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Abstract  The article presents a study of the friction temperature at the contact soil soil-material. For the tests, samples 
of 38GSA steel padded with El-Hard 63 electrode and Hardox 600 steel were selected. The experiment was 
carried out in laboratory conditions using the “rotating bowl” method in two soil types with different humidity.

     For light soil abrasive, the change in humidity increased the mass consumption in the wet soil almost twice 
for Hardox 600 steel and 1.5 times for the steel 38GSA welded. However, in the middle soil, the 38GSA 
steel was characterized by a higher wear value. The research shows that there were significant differences in 
consumption between the tested materials.
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Streszczenie  W artykule przedstawiono badanie temperatury tarcia w styku masa glebowa-materiał. Do badań wytypowa-
no próbki ze stali 38GSA napawanej elektrodą El-Hard 63 oraz stal Hardox 600. Eksperyment przeprowadzo-
no w warunkach laboratoryjnych metodą „wirującej misy” w dwóch rodzajach gleb o różnej wilgotności.

  Dla lekkiej glebowej masy ściernej zmiana wilgotności wzrost zużycia masowego spowodowała wzrost zu-
życia masowego w glebie mokrej prawie dwukrotnie dla stali Hardox 600 i półtorakrotnie dla stali 38GSA 
napawanej. Natomiast w glebie średniej wyższą wartością zużycia charakteryzowała się stal 38GSA napa-
wana. Z przeprowadzonych badań wynika, iż pomiędzy badanymi materiałami  odnotowano istotne różnice 
w zużyciu.      

INTRODUCTION

During the use of operating parts within the soil mass, 
the process of their wear as a result of both mechanical 
and chemical impact is unavoidable. This process takes 
different forms, depending on such factors as the soil 
properties, structural and technological solutions applied 
in the operating parts, and the work process being carried 
out [L. 1, 2]. 

It is indicated that the form and rate of the wear of 
operating parts within an abrasive soil mass are primarily 
determined by the mechanical properties of the soil 
resulting from the grain-size distribution, which include 
shearing stresses, plasticity, external and internal tool 

rake angle, and the moisture content. As a result of the 
impact of soil on an operating part, there is a pressure, 
characterised by various intensities, of the abrasive 
mass on the working surface of the tool. Through the 
interaction between the tool and the soil, the pressure is 
distributed within the areas of the actual contact between 
the surface of the operating part and the abrasive mass 
grains [L. 3–5]. The processes occurring during the wear 
within an abrasive soil mass are dynamic processes 
which contribute to a change in their intensity caused 
by the displacement of the abrasive material of various 
structures upon the surface of the material. 

The main cause of the destruction of tools subjected 
to wear within an abrasive soil mass is friction caused 
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by the displacement of either a loose or fixed abrasive 
material in relation to the working surface. One of the 
external effects of the pressure exerted by the soil is an 
increase in the tool temperature [L. 6, 7]. Changes in 
temperature are determined by the operating speed of 
the tool, and the associated wear process. In the spot in 
which the pressure of soil on the outer layer is greater, 
more rapid abrasive wears occurs. The main factors 
causing heat release and affecting the tribological 
processes are the phenomena occurring in the micro-
areas of contact between the soil grains and the material 
of an operating part. The effect of friction velocity on 
the course of the wear is identified with the friction 
action which may produce various wear effects [L. 8]. 
Changes in chemical and physical properties result from 
the effects of the heat generated by the friction velocity 
within the outer layer of an operating part [L. 9]. With an 
increase in the temperature, hardness decreases, which 
contributes to structural changes in the outer layer and 
affects the course of strain. 

When selecting the material for operating parts to 
be used within an abrasive soil mass, it is necessary to 
carry out an analysis of the wear processes occurring 
at the interface between the soil and the operating part, 
and to determine the environmental forces, including 
the properties of the abrasive mass. Wear resistance is 

determined inter alia by the element content, resilience, 
the micro-structure character, and the matrix hardness 
[L. 10–11]. 

An analysis of the literature on the subject reveals 
that tribological research has been carried out to 
determine the friction temperature on various interfaces 
between the interacting materials, e.g., steel-polymer  
[L. 12, 13]. On the other hand, there are few studies 
which analyse the heating up of an operating part being 
used in the soil, caused by the friction process [L. 14].

The aim of the study is to analyse the temperature 
within the friction zone of the outer layer under various 
soil conditions.

