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INTRODUCTION

Ceramic tiles are one of the most common 
types of roofing materials. Due to the continu-
ously increasing market demand, a significant 
portion of development efforts in the ceramic 
industry focuses on ensuring high production 
efficiency while addressing environmental pro-
tection and waste recycling issues [1–4]. De-
spite the implementation of modern technical 
solutions in the ceramic industry, the production 
process of ceramic roof tiles can still be divided 
into several standard stages. These include: raw 

material extraction, body preparation, body stor-
age, shaping of semi-finished products, drying of 
semi-finished products, coating (engobing), fir-
ing of finished products, and quality control at 
various stages of the process [5]. The most im-
portant stage of the process is the forming of the 
plastic ceramic mass. The diagram shown in Fig-
ure 1 illustrates the forming process starting from 
the dosing of the ceramic mass from storage. The 
material is then subjected to final grinding, mix-
ing, and homogenization with the addition of 
water. The prepared mass is preliminarily shaped 
and extruded into a continuous band, which is 
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subsequently cut to a specified length and finally 
formed using a stamping press.

The ceramic mass used for roof tiles produc-
tion mainly contains clay raw materials, which, 
when combined with water, constitute the plas-
tic component [6, 7]. In addition, quartz sand and 
ground production waste (ceramic) with additives 
(basalt grit) are added to the mass [8, 9]. These 
components act as non-plastic additives that re-
duce the plasticity of the mass and ensure the 
desired shrinkage during drying and firing [10]. 
Due to the abrasive nature of the formed mass, 
the parts of forming machines must exhibit high 
wear resistance [11]. A wide range of materials 
are used for wear protection in the ceramic indus-
try, which can include: wear-resistant steels (Har-
dox), cold working tool steels (NC10, NC11LV) 
[12, 13]. Various durability-enhancing methods 
are also commonly applied, such as heat treat-
ment, thermo-chemical treatment, and hardfacing 
[14]. The selection of an appropriate material and 
durability-enhancement method depends on the 
specific operating conditions of the given com-
ponent. The selection of the appropriate mate-
rial and the method of increasing their durability 
depends on the specific work of the component. 
Forming tools, which are responsible for shaping 
the material during the extrusion of the strip, are 
particularly exposed to wear. The primary wear 
mechanisms include abrasion, sometimes com-
bined with corrosion, which accelerates material 
degradation [15–17]. Analyses indicate that cold-
work tool steels are increasingly used for this ap-
plication, particularly the NC11LV grade, whose 
properties allow for precise adjustment of the 
heat treatment process. As a result, high hardness 
is achieved, which ensures adequate wear resis-
tance [18]. These properties are primarily due to 
the high chromium content of this steel grade. The 
shape, size, and distribution of carbides in the mi-
crostructure also play a significant role in deter-
mining wear resistance. The most common type 

of carbide is M7C3 [19, 20]. The proper selection of 
material and design of forming tools requires a lot 
of analysis and research work. Laboratory meth-
ods are used to evaluate hardness and resistance 
to abrasive wear. Equally important is a thorough 
understanding of the causes of intensive wear of 
machine components in the roof tile extrusion pro-
cess. In this context, determining the composition 
of the formed mass is essential, with particular at-
tention to the identification of hard fractions and 
analysis of the parameters registered during the 
process. However, accurate examination of cer-
tain phenomena and parameters under industrial 
conditions is difficult, and in some cases impos-
sible. Therefore, recently, analysis supported by 
numerical modeling has been increasingly used in 
various industries for process design and analysis. 
[21, 22]. In the ceramic industry, however, this 
method is still relatively rarely used, mainly due 
to the complexity of modeling the formed material 
(clay with additives) [23]. A proper and compre-
hensive approach to this issue can streamline and 
simplify the analysis of the extrusion process for 
ceramic roof tiles [24]. The insights gained en-
able the development of solutions aimed at ex-
tending tool life and optimizing the forming pro-
cess. Continued research and development in this 
area may contribute to innovative solutions that 
further modernize the ceramic industry and sup-
port its sustainable development.

MATERIALS AND METHODS

The research focused on improving the du-
rability and identifying the causes of excessive 
wear of the forming tools used in the extrusion of 
ceramic roof tiles. These tools shape the product 
at an early stage, closely replicating the roof tile’s 
form and ensuring the required thickness.

Work to extend service life focused on ma-
terial optimization. Cold work tool steels, 

Figure 1. Diagram of the ceramic roof tile forming process
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particularly the NC11LV grade, are increasingly 
used for forming tools. Accordingly, three heat 
treatment variants of this steel were subjected to 
laboratory and operational testing:
	• Sample 960/450 – Steel NC11LV – hardening: 

960 °C, tempering: 450 °C for 2 h;
	• Sample 1060/450 – Steel NC11LV – harden-

ing: 1060 °C, tempering: 450 °C for 2 h;
	• Sample 1020/200 – Steel NC11LV – harden-

ing: 1020 °C, tempering: 200 °C for 2 h.

