characterization (122.8 ≤ σy (y = h) ≤

255.2 kPa). 

Fig. 15. Evolution of tangential stress versus normal stress at the kaolin paste/ 
smooth wall interface with different friction velocity. 

Table 1 
Dynamic friction coefficient (μd) identification.  

Velocity of plate μd (-) C R2 (-) 

Ra = 0.52 – Vg = 10− 3 0.186 3.7 0.98 
Ra = 0.52 – Vg = 10− 2 0.192 3.8 0.95 
Ra = 0.52 – Vg = 5.10− 2 0.199 3.58 0.96  

Fig. 16. Proposed relation between the dynamic friction coefficient and the 
friction velocity. 
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