MATERIAL  FOR  RESEARCH 

The test specimens were made of a 38GSA steel pad, 
which was welded using an El-Hard 63 electrode and 
Hardox 600 steel. 

In order to avoid changes in the structure of the 
material, specimens were cut using a water jet cutting 
technology and no finishing by means of grinding was 
applied.

 The chemical composition of the test materials is 
presented in Table 1.

Table 1  The chemical composition of the tested materials 
Tabela 1.  Skład chemiczny badanych materiałów

Material type
Selected chemical element [%] Average 

hardness 
[HV10]C Mn Si Cr Mo Ni Cu P S B

38GSA + 
padding weld
El-Hard 63

0.35 1.07 1.17 0.18 - - 0.16 0.028 0.02 - 414

5.0 - 1.0 34.0 - - - - - - 658

Hardox 600 0.47 1.00 0.70 1.20 0.80 2.50 - 0.015 0.01 0.004 554

Fig. 1.  38GSA steel. Micro-structure of tempered 
martensite with a small amount of fine-grained 
pearlite

Rys. 1.  Stal 38GSA. Mikrostruktura martenzytu odpuszczo-
nego z niewielką ilością drobnoziarnistego perlite

Fig. 2.  El-Hard 63 padding weld. Precipitates of 
chromium carbides within the matrix of a mixture 
of alloy ferrite + carbides

Rys. 2.  Napoina El-Hard 63. Duże wydzielenia węglików 
chromu w osnowie mieszaniny ferryt stopowy + wę-
gliki
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Fig. 3. Hardox 600 steel. Micro-structure of tempered 
martensite

Rys. 3. Stal Hardox 600.  Mikrostruktura martenzytu odpusz-
czonego

RESEARCH  METHODOLOGY

The testing was conducted under laboratory conditions 
using the “rotating bowl” method (Fig. 4). The 
experiment was carried out on previously cleaned 
rectangular specimens with dimensions of 30 x 25 x 
10 mm; additionally, a ϕ2 hole with a depth of 8 mm, 
located in the axis of the specimen, was cut (Fig. 5).

Fig. 4.  General view of test-stand and sample handle  
Rys. 4.  Widok ogólny stanowiska oraz widok jednej sekcji         

badawczej i uchwytu próbki 

Fig. 5.  Dimensions of the sample
Rys. 5.  Wymiary próbki

The bowl of the machine was filled with a natural 
abrasive soil mass equivalent to a light dry soil (moisture 
content of 10%) and a wet soil (moisture content of 18%) 
as well as a medium dry soil (moisture content of 12%) 
and a wet soil (moisture content of 22%) in accordance 
with the Soil Science Society of Poland classification 
of 2008, with the following granulometric composition 
(PN-EN ISO 14668-2(2004)):
 – Light soil: clay: 1.69%; silt: 20.83%; sand: 77.48%, 
 – Medium soil: clay: 7.02%; silt: 40.32%; sand: 

52.66%.

During the testing, the following friction parameters 
were adopted: velocity of 2.00 ms-1, a sliding distance of 
20 000 m, and a unit pressure of 67 kPa. The specimen 
temperature was measured in real time during the 
friction process. 

Measurements of hardness and metallographic 
evaluation of the structure of outer layers were carried 
out using the following instruments: 
 – A Vickers diamond testing machine, type HM010u, 

in accordance with PN-EN ISO 6507-1:1999. An 
indenter load of 98N, and the load duration of 10 s 
were applied;

 – Light microscopy methods with a Neophot 52 
microscope coupled with a Visitron Systems digital 
camera;

 – Scanning electron microscopy methods, and a micro-
analysis of the chemical composition was carried out 
using a JEOL JSM – 5800 LV scanning microscope 
coupled with an X-ray analyser Oxford LINK ISIS 
– 300.

 To measure the friction temperature, a FLUKE 
T3000FC temperature module was used. The device 
is fitted with a thermocouple that was inserted in 
the specimen, which enabled monitoring the friction 
temperature in real time. 

Images of temperature distribution over the surface 
of the test materials were produced using a FLIR 140 
thermal imaging infrared camera.

ANALISIS  OF  RESEARCH  RESULTS 

Results of the temperature measurements within the 
friction zone of the test materials are presented in  
Figs. 6 and 7. Due to the temperature measurement carried 
out in real time during the entire experiment, maximum 
values of the friction temperature for particular materials 
under various soil conditions are presented in order to 
better illustrate the data. An example of an image of 
temperature distribution over the specimen surface, 
produced using the thermal imaging infrared camera, is 
presented in Fig. 8. 