The heat treatment of the individual test tools 
was carried out under controlled conditions in a 
vacuum furnace, following the process sequence 
outlined below:
	• Stage 1: heating to 450 °C at a rate of 5 °C/

min, holding for 20 min after temperature 
equalization;

	• Stage 2: heating to 800 °C at a rate of 4 °C/
min, holding for 20 min after temperature 
equalization;

	• Stage 3: heating to the austenitizing tempera-
ture: 960 °C (sample 960/450), 1060 °C (sam-
ple 1060/450), 1020 °C (sample 1020/200), at 
a rate of 5 °C/min;

	• Stage 4: holding at the austenitizing tempera-
ture for 20 min after complete temperature 
equalization;

	• Stage 5: cooling – vacuum atmosphere with 
N₂ gas at 6–10 bar and intensive flow. Cooling 
rate of 2.0 °C/s in the range of 800–500 °C. 
Cool to 50–70 °C, followed by immediate 
tempering;

	• Stage 6: heating – sample 960/450: 3 × 
450 °C, 2 h each cycle; sample 1060/450: 3 × 
450 °C, 2 h each cycle; sample 1020/200: 3 × 
200 °C, 2 h each cycle.

In this study, NC11LV steel was subjected to 
three heat treatment variants. The treatment con-
ditions were selected to assess their effect on the 
mechanical properties of this steel grade, with par-
ticular emphasis on abrasive wear resistance and 
impact toughness. The heat treatment of tool steel 
influences microstructure changes, particularly 
the number and size of carbide precipitates. This 
determines the key parameters for forming tools, 
which are: abrasion resistance, hardness and im-
pact strength. Hardness, a key parameter for wear 
resistance, should be maximized and maintained 
at a stable level in tool steels. However, this typi-
cally comes at the expense of ductility, which in-
creases the risk of cracking. Tempering at 450 °C 

was implemented to achieve a balance between 
maintaining high hardness and improving ductil-
ity. To further validate the heat treatment condi-
tions, two austenitizing temperatures were used: 
960 °C and 1060 °C. This was verified by harden-
ing the NC11LV steel at 1020 °C and tempering 
at 200 °C, which should ensure the highest hard-
ness. The conducted research focused on verify-
ing the knowledge regarding the heat treatment of 
NC11LV tool steel. For this purpose, its industrial 
application in the forming tools for ceramic roof 
tiles was used [18, 25, 26].

The following methods were used to verify 
tool wear and analyze the causes of degradation 
of tool materials:
	• Verification of process parameters: pressure 

and temperature;
	• SEM-EDS analysis of the formed material;
	• Thermogravimetric analysis of the formed 

material;
	• 3D scanning technique for worn forming tools;
	• Dry abrasive wear test;
	• Microstructure analysis;
	• Hardness measurement.

Further analysis of the band extrusion pro-
cess was carried out using numerical modeling. 
Based on the developed model in the Abaqus 
software, numerical simulations were performed 
to assess the potential for optimizing the form-
ing tools through modifications in their design 
and geometry.

RESEARCH AND RESULTS DISCUSSION

Forming tool analysis

The forming tool ensures the desired shape, 
quality, and thickness of the extruded band. It is 
mounted at the end of the screw press and is a key 
part of the forming set. A typical forming tool is 
shown in Figure 2, it consists of two parts: upper 
and lower. This design allows for adjustment in 
case of wear.

The geometry of the tool ensures accurate fill-
ing of the die during the subsequent technologi-
cal process, i.e., pressing on the stamp press. The 
produced band, with a specified width, provides 
a sufficient amount of flash during the forming 
operation in the punch press. Due to the direct 
contact of the tool with the formed material, it 
must primarily exhibit good wear resistance to 
ensure high durability and dimensional-shape 
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repeatability. To meet these requirements, exten-
sive testing and analysis are essential.

Analysis of the causes of wear

A lot of information about the cause of inten-
sive wear of forming tools can be provided by a 
thorough verification of the forming process pa-
rameters, which show what loads the tools are 
exposed to during operation. In addition, an in-
depth analysis of the formed material is essential, 
as it is one of the primary factors contributing to 
abrasive wear.

Analysis of the parameters of the strand extrusion 
process

The extrusion process parameters are crucial 
for the operation of forming tools used in ceramic 
tile production. One of the key parameters in this 
process is the extrusion pressure, which is strict-
ly defined, continuously monitored, and regu-
lated. This pressure is generated in the chamber 
of the conical head. A schematic of the forming 
process in the conical head, including the loca-
tion of pressure and temperature measurements, 
is shown in Figure 3.

The extrusion pressure should oscillate be-
tween 2.0–2.1 MPa during the production of ce-
ramic tiles. In the analyzed process, the recording 
of this parameter was carried out on a screw press 
that produces two bands. Data were collected for 
8 hours of operation and are shown in Figure 4

The analyzed operational period illustrates 
the variability of extrusion pressure during a 
single production shift. The chart shows that the 

pressure in the examined process remained at a 
level considered optimal for this type of opera-
tion. Observed pressure fluctuations are mainly 
due to variations in the moisture content of the 
extruded ceramic mass. Pressure regulation is 
achieved by controlled dosing of water into the 
screw press when pressure increases, the appro-
priate amount of added water reduces it to the 
desired level. Pressure drops below 1.5 MPa ob-
served on the chart correspond to machine stop-
pages related to the need for tooling changeover.

It is important to note that extrusion pressure 
directly influences other key parameters of the ce-
ramic tile forming process, such as the temperature 
in the chamber of the conical head. This relation-
ship is illustrated in the graph shown in Figure 5.

As shown in the chart (Figure 5), the tempera-
ture during the extrusion process remains around 
45 °C. Analysis of the relationship between tem-
perature and pressure showed that temperature 
drops are correlated with periods of machine 
stopped, suggesting a significant effect of process 
intensity on heat generation. The source of heat 
in the process in question is primarily friction - 
both between the extruded mass and the working 
elements of the machine, as well as internal fric-
tion in the ceramic mass itself, resulting from the 
mutual sliding of its particles. This phenomenon 
is a key factor affecting the forming process and 
should be considered in process optimization.

SEM-EDS analysis of the formed mass

Accurate identification of the composition 
of the mass for the production of ceramic tiles is 
the basis for correct identification of the causes 
of wear of machine components in the forming 
process. This is primarily due to the abrasive na-
ture of the material. A typical mass for the pro-
duction of building ceramics consists of three 
basic groups of components: plastic materials, 
non-plastic and fluxes. For a detailed analysis of 
the production body, the most effective method is 
SEM-EDS analysis. The research was conducted 
on samples of standard mass taken directly from 
the production line.

In the image of the mass used for ceramic 
roof tile production shown in Figure 6, the main 
mineral fractions present in the material were 
identified. These include primarily: apatite, mus-
covite, quartz, albite, and biotite. Of particular 
importance in relation to the wear of forming 
tools are the hard mineral fractions contained 

Figure 2. Roof tile forming tool diagram 
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Figure 3. Production of ceramic roof tile: a) clay extrusion process, b) diagram of pressure head with sensor: 
1-pressre head, 2-sensor, 3- assembling plate, 4-nozzle, 5-forming tool, 6-formig mass 

Figure 4. Graph of the strand extrusion pressure
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in the clay body. Among those identified in Fig-
ure 6, quartz and albite are especially relevant. 
A more detailed identification of these phases 
is presented in the BSE images combined with 
EDS spectra shown in Figure 7.

Quartz (Figure 7a) is characterized by high 
hardness, which is 7 on the Mohs scale. Harder 
mineral fractions also include albite (Figure 7b), 
with a hardness of 6–6.5 on the Mohs scale. Par-
ticularly abrasive wear is intensified by quartz, 
which is an abrasive mineral and is found in large 
quantities in clay tile mass. In the case of albite, 
its mineral grains can microscopically scratch 
and abrade steel surfaces, particularly during pro-
longed contact or abrasive motion. Although this 

wear is not as aggressive as that caused by quartz, 
it may still result in gradual dulling, micro-dam-
age, or surface degradation over time.

Further detailed analysis identified the presence 
of additional hard mineral fractions that contribute 
to the degradation of machine components, includ-
ing the tools used for forming ceramic roof tiles. 
The identified minerals are presented in Figure 8.

Figure 8 shows an identified fragment of ba-
salt, which constitutes one of the non-plastic ad-
ditives in the composition of the ceramic body. 
Basalt is characterized by high hardness, reach-
ing 8.5 on the Mohs scale, which significantly 
exceeds the hardness of typical tool materials. 
Therefore, it is an important component of the 

Figure 5. Graph of temperature inside pressure head during extrusiom ceramic roof tile

Figure 6. BSE image of ceramic mass showing material contrast with EDS elemental map
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abrasive fraction, which has a significant effect on 
the intensification of wear in working elements 
during the extruding process. 

In addition, one of the analyzed fractions was 
subjected to qualitative analysis of elemental 

composition by X-ray energy dispersive spec-
troscopy (EDS), the results of which are pre-
sented in Figure 9.

Within the analyzed fragment, the presence 
of elements such as aluminum (Al), silicon (Si), 

Figure 7. BSE images of the hard mineral fraction from the ceramic mass with EDS spectrum for:
a) quartz, b) albite

Figure 8. BSE images with elemental map of basalt in the mass for clay tile production
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magnesium (Mg), and calcium (Ca) was identi-
fied, with their signals showing relatively high in-
tensity compared to other detected elements. This 
chemical composition is characteristic of ceramic 
materials. The identified ceramic fragment within 
the clay body indicates that recycled powder from 
production waste (defective ceramic roof tiles) is 
added to the mix. In modern ceramic manufactur-
ing, such material is commonly used as a non-
plastic additive. This component also contributes 
significantly to the abrasive wear of forming tools 
during the extrusion process.

Thermogravimetric analysis (TGA)

The collected samples of the ceramic body 
used for roof tile production were subjected 
to thermogravimetric analysis (TGA). The 

temperature range was 25–700 °C, with a heat-
ing rate of 10 °C/min. The tests were conducted 
in a nitrogen atmosphere (30 ml/min). Measure-
ments were performed on two samples taken di-
rectly from the production line at different time 
intervals. The obtained results are presented in 
the graph in Figure 10 and in Table 1.

The TGA analysis of samples 1 and 2 showed 
a total mass loss of approximately 5.3% (5.36% 
for sample 1 and 5.24% for sample 2). This indi-
cates the presence of not only clay minerals (such 
as vermiculite), but also mica group minerals 
(muscovite, biotite), which is consistent with the 
results of SEM-EDS analyses. Despite the time 
interval between sample collections, the TGA re-
sults are comparable, indicating that the ceramic 
body parameters in the production process are 

Figure 9. SEM/EDS microscopic image – (a) ceramic fragment with distribution of: b) aluminum, c) silicon,
d) oxygen, e) magnesium, f) sodium, g) titanium, h) sodium, i) EDS spectrum
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consistent and reproducible. As can be observed, 
the greatest mass loss occurs at around 50 °C, 
which corresponds to the temperature reached 
during the extrusion process. This highlights the 
importance of temperature stabilization during 
extrusion, as uncontrolled temperature rise may 
lead to premature drying of the formed mate-
rial. The remaining verified temperature range 
provides insight into how a tile made from the 
analyzed clay body will behave during the subse-
quent thermal treatment stages: drying and firing.