An analysis of the course of temperature changes 
resulting from the friction process showed that the 
highest value for all the test materials in particular types 
of soil were noted during the friction against 38GSA 
steel pad welded using an El-Hard 63 electrode (approx. 
51°C) in the light wet soil, while the lowest value was 
noted for Hardox 600 steel, approx. 18°C, in the light 
dry soil. Sudden temperature changes at the interface 
between the outer layer and the abrasive soil mass, 
shown in Fig. 7, result from the randomly arranged 
abrasive grains having an impact on the friction surface.

It follows from the data presented in Fig. 6 that there 
is a clear difference in the temperature of the friction 
process for Hardox 600 steel between the light dry soil 
and the other soils. The highest temperature of approx. 
37.4°C for this material was noted for the light wet soil.
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Fig. 6.  Friction temperatures for Hardox 600 steel in particular types of soil
Rys. 6.  Temperatura tarcia stali hardox 600 w poszczególnych rodzajach gleb

Fig. 7.  Friction temperatures for 38GSA steel pad welded using an El-Hard 63 electrode in particular types of soil
Rys. 7.  Temperatura tarcia stali 38GSA napawana elektrodą el-hard 63 w poszczególnych rodzajach gleb

Fig. 8.  Distribution of temperature over the surface of the 
test material

Rys. 8.  Rozkład temperatury na powierzchni badanego mate-
riału

An analysis of the friction temperature for 38GSA 
steel pad welded using an El-Hard 63 electrode revealed 
its value as being two times higher in the light wet soil 
than in the dry soil.

Having compared the friction temperature for 
the test materials, it was observed that higher values 

occurred in soils with higher moisture content than in dry 
soils. The meniscus of water in the case of the light soil 
and silt and clay with an increased plasticity carry away 
the heat from the friction node less well compared to the 
dry soil. In this soil, the grains are loosely connected 
with each other, and the gaps are filled with the air which 
absorbs the generated heat from the friction node.

Another significant factor affecting the friction 
temperature value is the grain-size distribution of 
soil. It was observed that, in soils with a significant 
predominance of the sand fraction, the friction 
temperature for the test materials reached higher values, 
which was due to an increase in the frictional resistance 
by the sharp edges of SiO2 grains. 

Regarding the medium soil characterised by 
a higher percentage of clay and silt, the friction process 
proceeds differently than in the soil with a high sand 
content. Clays and silts in the soil mass are characterised 
by a significant share of multi-layer particles acting as 
a binder in the soil mixture.
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In order to determine the significance of the type 
of an abrasive mass to the value of temperature during 
the friction process, an analysis of variance was applied. 
For each type of soil, a null hypothesis about the lack 
of differences between the values of temperature for the 
sliding distance of 20 000 m, and an alternative hypothesis 
about the occurrence of significant differences depending 
on the friction temperature at the interface between the 
steel and the soil mass were formulated. Based on the 
obtained results and the conducted statistical analysis, it 

was found that there were significant differences during 
the heating up of the material during the friction process, 
depending on the type and moisture content of soil. Only 
for the light wet soil, no significant changes were noted. 
The results obtained during the statistical analysis are 
presented in Table 2.

Results of the tests for mass wear of the test 
materials as a function of the sliding distance are 
presented in Figs. 9–11. 

Table 2.  Results of the statistical analysis – the identified significant differences between the friction temperatures of 
materials under various soil conditions

Tabela 2. Wyniki analizy statystycznej – wyłonione istotne różnice pomiędzy temperaturą tarcia materiałów w zróżnicowanych 
warunkach glebowych  

Subclass No
Duncan test; Approximate probabilities for post hoc tests Error: Intergroup MS = 5.9551, df = 120.00

Light dry soil {1} 
28,369

{2} 
22,300

1 38GSA steel + El-Hard 63 0.000103
2 Hardox 600 steel 0.000103

Subclass No Medium dry soil {1} 
26,907

{2} 
31,893

1 38GSA steel + El-Hard 63 0.000103
2 Hardox 600 steel 0.000103

Subclass No Medium wet soil {1} 
41,452

{2} 
29,220

1 38GSA steel + El-Hard 63 0.000103
2 Hardox 600 steel 0.000103

Fig. 9. The course of mass wear of the test materials in the 
light dry soil

Rys. 9. Przebieg zużycia masowego badanych materiałów 
w glebie lekkiej suchej 

Fig. 10. The course of mass wear of the test materials in 
the light wet soil

Rys. 10. Przebieg zużycia masowego badanych materiałów 
w glebie lekkiej mokrej
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Fig. 11. The course of mass wear of the test materials in 
the medium dry soil