Numerical modeling

The optimization of ceramic roof tile form-
ing tools should be carried out both in the area of 
material selection and verification of design so-
lutions. The most effective method for analyzing 
design modifications is numerical modeling. This 
approach enables the verification and definition 
of parameters whose values are difficult to mea-
sure directly during the process. In addition, nu-
merical simulation provides preliminary insights 
into which solutions are most effective under op-
erating conditions.

From the numerous research works carried 
out by the authors, it appears that in modeling the 
process of extruding the mass for the production 
of ceramic tiles, the most suitable approach is the 
meshfree method SPH. This method does not re-
quire a space mesh for calculations. This allows 
simulation with large deformations that occur 
during the extrusion of the band. For the analysis, 
a system was used in which the mass transport 
through the screws was replaced by a pusher, al-
lowing the feedstock to move inside the forming 
tool set, where it is shaped. The pusher and form-
ing tool set were prepared as dicrete rigid tools. 
This approach allows the computational domain 
to be limited to the area most relevant to the re-
search being conducted. In addition, the number 
of extrusions has been reduced to only one exit, 
as this is allowed by the symmetry of the layout. 
This is shown in Figure 11. 

Using numericl modeling, analyses were per-
formed on the effects of changes in tool design 
on the analyzed parameters. The starting point 
was a standard tool configuration used for the 
preliminary forming of ceramic roof tiles (Figure 
12a). The effect of modifying the edges of the tool 
on which the extruded material presses during 

Figure 10. Summary of TG/DTG thermograms for tested samples

Table 1. Thermal parameters determined in the TG test (Δm – mass loss during TG measurement, TDTG – temperature 
of maximum degradation rate)

Sample Δm1
[%]

Δm2
[%]

Δm3
[%]

Δm4
[%]

Δmc
[%]

TDTG1
[°C]

TDTG2
[°C]

TDTG3
[°C]

TDTG4
[°C]

TDTG5
[°C]

Sample 1 2.30 0.40 0.40 2.26 5.36 57 138 279 483 561

Sample 2 2.16 0.39 0.42 2.27 5.24 57 139 277 483 560
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extrusion was verified. A solution with an intro-
duced radius R of rounding of the working edges 
of the upper and lower input tool of 2.5 mm (Fig-
ure 12b) and 5mm (Figure 12c) was selected for 
verification. Another modification was the angle 
between the working surface of the upper tool and 
the working surface of the lower tool, which was 
set at 12° (Figure 12b,c). 

The prepared 3D models of the three design 
variants of the forming tools were imported into 
ABAQUS software in which simulations were 
performed. The displacement of forming tools 
at all degrees of freedom was blocked, and a 
boundary condition was applied to the pusher for 
displacement along the extrusion direction. The 
Drucker-Prager (DP) constitutive model was used 
to characterize the forming material. This model 
is commonly applied in the analysis of granular 
materials such as soils, which exhibit pressure-
dependent plasticity – that is, their strength in-
creases with increasing pressure. The degree of 
discretization of the finite element mesh was veri-
fied in terms of the quality of the results obtained. 
The results for the various forming tool design 
solutions are shown in Figure 13.

Figure 13 presents the stress distribution 
in the forming tool during the shaping process. 
As shown, the stress values obtained from the 
numerical simulation are not uniform and vary 
depending on the region of the tool. The imple-
mented design modifications effectively reduced 
the areas of maximum stress concentration, as 
seen in the stress distribution shown in Figure 
13a. High stress levels occur only locally, such 
as in the region depicted in Figure 13b, where 
stress concentration is observed in the absence 
of an applied rounding radius R. In contrast, the 

detailed results in Figure 13c clearly show a re-
duction in stress levels due to the introduction 
of edge radii at the location where the forming 
material presses the tool.

Numerical simulation also allows for track-
ing how stresses change in different regions of the 
forming tools throughout the analyzed phase of 
the process. The area where stress concentration 
occurs is shown in Figure 14. 

The graph presented in Figure 15 illustrates 
the observations previously noted in the stress 
distribution results. In the analyzed region, stress 
levels increase with the introduction of the round-
ing radius R. In this case, the specific value of 
the radius – whether 2.5 mm or 5 mm – has 
little influence, as the corresponding curves are 
very similar. During the analyzed time interval, 
the maximum stress reaches 400 MPa. Only the 
curve obtained for the tool without a radius and 
without an angle between the tool surfaces shows 
lower stress values.

Stress behavior is different in the so-called 
‘wave’ region, which is also shown in Figure 15.

In this area, the curves overlap regardless of 
the tool design variant during the analyzed time 
interval. It is also evident that high stress levels 
do not occur in this area; the stress distribution is 
uniform and stable. In the verified period for all 
variants, an increasing trend of stress values can 
be seen regardless of the changes made.

Analysis of the operation of forming tools

During the operational tests, attention was fo-
cused on the analysis of the lower tools. These 
tools are adjusted less frequently during the pro-
cess, which makes their wear a more reliable indi-
cator for assessing the tested materials.

Figure 11. Numerical simulation: a) schematic diagram: 1-pressre head, 2-nozzle, 3-forming tool
4- assembling plate, 5-pusher, b) CAD models imported into the software 



246

Advances in Science and Technology Research Journal 2026, 20(1), 236–258

Figure 12. Modification of the design solution of the forming tool (1-nozzle, 2-forming tool): a) standrad,
b) radius R = 2.5 mm, c) radius R = 5 mm 

Figure 13. Results of numerical simulation of extrusion of a strand of equivalent stress distribution
(von Misses): a) whole tool, b) tool area 1, c) tool area 2

As a first step, 3D scanning was performed 
on a new tool manufactured by CNC machining 
based on a CAD model. The results of this scan 
are shown in Figure 16. This allowed verification 

of the manufacturing accuracy of tools used for 
forming ceramic roof tiles.

The scanned forming tool, after machining 
and hardening, shows deviations from the CAD 
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Figure 14. Comparison of results of numerical simulation of extrusion of a strand of equivalent 
tress distribution (von Misses): a) no radius, b) radius R = 2.5 mm, c) radius R = 5 mm,

d) graph of stress changes during the analyzed process

Figure 15. Comparison of results of numerical simulation of extrusion of a band of equivalent stress distribution 
(von Misses) for the area of the so-called “wave”: a) without radius, b) radius R = 2.5 mm, c) radius R = 5 mm, 

d) graph of stress changes during the analyzed process
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model ranging from –0.15 mm to +0.09 mm. 
The new forming tool was manufactured with 
sufficient accuracy for the strand forming pro-
cess, and the observed dimensional differences 
will not result in defects in the produced ceram-
ic roof tiles.

To evaluate different heat treatment variants 
of NC11LV steel, tests were conducted under real 
operating conditions. Operational tests of form-
ing tools were carried out on a two-lane screw 
press during standard industrial production of 
ceramic roof tiles. The press used in the tests op-
erated at an extrusion pressure of 2.0–2.1 MPa, 

corresponding to an average strand speed of ap-
proximately 20 m/min. For each tool variant, the 
aim was to carry out tests over approximately 170 
hours of operation (Figure 17).

An analysis of the operational test results 
indicates that the lowest wear was observed in 
the tool made of NC11LV tool steel hardened at 
1020 °C and tempered at 200 °C. For this tool, 
the wear of the working surface ranged from 0.68 
to 1.24 mm. The other two tools exhibited high-
er levels of wear. The forming tool hardened at 
960 °C and tempered at 450 °C showed wear in 
the range of 1.34 to 1.76 mm. In comparison, the 

Figure 16. Scanning result of the new forming tool

Figure 17. Scanning results of the lower forming tools: a) 960/450, b) 1060/450, c) 1020/200



249

Advances in Science and Technology Research Journal 2026, 20(1) 236–258

tool hardened at 1060 °C and tempered at 450 °C 
showed wear ranging from 1.02 to 1.75 mm.

Dry abrasion test

Recently, cold-work tool steels have become 
increasingly popular as materials for forming 
tools used in ceramic roof tile production, gradu-
ally replacing wear-resistant Hardox steels. Tool 
steel NC11LV has proven to be particularly effec-
tive in this application. However, to meet opera-
tional performance requirements, an appropriate 
heat treatment must be selected. As a first step, all 
selected heat treatment variants were subjected to 
dry abrasive tests, during which the mass loss of 
the samples was measured and the relative wear 
resistance coefficient Kb was determined using 
the following formula:

	 𝐾𝐾𝑏𝑏 =
𝑍𝑍𝑤𝑤𝑤𝑤 ∙ 𝜌𝜌𝑏𝑏 ∙ 𝑁𝑁𝑏𝑏
𝑍𝑍𝑤𝑤𝑤𝑤 ∙ 𝜌𝜌𝑤𝑤 ∙ 𝑁𝑁𝑤𝑤

 	 (1)

where:	 Zww — weight loss of the reference sample 
(g), Zwb – weight loss of the tested mate-
rial (g), ρw – density of the reference ma-
terial, ρb – density of the tested material, 
Nw – number of rotations of the reference 
sample’s friction path, Nb – number of rota-
tions of the tested sample’s friction path.

Due to the hardness of the tested materials, 
the abrasion time in the conducted trials was 30 
minutes, corresponding to 1800 revolutions. The 
reference sample was, according to the standard, 
C45 steel, which was tested at 600 rotations of 
the roll. Its average wear amounted to 0.062 g. 
The obtained results are presented in Table 2 and 
graphically in Figure 18.

The results of abrasion resistance tests con-
ducted using the T-07 tester show that the NC11LV 
1020/200 sample demonstrated the highest abra-
sion resistance, achieving a relative resistance co-
efficient of 1.610. A slightly lower value of 1.599 
was obtained for the NC11LV 1060/450 sample. 
The greatest wear was observed for the NC11LV 
960/450 sample, with a wear coefficient (Kb) of 

1.371. The results obtained from the dry abrasion 
test of NC11LV steel show that indicate that bet-
ter wear resistance parameters than in the case 
of the wear-resistant Hardox steels. This can be 
precisely verified by comparing with the results 
reported in the literature. For Hardox 500, the Kb 
coefficient does not exceed 1.200, while for Har-
dox Extreme in the as-delivered condition it is ap-
proximately 1.300 [27, 28].