Rys. 11. Przebieg zużycia masowego badanych materiałów 
w glebie średniej suchej                                    

Fig. 12. The course of mass wear of the test materials in 
the medium wet soil

Rys. 12. Przebieg zużycia masowego badanych materiałów 
w glebie średniej mokrej

                      

Following the testing, it was noted that Hardox 
600 steel in the medium wet soil was characterised by 
the highest value of mass wear, while 38 GSA steel pad 
welded using an El-Hard 63 electrode in the same soil 
with a lower moisture content was characterised by the 
lowest value.

For the presented data for the light abrasive soil 
mass, presented in Figures 9 and 10, an increase was 
noted in the mass wear in the wet soil, two-fold for 
Hardox 600 steel, and one-and-a-half-fold for pad 
welded 38GSA steel.

The conducted experiment revealed that the rate 
and mode of wear are primarily determined by the soil 
properties and the technological solutions applied in 
the outer layer. No significant impact was noted on an 
increase in the mass loss through the heating up of the 
test materials during the friction process under various 

soil conditions. The noted temperatures were not high 
enough to cause changes in the structure of the test 
materials and thus had no effect on the wear rate. 

In light soils, the course of wear is determined by 
the impact of loose abrasive grains that roll along the 
specimen surface and produce scratches caused by the 
impact of abrasive grains (Figs. 13 and 14). On the 
other hand, in medium soils with a higher clay content, 
wear can be noted in the form of scratching and ridging 
through the fixing of sand grains (Figs. 15 and 16).

A significant factor affecting the decrease in the 
mass loss of 38 GSA steel is the application of an outer 
layer of El-Hard 63 onto it, which contributed to the 
modification of chemical composition of the native 
material through the incorporation into it of additional 
components which affected the increase in the resistance 
to abrasive wear.

Fig. 13. View of the surface of 38GSA steel pad welded 
using an El-Hard 63 electrode, being worn in the 
light dry soil

Rys. 13. Widok powierzchni stali 38GSA napawanej  elektro-
dą el-hard 63 zużywanej w glebie  lekkiej suchej

Fig. 14.  View of the surface of Hardox 600 steel being 
worn in the light wet soil

Rys. 14. Widok powierzchni stali hardox 600 zużywanej 
w glebie lekkiej mokrej
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Fig. 15. View of the surface of 38GSA steel pad welded 
using an El-Hard 63 electrode, being worn in the 
medium dry soil

Rys. 15. Widok powierzchni stali 38GSA napawanej elektro-
dą el-hard 63 zużywanej w glebie średniej suchej 

Fig. 16. View of the surface of Hardox 600 steel being 
worn in the medium wet soil

Rys. 16. Widok powierzchni stali hardox 600 zużywanej 
w glebie średniej mokrej

CONCLUSIONS 

Based on the obtained test results, it was found that the 
rate of wear of the test materials is primarily determined 
by the type and moisture content of the abrasive mass. 
In wet soils during the wear process, the adsorption 
phenomenon occurs. Adhesion of water molecules 
prevents the absorption of heat by the specimen, thus 
contributing to an increase in the temperature of the 
soil mass and the specimen itself. Therefore, with an 
increase in the moisture content, the friction temperature 
also increases. Another aspect that has a decisive 
influence on the mass loss during abrasive wear is the 
type of the outer layer. The application of an El-Hard 63 
padding weld, characterised by the content of elements 
resistant to abrasive wear, onto 38 GSA steel resulted in 
a significant decrease in the wear rate for this material.

The conducted tribological experiment, during 
which the temperature was monitored within the 
friction zone between the material and the abrasive 
mass, demonstrated that the mass wear is not affected 
by the temperature that the material reaches during the 
friction process, because the specimen does not heat up 
sufficiently to cause structural changes to the outer layer.

The conducted statistical analysis enabled the 
conclusion that the type of abrasive mass and its moisture 
content affects the temperature within the friction zone.
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