Analysis of wear mechanisms

To illustrate the wear mechanisms occurring 
during the band forming process, photographs of 
the working surfaces of the analyzed tools were 
taken. The surfaces shown in Figure 19, obtained 
through macroscopic examination, reflect the ex-
tent of tool degradation after 170 hours of opera-
tion. In general, the macroscopically examined 
parts showed a similar wear mechanism regard-
less of the heat treatment carried out. It was ob-
served that the wear process had a heterogeneous 
character. The working surfaces are dominated by 
clear, regular irregularities with gouge character-
istics, arranged perpendicular to the direction of 
movement of the molded material. In the raised 
areas formed by this process, signs of corrosion 
were observed, likely developing after the tools 
had been withdrawn from service. This indicates 
significant surface degradation in this area and 
the mechanical removal, during the band extru-
sion process, of the oxide layer that forms on the 
steel surface due to the presence of chromium in 
its chemical composition. Material degradation in 
the raised areas is also associated with the devel-
opment of high contact pressures in this region. 
The occurrence of more severe mechanical dam-
age in this area is illustrated, for example, by the 
stereoscopic image shown in Figure 19c. It clear-
ly shows that these areas are accompanied by sur-
face scratching, which leads to increased rough-
ness. In the regions where the cross-section of the 
tool changes, surface scratches were frequently 
observed, most likely caused by the movement of 
hard particles across the tool surface along with 

Table 2. Dry abrasive test results for the tested materials

Sample NC11LV
Mass loss Z [g] in subsequent tests

Zśr [g] Kb1 2 3

960/450 0.128 0.130 0.136 0.132 1.371

1060/45 0.122 0.107 0.110 0.113 1.599

1020/200 0.112 0.113 0.111 0.112 1.610
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the tile material mass. These particles may in-
clude basalt fragments, identified in SEM studies 
of the tile material. The change in cross-section 
promoted the accumulation of hard particles in 
the analyzed area.

Particularly intense unevenness can be seen 
on the tool version 1020/200 (Figure 19a) and 
1060/450 (Figure 19c). Surface scratches formed 
in the direction of material flow during extrusion 
are less distinct, with clearly visible scratches on 
the working surface identified only in Figure 19d. 
For all applied heat treatment parameters, the ob-
served scratches do not constitute critical defects 
that would affect the quality of the formed band. 

In selected areas of the tool surface, traces of ad-
herence of the processed material (roof tile mass) 
were observed, especially in locations where top-
ographic irregularities had previously been iden-
tified. Local accumulation of material may pro-
mote the intensification of tribological processes, 
leading to increased wear in these zones.

Microscopic examinations were also per-
formed on the cross-section of the tool in three 
selected areas. Representative results of the con-
ducted analyses are presented in Figure 20. Since 
all analyses were carried out on a single steel grade 
– NC11LV – the results obtained for the various 
heat treatment variants (Figure 20a–f) revealed a 

Figure 18. Dry abrasive test results: a) mass loss- average value [g], b) relative abrasive wear resistance Kb

Figure 19. Tool working surface: a) 1020/200 stereoscopic microscopy, b) 960/450 stereoscopic microscopy,
c) 1060/450 stereoscopic microscopy, d) 1060/450 stereoscopic microscopy
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microstructure typical for this material. The pres-
ence of tempered martensite with visible primary 
carbide precipitates was observed. On the work-
ing surface of the tool, features characteristic of 
abrasive wear were identified. The overall micro-
structure of the examined tools was similar, and 
no significant differences were observed between 
the individual samples. It should be noted that the 
applied heat treatment leads to subtle changes in 
the microstructure, primarily related to the chemi-
cal composition and the size of secondary carbide 
precipitates formed during tempering, as well as 
the presence of retained austenite in the material 
tempered at lower temperatures.

However, the microscopic examination did 
not reveal any changes in the subsurface layer 
that would indicate secondary tempering or the 

occurrence of plastic deformation, which is at-
tributed to the low temperature of the formed ma-
terial. Observations at higher magnifications indi-
cate that more intensive wear primarily affected 
the matrix of the material, due to its lower hard-
ness. As a result, the carbide precipitates were re-
moved only secondarily, suggesting their higher 
resistance to mechanical factors. Hard carbide 
particles entering the friction zone act as a third 
body, promoting scratching of the tool surface.

The outer surface was also examined using 
a scanning electron microscope (SEM). Obser-
vations focused on the central part of the tool as 
well as the edge where the formed material band 
exits the tool. This area exhibited the most inten-
sive tool wear, as shown in Figure 21. Observa-
tions conducted in the central region of the tool 

Figure 20. Microstructure of NC11LV steel in the near-surface region of the friction edge – light microscopy, 
etched state: a),b) 1020/200, c),d) 960/450, e),f) 1060/450
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Figure 21. SEM microscopic image: a)1020/200 tool center section, b) 1020/200 tool edge,
c) 960/450 tool center section, d) 960/450 tool edge, e) 1060/450 tool center section, f) 1060/450 tool edge
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confirmed the findings of previous stereoscopic 
analyses. For all three heat treatment variants, 
characteristic surface scratching was observed 
(Figure 21a, c, e). Remnants of the processed 
material (roof tile mass) were also visible in the 
analyzed areas, indicating partial adhesion to 
the tool’s working surface. The most significant 
morphological changes were found at the tool’s 
edge, where a noticeable reduction in height was 
observed, suggesting intensive loading and local-
ized wear in this region. The tool edge was also 
the area where the most noticeable differences be-
tween the analyzed heat treatment variants were 
observed. In the case of the tool subjected to heat 
treatment under the 960/450 variant (Figure 21d), 
SEM analysis revealed pronounced wear marks 
and intense surface scratching, indicating lower 
wear resistance for this variant. This can be at-
tributed to the lowest material hardness resulting 
from this heat treatment, as confirmed by the hard-
ness measurements presented in the following 
section. Tempering at a lower temperature leads 
to higher hardness in the matrix, resulting in im-
proved resistance to tribological wear. In contrast, 
the reduced hardness of the material tempered at 
a higher temperature is primarily due to softening 
of the matrix, as the fraction of primary carbides 
remains unchanged. These carbides possess high 
melting points and, therefore, do not dissolve dur-
ing austenitization. Consequently, matrix hard-
ness is the key factor influencing the material’s 
resistance to abrasive wear. By comparing the 
obtained results of the microstructural analysis, it 

can be stated that they are consistent with the data 
reported in the literature. The dominant precipi-
tates in all examined variants of heat treatment 
are coarser primary M7C3 carbides formed during 
solidification. In addition, finer M23C6 carbides 
can be observed, which originate from secondary 
precipitation during the spheroidization process 
of carbides, formed as a result of the transforma-
tion of austenite into ferrite–carbide microstruc-
tures during cooling. Literature data indicate that 
during prolonged annealing, M7C3 carbides may 
transform into M23C6 carbides through diffusion 
[25, 29, 30].

SEM observations conducted at high mag-
nifications show that the irregularities identified 
during macroscopic analysis are the result of un-
even material wear, caused by variations in the 
hardness of the structural components present in 
the material’s microstructure. A representative 
microscopic image is shown in Figure 22. It can 
be observed that the movement of the roof tile 
mass leads to surface scratching and grooving, 
which are halted by carbide precipitates. This 
likely causes a change in the material flow di-
rection, resulting in a macroscopically visible 
area with reduced degradation further along the 
surface. At the microscopic level, increased wear 
of the matrix is observed immediately behind 
the carbide precipitates, as shown in Figure 23. 
This type of wear leads to the formation of “fish 
scale”-like patterns, which were observed at the 
tool edge. This indicates that the wear mecha-
nism at the edge does not differ from that in the 

Figure 22. Uneven wear of material structure components, a) Fragment of the surface area of sample 1060/450, 
b) Magnified section of the area from figure a. SEM
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central part of the tool, although its intensity is 
significantly higher.

Hardness measurement

In order to further analyze the properties 
of the tested materials, hardness measurements 
were performed using the Vickers method for 
each heat treatment variant of NC11LV steel. 
The measurement started from the edge of the 
tool forming a band of ceramic mass, up to a 
distance of 10mm. In order to obtain the most 
reliable results, measurements were made at 10 

points with a load of 1 kg (HV1). The graphs 
shown in Figure 24 summarize the results of the 
hardness measurements.

Analysis of the hardness measurement re-
sults revealed a clear variation depending on 
the applied heat treatment variant. The highest 
hardness values were recorded for the sample 
taken from the forming tool subjected to heat 
treatment in the 1020/200 variant, where hard-
ness ranged between 750–800 HV1. In con-
trast, the lowest values around 580 HV1 were 
observed for the 960/450 sample, with this 
level maintained across most of the analyzed 

Figure 23. Uneven wear of material structure components, (a) Fragment of the surface area of sample 1060/450, 
(b) Magnified section of the area from figure a. SEM

Figure 24. Results of hardness measurements for the analyzed forming tool materials
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cross-section. Intermediate values (650–670 
HV1) were recorded for the sample heat-treated 
in the 1060/450 variant.

Based on these results, it can be concluded 
that the highest hardness was obtained for the 
sample taken from the tool that exhibited the low-
est operational wear. This indicates a significant 
correlation between the hardness of the tool mate-
rial and its wear resistance. Therefore, the higher 
hardness of the forming tool material may result 
in longer tool life under real operating conditions.

Impact strength test 

The second mechanical parameter examined 
in the conducted research was impact toughness. 
The tests were carried out using a Charpy V-notch 
(CVN) tester. The impact toughness measure-
ments were performed at a temperature of 50 °C, 
corresponding to the operating temperature of the 
tool during ceramic mass extrusion. The obtained 
results are presented in Figure 25.

The obtained results show that the hardened 
tool steel NC11LV, regardless of the applied 
heat treatment, is characterized by low ductil-
ity. The heat treatment parameters have only a 
slight influence on impact toughness. Only for 
the sample 1020/200 is the CVN value mini-
mally lower than in the other samples, amount-
ing to 2.8 J. This corresponds with the hardness 
of this sample, which for 1020/200 is the high-
est (750–800 HV1). For the other two samples, 

the impact toughness remained at a comparable 
level, amounting to 3.8 J for sample 960/450 and 
3.7 J for sample 1060/450.

When analyzing the industrial application 
of forming tools for ceramic roof tiles, impact 
toughness plays a secondary role. During opera-
tion, the tools are mainly subjected to continuous 
loads resulting from the pressure of the extruded 
mass, while potential impact loads may only oc-
cur during assembly or adjustment.

CONCLUSIONS 

This paper presents the results of compre-
hensive operational studies on tools used in the 
forming of ceramic mass for roof tile production, 
with a particular focus on abrasive wear mecha-
nisms. The main factors influencing tool degra-
dation were identified, including the presence 
of hard mineral components (e.g. quartz, basalt, 
albite) and high mechanical loads arising from 
process parameters. The effectiveness of appro-
priately selected heat treatment parameters for 
NC11LV steel in increasing tool wear resistance 
was demonstrated. Laboratory and industrial 
tests confirmed favorable mechanical properties 
achieved through these treatments, combining 
high hardness with resistance to brittle fracture. 
For a more detailed analysis of the process, the 
advanced numerical method SPH (smoothed 

Figure 25. Charpy V-notch test results for the analyzed forming tool materials
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particle hydrodynamics) was used to model the 
flow of the ceramic mass, taking into account the 
presence of abrasive fractions. The obtained re-
sults are an important contribution to the devel-
opment of tools for intensive ceramic extruding 
processes and to the optimization of their service 
life. Such a study carried out allowed to come to 
the following conclusions:

The reason for the intensive abrasive wear of 
forming tools in this process is the specific nature 
of the material being formed. Based on the analy-
sis of the chemical and mineralogical composi-
tion, it was possible to identify numerous hard 
fractions that indicate the abrasive nature of the 
mass for the manufacture of ceramic tiles. These 
primarily include quartz (SiO₂) with a Mohs hard-
ness of≈7, basalt containing hard silicate miner-
als, and albite (NaAlSi₃O₈) also of high hardness. 
An additional abrasion-enhancing component 
is ceramic, added to the mass in the form of re-
cycled flours from defective products, containing 
particles ranging in size from 10 to 150 µm and 
high hardness (up to 8 on the Mohs scale).

Also important for tool wear during band 
forming are operating conditions, which are af-
fected by process parameters. Among the most 
significant is the extrusion pressure, which os-
cillates at 2.1 MPa during the industrial process. 
Also verified was the temperature of the mass at 
the time of forming, which fluctuates between 
43–47 °C, which promotes partial plasticization 
of the mass, but does not eliminate the effects of 
strong friction and adhesion.

Under laboratory conditions, a variant of 
NC11LV steel quenched at 1020 °C and tem-
pered at 200 °C for 2 hours showed the lowest 
weight loss in a dry abrasive wear test (test using 
No. 90 electrocorundum abrasive). It was char-
acterized by a relative abrasive wear resistance 
Kb of 1.610. This was then also confirmed in 
in-service tests, where the tool heat-treated ac-
cording to these parameters showed the lowest 
degree of surface wear after 170 hours of opera-
tion - the thickness loss of the working surface 
was about 0.12 mm (the average value for five 
micrometer measurements).

Under laboratory conditions in the dry abra-
sion test, the lowest weight loss was observed in 
the NC11LV steel variant quenched at 1020 °C 
and tempered at 200 °C for 2 hours. This was then 
also confirmed in in-service tests, where the tool 
heat-treated according to these parameters also 
wore the least.

Examination of the NC11LV steel after heat 
treatment revealed a stable microstructure, con-
sisting of tempered martensite and numerous, 
fine, evenly distributed carbides of chromium 
and vanadium. No changes indicating structural 
degradation or plastic deformation were observed 
in the surface layer. Macroscopic analysis of the 
working surfaces of the tools after 170 hours of 
operation showed dominant regular deformations 
up to 30–40 µm deep, perpendicular to the direc-
tion of movement of the formed material. Local 
traces of adhesion of ceramic mass were also 
registered, especially in the band entrance zone, 
which can lead to uneven wear, but the observed 
scratches and micro-scratches do not significantly 
affect the quality of the formed band (dimension-
al deviations did not exceed ±0.3 mm).

For more extensive analysis and optimization 
work, numerical modeling is best used. Due to the 
large displacements of the material, its complex 
composition and dynamic shape changes during 
flow, the SPH meshless method was considered 
the most effective. Based on the numerical mod-
el developed by the authors and built in Abaqus 
software, it is possible to verify the structural 
changes and geometry of the forming channel. 
The model consisted of more than 250,000 SPH 
particles representing the ceramic material and 
Lagrange elements mapping the tool. The ability 
to map stress concentration zones, flow paths and 
locate potential wear areas was verified.

Further development, optimizations and 
verifications of the developed numerical model 
will make it possible to simulate longer sections 
of the process - it is expected to be possible to 
model a section of the order of 500–700 mm in 
strand length, which will make it possible to col-
lect much more data on the operating conditions 
of tools forming ceramic tiles. This will make it 
possible to identify the most stressed areas of the 
tools, assess the effects of design changes, and 
support processes regarding material selection 
and surface treatment.

The applied heat treatment of NC11LV tool 
steel affects the durability of tools used for form-
ing ceramic roof tiles in the extrusion process. In 
the analyzed industrial application, the most ef-
fective variant proved to be hardening at 1020 °C 
followed by tempering at 200 °C, which resulted 
in the highest hardness. This significantly reduces 
the need for tool replacement during operation. 
At the same time, a high quality of the formed 
strand is ensured, which directly translates into 
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the quality of the final products. The results dem-
onstrate a strong potential for the use of this steel 
in forming elements for various types of ceram-
ic products, such as roof tiles, bricks, and tiles. 
Moreover, the incorporation of numerical model-
ing into the design of forming tools represents an 
innovative approach to research and development 
in the ceramic industry, which significantly con-
tributes to a deeper understanding of the phenom-
ena occurring during ceramic forming.
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